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6.1. MATERIAL FATIGUE BEHAVIOUR
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6.1.1. Fatigue crack propagation behaviour of new generatin aluminium lithium alloys
(LMPM)

Due to their high specific mechanical propertidamanium alloys are widely used in aircraft struets.
The dramatic increase in fuel prices and the enwmental considerations lead the aircraft designerget
interested in new lighter materials, in particular the third generation of aluminium lithium alloy#\n
optimization of the damage tolerance propertiesheke alloys is currently studied in the LMPM. Thwerent
works [1,2] deal with 6 mm thick plates of 2198981and 2050 alloys, provided by Alcan. It is parféely shown
that the 2050 alloy, containing T1 precipitatesegents a retarded crystallographic propagatiomfmranging
between 7 and 11 MPa.m1/2 in ambient air (Figureldading to the best resistance against fatigaekcr
propagation. Influence of environment and craclsuate is also examined in order to improve the aslgf the
crack propagation mechanisms in these alloys.

— T
3 4 5 6 7 8910

12

AK (MPa.m™)

Figure 1 : da/dN vs. AK curve in ambient air at R=0.1 of three third generation aluminium-lithium alloys, and

associated SEM micrographs at AK=8 MPa.m"? for a) 2198 alloy and b) 2050 alloy [1].

References :

1.

2.

Richard S, Sarrazin-Baudoux C, Petit J. Fatiguekcpsiopagation in new generation aluminium-lithiattoys. TMS 2009,
138th Annual Meeting and Exhibition. San Francistiee Minerals, Metals & Materials Society; 20096p-76.

Richard S, Sarrazin-Baudoux C, Petit J. Near tloesfatigue crack growth behavior of a third getiera aluminium-
lithium alloy. 12th International Conference on ¢itae. Ottawa. To be published.

6.1.2. Fatigue crack propagation of friction stir welded joints in 2139 Al-Cu alloy [1] (EADS
W)

EADS Innovation Works dealt with the fatigue craglowth behaviour of a new generation aluminium-
copper alloy, developed by ALCAN and graded 213@Jded by the Friction Stir Welding (FSW) process.
Considering the best performances of this age fblenalloy in its T8 temper, the weld assessment een



National Review 6/8

conducted on the T8 as welded condition. This ne@megation alloy is especially investigated as ahédig
performance fuselage candidate, with respect toctimventional and flying 6056 alloy, presentinghag crack
growth resistance and good weldability in lasernbeand friction stir welding. For the fuselage apation, two

joining configurations using FSW have been devedoped mechanically tested: butt joining using thelin tool

technique (Figure 1) for the longitudinal junctiai fuselage panels and lap stringer-skin joininghgisthe

retractable pin tool technique (Figure 2), botlréplacement of riveting. The first one was a pé#rthe national
funding project, AFFISA, the second one was dewadiopithin the European project, WEL-AIR.

Figure 2: 2139 stringer (1,6)-skin(1,6) joint

For both configurations, metallurgical investigatiand microhardness measurements lead to idehefy t
lowest hardness point of the welded area as the mgget. This critical location has then beendieteto localize
the mechanical notch of the fatigue crack growtbcspens, M(T) 200 mm wide specimens. Due to thenmai
loading direction representative of the targetegliaptions, cracking along the weld direction hasef
investigated. To avoid any bending effect in thejtaint configuration, the stringers were fully nhawed. For both
configurations, fatigue crack growth behaviour vaasessment under a constant amplitude loadinglodr@ the
results were analyzed in term of crack growth rédiegdN) as a function afK value including a comparison with
the parent metal performance in T-L direction (Feg8).
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Figure 3 : fatigue crack growth curves (parent metal, butt joint, stringer-skin joint)

References :

1. D. Alléhaux : “Mechanical and corrosion behaviaf the 2139 aluminium-copper alloy welded by tRection Stir
Welding using the bobbin tool technique”. ICAA Tyly 9-13 2006,

6.1.3. Fatigue endurance and fatigue crack propagation bedviour in friction stir welded
coupons [1] (EADS IW)

The mechanical properties of thick (>6 mm) FSW amsgpof high strength 2xxx and 7xxx series aluminium
are under investigation. Some of the works perfariaeEADS IW are illustrated below. Holed fatigymesimens
were tested with 3 different positions of the h@fethe base metal, in the heat affected zone antia welded
nugget). No difference is noticeable between ti&N curves &), which indicates a good fatigue behaviour of the
weld. The fatigue crack behaviour was investigatétl dissymmetrical CCT specimerB)( one crack propagates
only in the base metal whereas the other one wo<the weld. A very high propagation rate has hssserved
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when the crack is in the welded nuggej.(This effect is strongly reduced when improveddivey parameters are
applied D). The post welding residual stresses are undesstigation, to evaluate their effect on the inceea
the propagation rate, which is also favoured bysthall grain size of the nugget.

A- 7055 T7 FSW on 8.5 mm thick

200 Y L coupons. S-N curves R=0.1 for holed
1751 ! 4|1 e specimens (Kt=2.3) parallel to the welding
W 7" - direction with various locations of the hole
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7055 T7 FSW on 6 mm thick coupons, second welding
campaign with improved parameters. Note that the
crack propagation rate in the nugget is strongly reduced
compared to the graph at the left.

7055 T7 FSW on 85 mm thick coupons, first welding
campaign. Note the sudden and momentary increase of the
propagation rate (circled points), when the crack crosses the
FSW nugget.

References :
1. S. Gourdet, French national DTP C-Best (200F20@resented at ALUFORM 2006 CETIM Senlis, France
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6.1.4. Creep-fatigue crack growth rates in an aluminium aloy for supersonic
aircraft fuselage panels (LMPM)

The creep-fatigue crack growth resistance of aipitation hardened 2650 T6 aluminium alloy
selected for fuselage panels of a future civil sspeic aircraft has been studied. The objective was
develop a methodology to predict crack growth undery low frequency loading at elevated
temperatures. With this aim, creep crack growtesdCCGRSs), fatigue crack growth rates (FCGRS),
creep-fatigue crack growth rates (CFCGRs) have eessured at 130°C and 175°C in laboratory air
and in vacuum at R=0.5 under different load fregienand wave shape signals. It is shown that for
given temperature, CFCGRs are unaffected by frexjubelow a critical value of the load period Tc.
Above this value CFCGRs are directly proportioraltihe load period. This time-dependent crack
growth regime is assisted by a significant creepnatge as indicated by the large amount of
intergranular decohesions induced by cavitatiorfracture surfaces. CFCGRs are calculated under the
assumption that fatigue damage and creep damagkechmearly summed. In vacuum the predictions
are in good agreement with experimental data &b baperatures. In air however a discrepancy is
observed for low frequency loading, suggesting tweurrence of a creep-fatigue-environment
interaction. As a consequence the time-dependankgrowth behaviour affected by this interactisn i
different from creep crack growth behaviour, althouthe reasons for this are still unclear. A
methodology is then proposed to predict CFCGRsirinTais methodology, if assessed by very low
frequency experimental results, could be extendmddifferent structural components made of
aluminium alloys operating at elevated temperafyesvided that the mechanisms are unchanged.

References :
1. G. Odemer, G. Henaff, and B. Journet, Creepkcgaowth resistance of an age hardened aluminiuoy &br
supersonic applications, Scripta Materialia, 50@®1-55.
2. G. Henaff, G. Odemer, and A. Tonneau-Morel, Eagrwinentally-assisted fatigue crack growth mechagigm
advanced materials for aerospace applicationgnatienal Journal of Fatigue, 29 (2007) 1927-1940.
3. G. Odemer, G. Benoit, E. Koffi, G. Hénaff, andJBurnet, Prediction of creep-fatigue crack groraties in inert

and active environments in an aluminium alloy, inétional Journal of Fatigue, in press (2009).

6.1.5. Damage tolerance of a FeAl alloy prepared by mech#al alloying and
forging for high temperature structural application (LMPM)

The improvement of aerostructure performances reguihe development of innovative
materials and processes. In particular in many iegmins stiff and light materials based on
intermetallic compounds are considered to replacwentional alloys such as steels or titanium alloy
Thus the Feal 40 grade 3 alloy developed by the /CEREM in France could meet the requirements
for the replacement of these materials in the &ation of ribs in engine pylons. However the damage
tolerance of these components has to be assesdedithinthis respect fatigue crack growth data are
required. Fundamental mechanisms governing Fafiyaek Growth (FCG) in the FeAl grade 3 alloy
were studied in a previous study, mostly in théniggped condition. Upscaling of the process in otder
produce actual components was one the main isséedthin the framework of the ALFA program
sponsored by the National Agency for Research (ANR)s upscaling implies mechanical alloying of
larger batches of powders and forging of hipped macts in order to produce large plates. In the
present study, it was demonstrated that upscatinige production of the mechanically alloyed Fefl 4
grade 3 alloy has no significant impact on thegfadi crack growth resistance. In the domain of Adw
values of, it is also comparable with that of gggleid material. It is furthermore noteworthy thathe
forged products (RO and MK25), probably thanks togher toughness, a higtk propagation domain
can be explored. This domain is furthermore charamd by a gross reduction in the Paris law
exponent. In addition, in order to prevent oversmmative predictions, load history effects havbeo
taken into account and the point is that the isfysossible retardation effects in intermetallies mot
been addressed so far. However, due to the boithaviour of these materials, only limited retaiafat
effects could be expected. Now a strongly retandegbagation is observed under the application of
periodic overloads. It is probably one of the vérgt evidences of this effect, which is well-known
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conventional metallic alloys, in the case of areintetallic alloy. Complementary studies are still
necessary to improve the understanding and therigésn of this highly beneficial effect from the
viewpoint of the damage tolerance of the FeAl 4&dgr3 alloy.
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Figure 1: comparison of FCGRs under periodic overloads and constant amplitude loadings (b)

comparison with Wheeler’'s model.

6.1.6. Fatigue damage modes of duplex titanium alloys: cstallographic aspects at
different scales (LMPM)

The elaboration techniques of polycrystalline fitam alloys, especially those used in the
aeronautic industry for critical parts, lead freqilye to very complex and fine grained microstruesir
In presence of a homogeneous material in term&efand shape of the grains, a strong scattering of
the HCF fatigue lifetime can still be observed witeome forged titanium alloys. The crystallographi
orientation distribution and particularly some nmésgtures revealed in these alloys may explain this

fatigue strength scatter.

A large experimental study has been conducted testigate the influence of the crystalline
orientation at different scales on the micromectaniatigue behaviour of an industrial duplexged
Ti-6Al-4V titanium alloy. The local microstructuralonditions favouring fatigue damage have been
determined at different scales: microscopic scalecack initiation and mesoscopic scale of
crystallographic textures. A micromechanical analyzased on the influence of the resolved shear
stress (Schmid's factor) and normal stress (bdaaépnclination, elastic stiffness) has been pseplo
The relevant factors for crack initiation in bagaismatic and pyramidal planes have been detednine
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Propagation of cracks initiated Crack initiation in slip bands with
on basal planes moderate Schmid factor

Figure 1 : Crack initiation in basal planes as a combination of plasticity and quasi-cleavage processes.

Crystallographic domain (Inverse pole figure) concerned by this process.

Deformation micro-mechanisms of a Ti-6Al-4V allogder fatigue loading at room temperature
have also been studied using a three-dimensionatadr plasticity constitutive model. The model
employs a minimum set of fitting parameters basedhe experimental data obtained for Ti-6Al-4V.
Cyclic deformation behaviour at the macroscopides@nd at the local scale of grains is analysed
through the simulation of 20 cycles of fatigue opdycrystalline structure of 900 randomly oriented
grains. The progressive activation of slip (bapakmatic, and pyramidal) is analysed and comp#&red
experimental observations. Some elongated texan@shen modelled to evaluate the influence of the
spatial distribution of crystallographic texturastbe cyclic plastic deformation.

Hl nodule «
iy L1 colonie a+p

- 1070

o)

0001 2110

Figure 2 : Finite element mesh used for the crystal plasticity model taking into account the local nature

of the phase (nodules ap / lamellae colonies (a+0)) and their crystalline orientation.

References
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F. Bridier, P. Villechaise and J. Mendez, “Analysfsthe different slip systems activated by tension
a alpha/beta titanium alloy in relation with locaystallographic orientation Acta Materialig vol. 5,
no. 3, 2005, pp. 555-567.

F. Bridier, P. Villechaise and J. Mendez, “Slip aflatigue crack formation in a alpha/beta titanium
alloy in relation with crystallographic texturedifferent scales,Acta Materialig vol. 56, no. 15, 2008,
pp. 3951-3962.

F. Bridier, D.L. Dowell Mc, P. Villechaise and J.eidez, “Crystal Plasticity modeling of slip actyvit
in Ti6AI-4V under heigh cycle fatigue loading[hternational Journal Of Plasticity vol. doi
10.1016/j.iplas., no. in press, 2008.
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6.1.7. Interaction between creep and low cycle fatigue dtigh temperature for nickel
base superalloy Udimet 720 (LMPM)

Nickel-base superalloys employed for componentshim hot parts of aircraft engines are
subjected to both steady and fluctuating stressestd high temperature, centrifugal force and high
frequency vibrations.

The present study concerns the polycrystalline aast wrought Udimet 720 elaborated and
forged by Aubert & Duval corp. and provided by Tamteca. It focuses on the interaction between
creep and fatigue at 700°C. For that, tests haea Iperformed with a trapezoidal signal and a dwell
time ranges from 1 to 50 seconds. Results are cada "pure” creep and fatigue tests.

The damage process relative to the different lagdiis described from SEM observation. A
transition between an intergranular crack initiatiand a transgranular propagation is observed
depending on the hold time. Deformation mechanianmasstudied too. The correlation of dislocations
structures (TEM investigations) with the macroscopiehaviour is made from fatigue to creep
conditions. A special attention is paid on the rofethe hold period to investigate the transitidn o
mechanical behaviour and durability from the "pufatigue to the creep testing conditions. These
processes are studied from results obtained ordifferent metallurgical states: a homogeneous eoars
grains structure and a bimodal one composed afnalti@g bands of coarse and fine grains. In addlitio
the finesty precipitation that is quite different in termssife and density has to be taking into account.
The comparison of results obtained on both matbeld us to analyse creep —fatigue interactions.

Bimodal
§  structure

S

.
o™

v

g At
.® i
''''''

Grain
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2
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Figure 1 : Intergranular crack initiation and inter-transgranular transition of crack propagation for creep

— fatigue conditions.
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6.1.8. Corrosion Fatigue Crack Propagation Mechanisms in @24-T351 aluminium
alloy (LMPM)

This study tackles the issue that was widely adeeen the past, especially in the U. S. But that
still needs clarification, of the corrosion fatigoeack propagation in aluminium alloys used in raifc
structures. The industrial concern is related tm@air fleets, but also to the modification of the
regulation on the use of corrosion inhibitors. Frarfundamental point of view, the main objective of
this study was to identify the domains where syistigeffects between fatigue and corrosion might
exist, and to analyse the influence of variousdiecbn these synergistic effects. In this aim a4202
T351 aluminium-copper alloy was selected. CT speosnwere machined at the centre of a thick plate
where slower cooling rates during quenching indubégh sensitivity to intergranular corrosion.

The experimental results indicate a “negative” fienacy effect in saline solution under
sinusoidal signal. Indeed the highest growth ratesobserved at high frequency (> 2.5 Hz) while the
low frequencies growth rates are comparable toettudtained in air or distilled water. It is however
noteworthy that these latter environments in tugnificantly enhance growth rates as compared to
high vacuum by inhibiting the crystallographic daag mode. It has been demonstrated that the fatigu
crack growth rate enhancement observed at higludrezy in saline solution under sine wave is acguall
controlled by the load rising time, and not by tbial duration of the exposure to the corrosive ionad
Additional test results have shown that this loathg time effect is observed only under conditiofis
high stress corrosion sensitivity, that means undethe S-L orientation (not in L-T), in the T351
temper (not in the T851). However the enhanced traate regime does not correspond with a fully
intergranular crack path as observed in stresosiom cracking. This is only observed during crack
growth under cyclic loading and immersion/emersgposure cycles.
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Figure 1. Fatigue crack propagation rates in saline solution at different frequencies under sinusoidal

waveform as compared to air and distilled water.
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Figure 2 : Influence of loading waveform on fatigue crack propagation rates in saline solution.
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6.1.9. Effect of a severe pitting corrosion on static anéatigue performance of 2024
aluminium (CEAT)

Recent corrosion problems on the wing skin of amiitaircrafts induced a research program on
the effect of the pitting corrosion on the static datigue performances of 2024 T351 aluminiumsThi
program, preliminary to a more extensive commorg@am (DGA and industry) expected soon, have
been completed by CEAT in 2008. Main achievemertew

- Acquisition of a know-how on an accelerated coongirocess, able to produce typical corroded
specimens.

- Assessment of the effect of a severe pitting cavro&epth till 40% of the thickness) in a plain,
an holed and an assembly specimens on the staigth, fatigue and propagation performances.

- Assessment of the effect of a repairing of theaned area.
- Development of a basic understanding for the maugbf this type of corrosion.

- Development of a basic understanding of the proadsgorrosion fatigue crack initiation
(transition area).
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Figure 2 : Typical 0.8 mm depth pit of corrosion obtained by the corrosion process
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Figure 3 : Analyse of the fatigue initiation areas on holed specimen with countersink
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Figure 4 :specimen with a repairing of the corroded area

23 0CT 2008 16:19:25

s contrantes prinsipales signa-1

countersin

Ha
L LT
SLEL /]
3 %‘%‘}}s\}}“ﬂlﬂl
e

Hole @4 mn

SAMCEF 23 QCT 2008 16:33:02

Tenseur de contraintes : Contrainte equivalente
s de charges 1

Enery. poten. 2237 3714

Echelle geometrique

= A-A cut

Echells mumsrique 1/1.173556

7758
£38
£20.5
sz
387.8
3102

232.7

155.1

Figure 5 : Modelling of the specimens for fatigue life calculation
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6.1.10. Evaluation of fatigue life models on aeronautical @minium and steels
(CEAT)

The objective of this study is to develop, in CEAIknow-how on basic and multiaxial high
cycle fatigue criterions for notched aeronautidalictures. Fatigue calculations with basic methods,
based on the comparison of the local streso{ito a S-N curve on smooth specimens, and Crossland
criterion have been compared to the experimentallie of 2024, 2214, 7075 and 35NCD16 notched
specimens (R=0.1) for various fatigue lives. Duetlte conservatism of the predictions, critical
distances methods have been tested with thosei@nite

The main lessons learned are:

- The inability of most of fatigue criterions to tak#o consideration the notched phenomenon.

- The restriction of Crossland’s criteriog/J,, + @ &, .. <[ to a Von Mises criterion

\JJ2a £ B for aluminium 2024 and 7010: the identification Gfossland coefficient. with
alternate torsion and traction/compression fatidgta lead us ta=0.

- Relatively good results on aluminium 2024 for theosSland criterion with the critical distance
do=0.08 mm and for the various fatigue lives tested

B S-N curves for 4 specimen types

|

T_NR type: W=30 @=4

FPE20 type: W=20 r=1,36

FRE type:

» FRES50A radius = 56 mm Kt = 1.03!/
» FRES5S0D radius=2 mm Kt=1.7

> FRES50F radius = 0,84 mm Kt=2.4
> FRE5O0I radius = 0,36 mm Kt = 3.3

Figure 1 : Fatigue data used for 2024 T351 aluminium



National Review 6/20

Ncal./Nexp. for d0=0,08mm

3,00
aT

2501 — BT NR [
o FPE20

2001 O FRESOI|

150 - ] M

100 -

0,50

0,00 - e

2,E+04 5,E+04 7,E+04 1E+05 2,E+05 5,E+05 1E+06 2,E+06 5,E+06

Figure 2 : Results of the fatigue prevision with Crossland criterion and critical distance method

6.2. FATIGUE LIFE PREDICTION STUDIES AND FRACTURE MECHAN ICS

6.2.1. Spectrum loading on welded panels : PREFFAS modeh(CRACK-KIT®
software platform) (EADS IW)

The reported work has been carried out in the frafrleP6 DaToN project [1]. The PREFFAS
model which has been developed by EADS IW [2] heenbevaluated in the case of a welded stiffened
panel containing a central crack. The panel hasveidled stringers and, due to welding, the bay area
between the stringers is loaded with compressig@ual stresses. The panel geometry is shown in
Figure 1 together with the residual stress dueaserd beam welding in the loading direction as
determined by Pisa University in the project [3hgsthe cut compliance method. The width of the bay
area is 150mm. The skin and stringers of the pareemade out of 6056T6 alloy. The panel is tegted i
the as welded condition. The planned fatigue cmrkwth tests deal with R=0.1 constant amplitude
loading and Airbus A330 fuselage spectrum loading.

< - . daton panel 6056 T6 LBW1
o residual stress (parallel to loading direction)

150

« flat side
m  stringer side

.

;J 100 - ¢ average
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a S T RTINS el e g
1 L direction k] e = _ 100 ® e Om 53— 9400
‘0 L] s " a mm
)
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.

-100

middle axis (LHS O mm - RHS 450 mm)

Figure 1 — Panel geometry and residual stresses. The panel has two welded stringers. The residual
stresses in the loading direction due to LBW were determined by Pisa University.
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The compressive residual stress in the bay ardeshai down the fatigue crack growth. It will
improve the damage tolerance capability of the pafige objective of the work was to assess this
benefit under constant amplitude loading and usgectrum loading. Both LBW (laser beam welding)
and FSW (friction stir welding) technologies aedabssed. The research work dealt with K calculation
with residual stress and the implementation oftees® in PREFFAS to analyse the spectrum effects

with the residual stresses.

The residual stress profile was imported into ABA®dode in order to calculate the stress
intensity factor K. The effect of residual stresga change the R ratio of the fatigue cycles. ietied
of fatigue crack growth (FCG) under R=0.1 constamiplitude loading (CAL) was made using the
PREFFAS parameters and formulae to predict FCG ruadg R ratio. Figure 2 shows a comparison
between the predictions and the tests results coimcethe LBW panel. This validates the approach.
Predictions without any residual stress were mélere is a clear benefit from the residual stress.

6056T6 LBW1 panel R=0.1 DATON 6056T6 LBW1 panel
CAL - R=0.1 - Sapp,max=66.4MPa
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Figure 2 — Fatigue crack growth under R=0.1 CAL on LBW panel. Note the beneficial effect brought by
the residual stresses due to welding.

The A and B parameters of PREFFAS model were détednthrough two baseline fatigue
crack growth tests: a CAL test (R=0.1) and a péciaderload test (1.4 overload every 1000 baseline
R=0.1 cycles). The obtained values are: A=0.44,.B&0

The stress spectrum was modified to include thedueb stress. Then PREFFAS was
implemented with the compression option in ordermake the prediction of crack growth. The
comparison to the experimental data shows somly fgdrod agreement when the crack is within one
half of the bay area on the LBW panel (Figure B)terms of humber of flights to reach the stringlee,
prediction is 15% conservative. Additional work Wile done to tackle the issue when the crack is
approaching the stiffener area and refine the nliodehpproach. Predictions without residual stress
were also carried out to show the benefit brougtthle residual stress.
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Figure 3 — Fatigue crack growth under A330 fuselage spectrum loading on LBW and FSW stiffened
panels. Testing results, predictions with and without residual stresses. Note the beneficial effect
brought by the residual stresses due to welding.
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The same exercise has been carried out on pangistwe FSW stringers and the results are
shown in Figure 3. There is a dramatic benefit frithen FSW technology. This benefit is even greater
than that of LBW. The predictions are fairly gootdem the crack is in the first half of the bay afdea.
terms of number of flights to reach the stringég prediction is 20% conservative. Additional work
will be done to refine the understanding when ttaelk is approaching the stringer.

Prospective calculations were made in order tosastte expected benefit from LBW and FSW
technologies over integrally machined panels (gt The damage tolerance capability was assessed
in terms of inspection intervals calculated undex A300 spectrum loading. The FSW technology
offers an improvement by a factor of 4 over the m@iag technology.

LBW1 over M | FSW over M | FSW over LBW1
+ 189% + 323% + 46%

expected increase
in inspection interval
M: machined stringers (no residual stress)

expected performance of DATON integrally stiffened panels
in damage tolerance

inspection interval

[

Machining LBW1 FSwW
technology

Figure 4 — Expected performance of integrally stiffened
panels (DATON geometry and A330 flight spectrum).
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6.2.2. Multiaxial crack initiation fatigue life prediction in rotor components
(ONERA)

An important program has been performed in cooperabetween Snecma, Turboméca and
Onera, involving also the participation of CEAT afuwdnines. The experimental part involves series of
classical fatigue tests under stress or strainrabrmn TA6Vpq and INCO 718, but also multiaxial
fatigue testing, in tension-compression-torsion andension-internal pressure on tubular specimens,
together with biaxial fatigue tests on speciallysigaed cruciform specimens. All these tests are
designed to assess multiaxial crack initiationgiadi criteria under loadings that involve large sstre
ration, as needed for several typical componefitg (it is a macrocrack initiation, of a significasize,
like 0.3mm in depth.
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The greatly improved knowledge generated by thigedmental program has demonstrated,

among other results, that classical multiaxialgiagi criteria are all with some limitations when we
simultaneously take into account pure shear antbeial regimes together with a correct descriptio

of uniaxial mean stress effects.

Such defects in the standard modelling capabilléas to the development of a new multiaxial
criterion and a corresponding lifing model. Thisdabcalls TOS (like Turboméca-Onera-Snecma).
Figure 1 summarises fatigue results under uniaxra multiaxial conditions on TA6Vpq, using a
representation of iso-life lines in the biaxialests plane. Tubular specimens are used for reversed
tension-torsion (R = -1) and for repeated uniagiatl equibiaxial conditions (R = -0.3) [1], though
cruciform specimens (tests performed at Onera) rcodermediate ratios (R = -0.15). The left figure
shows classical Sines criterion and Gongalves.gRpkriterion, though the right one shows the new
proposed criterion [3]. On the other hand, Cros$lariterion gives totally uncorrect results, botn f

pure shear conditions (very unconservative) an@duibiaxial ones (very conservative).
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Figure 1 : experimental results for TA6V at two temperatures in biaxial maximal stresses, with stress
ratio of R = -1, -0.1, 0.3 and interpretation with 3 criteria : (a) Sines and Gongcalves criteria ; (b) new
proposed criterion
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6.2.3. Study of fatigue propagation of short cracks: infllence of plastic wake and
closure (LMPM)

Crack closure is widely used to rationalize varifatsgue crack growth characteristics and has
become one of the most intensively studied phenamassociated with fatigue crack growth. However
the characterization of closure is mostly basetbag crack concept, while only few studies havenbee
performed on short crack. Yet, the behaviour ofrsbiacks is shown to be different from that ofdon
cracks. In long crack regime, the fatigue crackwghorate, da/dN, can be characterized by the SIF
range,AK, as a dominant driving force. On the other hamlden usingAK for describing short crack
growth rate characterization, it usually exhibit§aater growth rate than prediction made under long
crack methodology; moreover short cracks even gbalow the threshold where long cracks are
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assumed to be dormant. The effect of short cradkcharacterization of short fatigue crack growth, ar
therefore, fairly critical for accurate lifetimeqaliction of aeronautical components and structures.

This study aims to investigate the effect of crémkgth and of the size of the plastic wake on
crack closure in a 304L austenitic stainless qtkél]. In a first step, acute identification of thgclic
behaviour law has been carried out, up to a +2 Méliccstrain amplitude.

Then, the effect of tensile prestrain on crack dlobehaviour has been investigated. Fatigue
crack propagation tests were performed on singigettched tension (SENT) raw specimens (0% of
prestrain) and on prestrained specimens (2% and.X0foone hand, it has been found that the difteren
levels of prestrain exhibited no significant infhwe on crack propagation in the high range of Stres
Intensity Factor (SIF), where there is no deteetaishck closure. On the other hand, a clear effect
prestrain on crack growth rate can be observetiémear threshold region where closure is detected.
Thus, it can be concluded that the prestrain maiffiycts the crack growth rate through its influeoo
the crack closure.

Moreover, CT specimens have been initially predoedcunder different constant applied stress
intensity factor (SIF) ranges at a load ratio of B.1. Crack closure is detected by means of a faamk
strain gage at different crack lengths obtainednfia progressive electric discharge machining of the
crack wake, in order to obtain residual crack laedietween 0.1 mm and 2-3 mm. A numerical tool is
developed to analyze the load-displacement curftes signal analysis by means of data filteringr Fo
different applied SIF ranges, the SIF for crackropg Kop is shown to increase with the residuatkra
lengthAC and reaches a steady state Kop levehfordonger than 1.2 mm. An analytical expression of
the evolution of closure versus the crack lengtiven.

Associated three-dimensional FEM calculations witlaqus are under progress.
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Figure 2 : Comparison of closure behaviour between current model and previously obtained
experimental results (Dot for experimental data, dashed lines for modelling).
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6.2.4. Influence on cast defects on the Fatigue Quality Etor in a Ti6AIV alloy
(LMPM)

The fatigue design of cast components requiremgakito account the presence of defects
induced by the process. One of the basic datalgédrbus is the Fatigue Quality Factor (IQF) which
corresponds with the allowable stress for a fatiifeeequal to 105 cycles. The present study hasyma
objectives:

- the evaluation, on the basis of experimental tesof the decay on the IQF when a surface or
internal defect is present in the material;

- the comparison of this decay with the predictiofisconventional engineering rules and the
proposal of advanced rules in relation with NDThtaques;

- the development of a model accounting for the olexbdecay in an engineering component
At this stage, this study has mainly been concemmitdl experimental developments. Figure 1

presents a small surface defect machined at ttiacguof a fatigue testpiece and chemically machined
in order to reproduce actual service conditions.

\ GBS i 08067 base 1000
7. SE_MAG: 50 x_HV: 20,0 kV_WD: 29,0 mm

Figure 1: representative artificial defect at the surface of a test specimen before and after chemical
machining.
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6.2.5. Comparison of different numerical approaches in theevaluation of the
nocivity of internal defects in fatigue life at 20Kof cast Inconel alloy (LMPM)

The main objective of this preliminary study isetealuate the nocivity of internal casting defects
in an Inconel alloy fatigued at 20 K. As the aviaida experimental data are very limited, different
methods have been compared to the conventionabagprwhich consists in considering a casting
defect as a circular internal crack. The diamefethis crack is equal to the larger dimension af th
defect and the propagation of this defect is cdietidy the threshold in mode I. The present waak h
demonstrated that such an approach is conservatisteconfirmed the interest of the crack initiation
approach developed in LMPM. The basic principlethisf approach are presented in figure 1.
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Figure 1 : Methodology of the evaluation of the nocivity of an internal defect.

3D FEM calculations are carried out in order toaibprincipal stresses that are then applied on
the edges of a cubic model containing a spheridtyin its centre. This geometry is less sevhenta
crack and more representative of a casting deféet.stress gradient in the vicinity of the defecttien
introduced in a multiaxial crack initiation criteri. This criterion requires the identification afly
three parameters.

6.2.6. Multiaxial fatigue life prediction: an approach by invariants (LMPM)

The objective is to propose a criterion based amriants of the stress tensor. This criterion
depends only on the macroscopic loading allowsrgpfadiction of fatigue life for complex multiaxia
(tension — torsion) loadings. In particular, phas#ects are correctly taken into account by
distinguishing the influence of the second invariah deviatoric stress and its mean value. The
influence of mean stress is also captured by inmglexplicitly its amplitude. This criterion is vdhted
by comparison with a wide database (119 testsigtire )
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Figure 1: Error prediction of the criterion
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The domain of limited life time (£0- 1 cycles) is dealt with by coupling this criteriorithva
damage model built in the rigorous framework of Titeermodynamics of Irreversible Processes. The
life time is obtained by controlling the evolutiaf a scalar damage variable until it reaches écatit
value. The model is identified and validated frast$ on steel (cf. Figure 2 and Figure 3), foredédht
values of phase and ratio between tension andtostiess.
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Figure 2: In-phase loading Figure 3: Out-of-phase loading

6.2.7. Repair of metallic structures with bonded compositgatch : disbond
propagation testing and modelling (CEAT)

The general objective is to progress in the cedtfon of metallic structure repair process by
bonding a composite patch on the damaged part. itamn aircraft, some countries already use that
repair and its mechanical efficiency is now wethbtished. The composite patch acts as a stressbyp
avoiding any supplementary hole drilling and ass®el stress concentration. Nevertheless the process
is not used in France because of a lack of confiedémbonding quality and durability.

Besides, a disbond can be detected by classicatlesimuctive techniques. Therefore, disbond
propagation can be controlled if a structural irtjp@ program is defined and followed. Thus, damage
tolerance requirements may be fulfilled. For thisgmse, disbond propagating must be predictable wit
sufficient confidence. In fact, this study addrastee problem of predicting the growth of an indth
disbond between the metallic structure and theirepa

The finite elements modelling of the disbond growds been performed, based on total energy
release rate. The energy release rate relatedstwomti growth has been determined for different
disbond sizes and load levels. Besides, fatiguéinteswas performed on coupons in order to
characterize the linear elastic fracture parametérthe adhesive. In that purpose, the fatigue igest
regularly stopped and the specimen is controlledilbiasonic non destructive techniques. The results
give few points which represented on the followfigmire.
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Unfortunately, too few test results were obtainedite a law with sufficient accuracy. It is due
to the fact that, on the one hand, the shapeseobturred disbond were not exactly the one assumed
for the energy release rate computation and, ormttmer one, that the precision of the visual messur
are poor. To complete the propagation predictiah #® method is proposed to estimate the disbare si
growth under a composite patch and therefore tigufa life.

Significant gain in confidence in the propagatianvland extension to downgraded bonding
conditions are necessary to complete the assessmhdminded repair but the difficulty to obtain
debonding and the stable growth rate of the obsedisbond are globally reassuring for this repair
technique.

6.2.8. Vibratory fatigue : gigacycle fatigue exploration CEAT)

Experience feed back has shown for many yearsstivae cracks could appear and propagate in
vibratory environment even if they were not preglicby standard tools usually used to design atrcraf
structure. As a matter of fact, after having draavstate of the art, CEAT launched a study on the
exploration of the gigacycle fatigue domain, a gtudhich is part of a more general project concegnin
vibratory fatigue. Indeed, if it is well establifiat fatigue limit does not always exist, fatigesttare
commonly stopped at 107 cycles while Wohler’s caraee extended thanks to models like the Haibach
ones or thanks to statistical approaches. Unfotéiynavhen the life range between 107 and 109 sycle
is explored, the difference between the fatiguétlan106 and 109 is sometimes huge and the stafist
tools, usually used to extrapolate the conventiocnate, do not take into account such a gap. Itaéxg
why some cracks might appear even if all the prégasi have been taken.

omax

107 10°  Ln(N)

Figure 1 : Wohler’s curve extension

As reaching 109 cycles at 100 Hz lasts more thawdéks with traditional fatigue test devices,
which is not economically acceptable, many efftidse been undertaken to increase test frequencies
and to set up new test processes. To investigatk phenomenon, CEAT developed its own test
procedure.
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To accelerate the test frequency, the idea wasedhydraulic shakers usually employed to test
the robustness of electronic devices in vibrataryimnment. The philosophy, inspired from [1] and
[2], consists in exciting a sample clamped on actebdynamic shaker near one of its resonance mode.

: Mode shape at 875 Hz (4™ mode)
Figure 2 : test set up and test specimen

The efficiency of such a test was proved thanka tmrrelation with a fully reversed bending
fatigue test at 2Hz. While no damping heating wetected during the test, life durations obtained at
more than 860Hz were similar to these at 2 Hz. IKinfirst tests of an ongoing test campaign
demonstrated that it was possible to explore thaayicle fatigue domain with this new test procedure
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Figure 2 : test set up and test specimen

The next step will be to use this new fatigue testnethodology to study crack initiation on
pitting corrosion and to demonstrate that very sbracks could propagate even subjected to a wevy |
stress level.
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National Review 6/30

6.2.9. Fatigue life evaluation on tension type fitting (L&aécoére)

¢4

Latecoere presents during ICAF2009 Poster Sessiori;n house” methodology developed for
predicting fatigue live for unfolding fitting. Thiapproach is based on combination between a basic
analytic approach and tests results. By analykis,fitting equilibrium is defined, including “pryin
effect”. A simple “fictive peak stress”, picture thfe unknown real peak stress, is determined.

Many unfolding fitting configuration are studies {d 3 walls, pretension fasteners or without
pretension, folded sheets or machined fittings).

More information could be found during ICAF Post8essions.
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6.3. COMPUTATIONAL TECHNIQUES

6.3.1. Modelling of crack initiation and propagation in single crystal turbine blades
(ONERA)

With the objective to better predict and assessethwo stages of the component life, two studies
have been made in parallel:

- the classical crack initiation model of Onera (this kind of single crystal, it is the FatOxFlu
model, Fatigue-Oxydation-Creep model [1]) and a rieevemental version have been used to
predict crack initiation at small cooling holesof an experimental study performed for single
crystal AM1 at 950°C on plates of various thickressand containing holes of different diameters,
the need for taking into account gradient effentthe damage rules has been evidenced. Various
different approaches have been studied in ordéake into account the gradient effects, and to
experimentally identify a consistent “material l&nigparameter. A strategy has been developed at
the post-treatment stage of the full cyclic inatastnalysis, that allows to correctly average the
fields before application of the damage model. Feg8 illustrates the results obtained and the
corresponding predictions, including the possipitd have in the same framework the prediction
of initiation at large porosities (of about 50 naios size), also treated by the full 3D inelastic
analysis [2].

Nominal stress (MPa)

Number of cycles

Figure 3: modelling of the stress gradient effect at various notches and hole diameter on a single
crystal superalloy (simple Basquin law adjusted on the smooth specimens of bulk material with no
porosity. Lives at two observed porosities on smooth specimens are also correctly predicted after the
full inelastic analysis (with 2 successive cycles only).

- In the context of the European Program SOCRAX, merical methodology has been developed,
that allows to simulate the simultaneous evolutfna fatigue crack and of cyclic elasto-
viscoplasticity at the crack tip, in the active gila zone. The method uses cohesive elements all
along the considered crack path, and allows a moatis crack growth under cyclic conditions,
consistent with the predicted fatigue crack grovate. The cohesive model involves a continuum
damage type of description, including an increnmlerdse independent part and a creep part
(consistent with the creep damage modelled at tmirmuum level in the bulk material). The
application is made on a single crystal superalissd in turbine blades, where the bulk material is
described by crystal viscoplasticity constitutivguations (considering both octahedral and so
called “cubic” slip systems). Figure 4 illustratixe overall axial plastic strain component after a
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fatigue crack propagation under a constant maxirtaad, including 20 cycles with an overload

(3].

evi22 0.002

Figure 4: simulation of fatigue crack propagation and associated plastic strain fields on a single crystal
plate for a periodic loading that includes 20 successive overload cycles
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6.3.2. Automatic 3D fatigue crack growth simulation in structural components
(ONERA)

Another well advanced activity concerns the fitement implementation of crack propagation
simulation methods both for monotonic fracture #mdfatigue, in the context of LEFM and “Damage
Tolerance” analyses [1]. The most recent techniqoesevaluating SIF along the crack front were

developed (based on energy release consideratigether with so-calledG@ method, a French
development [2]). The 3D crack propagation is sated automatically, using these techniques,
together with a conforming automatic remeshinge@th step of the non-linear crack growth analyses)
or with XFEM method.

Some advantages of the implemented tools are tessléiny kind of local fatigue crack growth
equation (local along the front) and to be usalilee in an explicit incremental way or with a more
stable implicit scheme. Taking into account residtiess fields and the possible continuous bitivoa
of the crack through a generalised energy frameviarBD) are additional capabilities of the method.

Figure 2 shows simulated fatigue crack propagatior turbine disk in the attachment zone of
the blades, and a crack propagation in a crucifepscimen (N18 powder metallurgy Nickel base
superalloy at 600°C) on which the biaxial loadirgs been an evolutive one in order to promote a
continuous crack bifurcation.
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Figure 2 : simulation of fatigue crack propagation, on turbine disk attachment part and on a laboratory
cruciform specimen with a varying load ratio
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6.3.3. CDM approach applied to fatigue crack propagation @ aeronautical metallic
alloys (LMPM)

This paper deals with a work conducted in collaborawith AIRBUS France. The aim is to
develop a numerical model to predict the behaviolucracked panels, in place of expensive and
complex experiments. In particular, the model loesimulate R-curves and fatigue crack propagation a
high level of AK for a wide variety of metallic alloys includinduaninium alloys, titanium alloys and
steels.

The proposed model is based on thermodynamic agipesawithin the framework of Continuum
Damage Mechanics which provide numerical robustasssell as a precise description of the physical
micromechanism of fracture. Up to now, CDM modedsd been only applied separately to low cycle
fatigue and high cycle fatigue. This study examiti®s possibility to use such models to simulate
fatigue crack propagation. Instead of classical Ciidories, using a single damage variable, two
distinct scalars called cyclic damage and statimatge have been introduced to take into account
experimental observations. Scanning Electron Muwpyg has been used to differentiate the two types
of damage which appear on fatigue crack propagatiihile the static damage evolution law is
consistent with the classical Lemaitre’s model, tiyelic damage is assumed as a consequence of
cumulated plastic strain and does not influencstjglidy. Then, an energetic equivalence criterias h
been inserted to model crack propagation and toceethe mesh dependency. This method, originally
developed by J. Mazars and G. Pijaudier-Cabos, file gap between damage and fracture and avoids
the introduction of additional boundary conditimrscomplex code developments associated with non-
locality. The last improvement is the transpositidmesults from a small specimen to a large one.
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This model has been implemented in the commerdmitef element code ABAQUS/CAE.
Implicit and explicit computations have been parfed to highlight drawbacks and advantages of the
method. Meanwhile, all the parameters of the mbdek been identified by simple tests like tensild a
cyclic stress-strain tests.

Cyclic damage

Figure 3 : Differentiation of two type of damage with a Scanning Electron Microscopy and
implementation in ABAQUS/explicit to model fatigue crack propagation.

6.3.4. Virtual Testing: fatigue analysis and justification of a complex structural node
(Airbus France)

Aircraft certification according to Fatigue & Danwdolerance (F&DT) requirements is made
by analyses supported by test. F&DT criteria argenand more taken into account at design / sizing
stage of new aircraft (A/C) models. Full-Scale §ad¢ Tests (FSFT) is performed to support analyses.
The test results allow identifying fatigue hot spant structure that will require design modificaiso
and/or additional inspections in service. The idshntification of fatigue sensitive areas could wcat
the end of the aircraft development step.

Virtual Testing consists in a refined fatigue analysis of thecitme based on a hierarchy of
successive fatigue analyses and associated filiteeat models from the global aircraft review te th

local one.

The virtual testing objective is twofold:

- Improve the fatigue prediction of hot spots durihg design stage (before FSFT starts), in order to
improve the design, improve the in-service mainteraand avoid later retrofit modifications.

- Improve the justification approach of modificatiomgplied on derivative A/C, based on a better
extrapolation from basic fatigue assessment aridgbresults.

To validate the virtual testing approach, a firs¢astigation is performed by a ‘round robin’
exercise for a known complex structure to identifg locations of the fatigue sensitive sites ararth
fatigue life potential.

The Virtual Testing consists here in a detailedgtet analysis focusing on a complex A/C
structure. It is based on the development and tiadysis of efficient finite element models. A siagl
detailed model is not efficient for the completecrift area to be analyzed as :

- Such model would require a detailed FE model wittuge number of elements in order to enable
fatigue analysis based on the local stress anaysilt riveted and non-riveted areas of the foduse
structure.
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- The needed numerical capabilities and processing déire not realistic today, regarding the fatigue
criteria

The fatigue objectives of the Virtual Testing aeached by establishing hierarchy and a
prioritization of successive fatigue analyses andsaociated modelsregarding fatigue criteria.

A first global finite element model (GFEM) of the completaircraft is used to determine the
internal fatigue loads at the focused complex a®everal load cases (steady load cases and
disturbances during ground and flight steps) aedyaed to define the complete loading spectrum,

A secondglobal-local model (FEM1) of the focused complex aa is used to identify and
select the possible areas with potential risksaohages :
* FEM1 model does not include contact elements acal fastener stiffness.
* The local stress analysis is not possible with FEMiel in riveted areas.
Selection criteria are defined to determine the areas to be detaileBEM2 model. The
selection criteria are based on fatigue considmmatand load cases:
« Criteria based on tensile and/or compression ssessnon-riveted areas.

« Criteria based on by-pass stress and transferredSat riveted areas.

A third detailed model (FEM2)is refined in selected areas to extract the Istaks:

«  FEM2 model shall include local contact between mbde parts, local re-meshing of the
most loaded fasteners, and possible re-meshin@eofjeneric areas of structural parts
(machining radius...).

« It enables to post-process the local stressesdiagathe fatigue criteria.

A detailed fatigue analysids performed for the focused structure:
- To determine the fatigue capability of the struefwccording to Airbus fatigue methods:
« Location and fatigue life of each fatigue sensitite.
- To establish the justification report compliantiwiatigue requirements:

e Fatigue optimization and justification of the stwal design, regarding the F&DT
requirements (during the design process),

« Determination of additional inspection tasks invess (during certification process) or
fatigue justification of structural design chandmsderivative aircraft.

A first investigation is performed by a ‘round robiexercise for a known complex structure.
The results of the virtual testing approach are ganed to the damage findings during a full-scale
fatigue test.

Using the prioritization of the successive analys®s known complex structure:

- The virtual testing analysis and its associateitefialement models of local areas enable to focus
the most significant locations of damaged areas.

- For these areas, the fatigue life calculationsgreréd at Airbus are accurate or more conservative
than the life from test results.

Based on the fatigue analysis of known complexctiines, directives and recommendations are
identified for the use of the Virtual Testing onmAested structures.



National Review 6/36

Mumerical analysis of fatigue spectra with

(partial view from GFEM Fatigue spectrum analysis:
i for the centre fuselaoe - steady and disturhance load cases
|G|0bal ﬁnlte 8|ement model | d sections) at ground and flight steps.

--=around 50 load cases

- determination of fatigue equivalent stresses
foreach significant local areas,
according ta Airbus fatigue methods.

Overall un-detailed model:
- shell elements
- some valume elements
- rigid fasteners
- no contact element

‘Blind’ numerical analysis with

overall FEM1 model

Humber of assembly parts:
60 thin structural pans
70 thick structural parts
3000 rigid fasteners

—= FEM1 un-detailed model:
= 00000 nodes
= 350000 elements
=2 000000 degrees of freedam

Definition of selection criteria to identify areas
with potential risk of fatigue damages:
- Un-notched areas intension: tensile stress
- Un-notched areas in compression: compression stress
- Riveted areas with low or high shearing fransfer.
shearing transferred force & by-pass stress
- Riveted areas with high tensile transfer:
tensile transferred force

2
“Blind’ numerical analysis with | Detailed local FEM2 model

Local detailed model:
- 3D fasteners and hale surroundings
- refined meshing in riveted areas
- cantact elements for the assembly
- Detailed model connected to the overall model
with a specific transition areas

Humber of assembly parts:
Un-detailed FEMO1 model
including detailed FEMOZ local area:

+ Alocal areas of structural parts {rolume elements)
+ Mumber of 30-fasteners: 40 maximuom.
+ 2000wolume elements perfastener

--= FEMZ |ocal detailed 3D-maodel:
=4 000000 degrees of freedom

] |Exdraction of local stress values. |

¢

[ Detailed fatigue analysis |

Detailed fatigue analysis:
- Lacation and fatigue life
Atfastenar n* xxx surrounding: of each fatigue sensitive site

- 5"'8“ a g ‘ i 2 ‘ R _— = ; 'I‘M = - Optimization of the structural design
mei{ valug Fastatat L el calcul o1 . %
| MPal i) Tast Factor o | regarding the fatigue requirements

S1 rax £ Doubler 231509
51 mau / Stiffenar Fatigue parameters, from Airhus fatigue methods, || sa7fr4
S1 max / Panel 16 791

I N tast

IF

[Crack detected at panel level | 48782

fgure 1




National Review 6/37

The lessons learnt and the resulting fatigue direstimprove Airbus capability to predict
fatigue potential of complex structures at an eastep of the aircraft development.

Up to now the Virtual Testing could be successfully perfedn
e Atthe design step:

Fatigue justification of the structural design @tion and fatigue life of each fatigue sensitive
site) & Design optimization of complex structuratas regarding fatigue criteria are improved at
an earlier step (before fatigue certification tggts avoid later retrofit modifications.

« At the certification step:

Determination of additional inspections in servider specific fatigue sensitive sites. The
inspection intervals are better optimized.

Justification of structural design changes for \dive aircrafts based on efficient extrapolation
from fatigue assessment and/or test results dbaisec aircraft.

« At the in-service step:

Regarding the improvement of the fatigue predictiole to virtual testing process at the design
step and certification step, benefits exist forn@ntenance program.

For the near futuremore experiences and feedbacks from fatigue éegtsaumerical simulation
results will improve the virtual testing approaatdaassociated directives and methods to preditt wit
accuracy the fatigue capability of aircraft struesu

6.4. FATIGUE OF COMPOSITES

6.4.1. Fatigue of aeronautical CFRP materials (LMPM)

Despite the exceptional mechanical specific progerbf polymer matrix — carbon fibre
composites structures, their current range of apptin is rather limited. The aeronautical indusiny
particular, feels the need to enlarge this ranggleying such materials in structural applicationat
involve severe long term thermo-mechanical soliicites under aggressive environments, in which the
material is exposed to thermal-oxidation effectseP understanding of all these phenomena is crucial
to the building of non empirical models for predigt the material behaviour, the onset and the
development of damage and the durability of contpagtructures.

In our laboratory, campaigns of thermal cyclingtsehiave been performed on various
carbon/epoxy laminates in more or less oxidativeneutral atmospheres (dry air, pure oxygen and
nitrogen). These studies put in light the influemdethe environment of the thermal cycling test on
different damage mechanisms :

- Superficial matrix shrinkage due to the oxidatisagess (Figure 1)

- Matrix cracking, quantified through microscopic ebstions of the edges of the samples and X-
radiographs

- Weight loss

The comparison of these damage parameters accdadthg environment of the thermal cycling
test emphasises the accelerating effect of an twedatmosphere. Moreover, the higher the oxygen
concentration, the more significant the acceleratibthe damage processes. Two different amplitudes
of thermal cycling have been considered: these rarpats highlighted a coupling between matrix
cracking and oxidation processes, the degradaditas ias well as the ultimate damage states deggendin
on both the ply-stresses and the thermal ageinditoms.
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Figure 1: Carbon/epoxy composite: SEM observation of damages due to 1000 thermal cycles (-

50C/150C) in air
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6.4.2. Coupled reaction-diffusion-stress model for CFRP drability (LMPM)

Thermal oxidation has generated less interest énldbt 30 years. Most of the published data
during the 1970-1990’s period are relative to weighanges or mechanical property changes with
highly questionable kinetic treatments (for insemse of Arrhenius law, etc ...). In the 80’s, aushor
begin to take into account the fact that oxidatkametics is diffusion controlled. The first moded$
diffusion—reaction coupling contain a correct fotation for diffusion terms, but have an exaggerigted
simplified approach for chemical reaction, desatiléth a single elementary mechanism. Then, Verdu
et al. (LIM-ENSAM Paris) develop a model based omealistic mechanistic scheme for polymer
thermal oxidation.

At the present time, as far as polymer matrix cosites for aeronautical applications are
concerned, only few research groups are preoccgtiedt this original phenomenon. In the US, there
is a renewed interest towards the understandinmgidation processes for PMR-15 matrices. In France,
LIM-ENSAM and LMPM-ENSMA are the two main reseamgtoups working on the thermal oxidation
of thermoset matrices, mainly epoxies.

Recently, at LMPM, a coupled reaction-diffusiones model has been developed: it employs
the mechanistic scheme proposed by LIM-ENSAM witttie formalism of the thermodynamics of
irreversible processes. The model is able to cstiess localisation occurring during thermal oxiofat
and to predict eventually the oxidation induceddimatrix debonding ().
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Figure 1: Carbon/epoxy composite: numerical computation of VM stresses due to isothermal ageing at
150<C in air
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6.4.3. Composite door : the COMDOR project (Latécoére)

In the scope of Aerospace Valley labelled projelcsgecoere is working on a new-concept of a
composite carbon fibers’ stiffened panel. Basicalye main technologies used for making a stiffened
panel, except “black metal concept”, are the congupr co-bonding process. But these processes do
not have an efficient strength for damage tolerargeirements.

The aim of the new technology launched by Lategoeran innovative process applied on dry
preforms for assembly, and injected following RTéd¢hnology (Resin Transfer Molding). This process
could increase damage tolerance behaviour insteazliing or co-bonding process Disbonding and
delaminations areas must be significantly redudtst 8VID impact and the pull-off resistance of the
samples improved.

A tests campaign is currently running to demonstthe expected effect. The tests program
started by basic samples (T and | shapes) to valitie technology and initial sizing. Residual Btat
after fatigue tests with BVID impact were achieweith success.
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Figure 1 :Initial tests campaign principle

An innovative method of delamination analysis impmsites has been applied to study and size
the pull-off resistance after impact. VCCT techmguand cohesive elements have been incorporated in
a detailed model of the stiffener base.

Now, the next step scheduled is on a complex couppresentative of a stiffened fuselage panel
loaded by pressure. The test coupon dimensionsoaghly around 1 meter square. The specimen is
currently in production phase. After produced andtmlled, it will be impacted, and tested in faigg
by clusters load introduction points simulatinggsure load.

These tests are scheduled in middle of 2010.
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Figure 2 : Panel test coupon
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Figure 3 : Test machine for panel
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6.5. LIFE EXTENSION & FULL-SCALE FATIGUE TESTS

6.5.1. Alpha Jet Trainer Life Extension Program (DassaultAviation and CEAT)

From the origin of the aircraft, the Alpha-Jet §a strength has been assessed according to the
safe life principles. The structural design waseblasn a lifetime of 10000 flight hours with a desig
load spectrum resulting in a fatigue damage usedefme the reference value of 100 for the aircraft
fatigue index (IF).

A first fatigue full-scale test has been carried by the IABG test center (1975-76) on an
airframe as manufactured up to 540 IF and, conisigex scatter factor of 3, an allowable cumulated
fatigue damage of 180 IF could be retained fonthele of the airframe.

In the frame of the Alpha-Jet life extension pragra second full-scale fatigue test has been
performed by CEAT (1994-2007) using as a test tbelairframe of an aircraft retired from the FAF
and implementing loading spectra updated in coesi®t with the recorded service history of the
aircraft.

This test has evidenced a safe life of 325 IF far fuselage of the aircraft, notably taking
advantage of the decrease of the scatter factmwedl by testing of 2 airframes instead of onlyrbrtf
3 down to 2.74) without prejudice to flight safety.

Unfortunately spare wings had to be used to puttsigesecond test for the benefit of the fuselage
enhanced life substantiation so that the wing Bffecould not be extended beyond 180 IF. It hasth
been decided to enforce the damage tolerance agipwigh the aim to extend the service life of the
wings up to half of the fatigue damage substardide the previous full-scale tests (up to 245 i) i
accordance with the usual rule that for damageantedesigns of aircraft, a fatigue test must cakier
service life by a factor of at least 2.

The damage tolerance evaluation has included theages, due to fatigue, that have happened
during the fatigue tests as well as damages dwsrnmsion or accidental damages liable to occur in
service.

Instructions for inspections have been establishe@évery damage notably based on extents of
damage consistent with the residual strength utidgt loads or with fuel-tightness for fuel tank
boundary elements.
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As regards areas poorly solicited on the fatigge ¢ells, detail inspections are to be carried out
on a sample of wings presently in service and consuately with the lessons learned dedicated
additional inspections be prescribed if needs be.

To make the best possible use of this extendedbtential, it is also envisaged to proceed to
cold working of a number of fastener holes in tberse of the scheduled maintenance operations on
the wings.

Apart from the fuselage central part and of thegsifife potential , the second fatigue test has
allowed to increase the safe number of repeatechtipg events such as:

- 16 400 landings (after enforcement of a scattdofaaf 5)
- 7 000 cabin pressure cycles (after enforcementsoitter factor of 4)

- About 13 000 flight hours for the rear fuselagegatnforcement of a scatter factor of 4), the
stabilizer and the vertical fin.

6.5.2. Super-Etendard Navy Aircraft Fatigue Evaluation (Dassault-Aviation and
CEAT)

The Super-Etendard structural design is very smdathe Etendard one, the former being an
upgraded version of the latter. This explains whtigie requirements were not addressed in the
original specifications of the Super-Etendard aiftcrwhereas fatigue was not a concern for combat
aircraft when the Etendard aircraft was developed.
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With the aim to perform a fatigue evaluation of thamary structure and also of some
preventive reinforcements implemented on the dirdraservice, a fatigue full-scale test has been
carried out by CEAT from 1989 up to 2006. 2 diffgr&tendard fuselages and a number of Etendard
wings have been successively tested.

For the test loading spectrum that had been deidgeithe average spectrum expected in service
from an OLM campaign on 2 aircraft, this test habs$antiated, based on a safe-life approach, a life
potential of 6755 flight hours for the fuselage &¥&0 flight hours for the wings.

Some additional evaluations have therefore beeentmken to allow for the wings the same life
potential as for the fuselages.

The most damaged wing that had experienced thedargumber of load cycles in the fatigue
test has been entirely dismantled. Apart from thmages having caused the removal of that wing from
the test cell, the subsequent thorough inspectlarst reveal any damage liable to impair the $tmad
integrity of the wing.

In parallel, the detail design points as identifiigdthe previous fatigue tests have been submitted
to fatigue and damage tolerance analyses, the magome being that the wing life potential may be
increased to fit to the fuselage one.

6.5.3. M2000 Full Scale Fatigue Test (Dassault-Aviation ahCEAT)

Since 3 years, a full-scale fatigue test has beered out in the CEAT Test Plant on the aged
airframe of an aircraft retired from the French Rarce fleet.
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The loading spectrum simulates the French Flegég@tindex (FI) Consumption Rate expected
in the future on all the key elements of the stitestwith updated in-flight and ground loads.

The objective to demonstrate a significant extensibthe Mirage 2000 fatigue life (in a "Safe
Life" approach, with punctual damage tolerancea)lisost achieved:

- 240 FI for the fuselage and 230 FI for the wing baxe already been substantiated.

None of the fatigue damages that have been digtlostl now have to be rated as critical, in
terms of static strength or reparability. Only Higrepairs have been implemented and will be aaéid
through the end of the test.

A fuselage repair is presented hereafter.
- : -
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Wing main spar bore repair operations on thisamllpictured below.

e
Wy i~

An upgraded inspection and structural maintenariee pf the aircraft with improved cost
effectiveness has been issued to the Mirage 208fatip's.
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6.5.4. Fatigue and damage tolerance certification tests dhe FALCON 7X (Dassault
Aviation and CEAT)

The F7X Mechanical Test Cell (MTC) has been testeithe CEAT facilities in Toulouse. Since
December 2004, a preliminary static test (at Qnes the limit loads corresponding to the maximum
fatigue loads), 2 lives in fatigue , complete stagists including limit and ultimate loads testd arlife
of damage tolerance followed by residual strengsitsthave been successfully conducted on one single
cell.

In addition, a margin search test has been perfdumél failure of the wing before disassembly
in June 2008.

The MTC was composed of the fuselage, the wing texflaps, the composite vertical fin, the
engine mounts, the horizontal tail box, dummy eagjrdummy landing gear and dummy slat tracks,
other structural elements being separately testedbdicated specimens.

The test rig and loading device comprised 64 hyldrgacks and 3 pressurization channels
(passenger cabin, luggage compartment and fued}ank
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F7X mechanical test cell Associated CAW5 model

The fatigue loads and the test spectrum have befmed based on fatigue damage calculations
of significant structural items as performed oredidated FE model of the MTC; for the composite fin
the loads have been enhanced by 13% so that faggtiag during 2 lives, in presence of low energy
impact damages, can substantiate one life as fhdifea

After the fatigue test, about 95 damages have lodserved among which only a dozen are
serious, some of them leading to structural modifans which were implemented in the definition of
the aircraft before type certification and retrgfit to the aircraft already assembled.

Static tests have been successfully performed ucaldrated in-flight and ground envelope
loads. Eventually, the linear and non-linear nun@rimodels of the F7X structure have been validated
showing good correlation levels.

o ke |
== '}
Wing bending at UL

Associated non linear FE catapion

70 Artificial damages have then been inserted fimage tolerance testing with a size larger
than the plastic zones locally induced by the psi@tic tests under ultimate loads, so that thekcra
growth rates are not affected by the residual redraieveloped about the plastic zones. The damage
tolerance tests have been carried out under fatiglilerated loads, the test spectrum applied, fisete
and even as measured, being shown, through crasitlgmanalyses on the most significant structural
items, resulting in the same crack growth rates tha genuine load spectrum.

Comparison of measured and computed crack growts rdemonstrates the quality of the
damage tolerance computational methodology usediginout the development of the aircraft as shown
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by the following example of the crack growth ana@ysf the artificial damage located in the lower
panel rear edge aft of the wing root bolt recesses.

Wing root lower panel
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Measured and computed crack growth rate comparison

After completion of one life of damage tolerancsttd08 natural damages have been observed.
In addition to the artificial damages insertedythave successfully passed the residual strength. te

After structural repair regarding the main damaghse, F7X test cell has been submitted to
margin search tests: the main static loadings weceessfully applied to the test cell up to 1.7%8rthe
limit loads; collapsing of the wing eventually ocad, under upward wing bending loads, at 1.74gime
the limit loads.

With Dassault and CEAT mutual work, the ambitioiresaof these tests have been reached on
time. The MTC observed behaviour and measurements heen shown very close to the predicted
ones highlighting a fair accuracy of the Dassawgtshal sizing methodology as well as the high
robustness of the F7X structure.

6.5.5. Transall structure life extension (AIRBUS & CEAT)

Developed in the 60's in a French-German co-opamatihe TRANSALL C160 aircraft is a
military transport aircraft. 67 of them are usedtbg French Air Force for tactical and humanitarian
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missions, basically. The service life extension thee Transall from 20,000 to 22,500 Flight Cycles,
corresponding to 5 more years in service, was eegid 1996 for the following major reasons:

- the advanced fleet age of aircraft in service,

- the estimated date of entry into service of the gemeration military aircraft.

The definition and substantiation of the life exdi®em programme have been based on the
analysis of both :

- an extensive in-service damage collection with éeablishment of a damage data
bank,

- afull scale fatigue test on an aircraft retireghfrservice.

The major participants in this process were: A.(Aelier Industriel de I'Armement) from
"Clermont-Ferrand”, CEAT, SPAé (Service des Prognasi Aéronautiques) and AIRBUS.

A big concern was to define the load spectrum toapplied to the test airframe. A usage
monitoring campaign was launched in 1996 for thigpppse based on:

- collection of general information about each flightt each TRANSALL aircraft
(paper form containing the type of mission, fligthtiration, take-off and landing
weights, door openings for droppings...),

- in-flight recording of flight parameters and sties®n 4 aircraft of the fleet, to derive
the loads associated with each type of mission.

A large amount of data have been collected ovezeBsy exchanged by the different partners of
the programme and analysed.

At the same time, the assembly of the test fixar€€EAT was completed. It consists of 112
hydraulic jacks + fuselage pressurisation, andradtd@00 strain gauges.

After a few last adjustments, the test began indviaver 1999.

First major damages, which appeared on the lowegwanels around man holes, have already
induced a specific maintenance programme for thetflSome additional coupon tests on specific
details were performed to evaluate the more adegpegventive modification solution. New major
damages appeared in October 2002 on the lower wamgls and concerned doublers around fuel
pumps (cf ICAF 2003 French National Review). Invidmber 2003, further new major damages (cf
ICAF 2005 French National Review) were encounteaftdr 34,000 simulated flights on panels inner
surfaces of the centre wing box leading to elevemtivs of complete stop of cycling. Investigations,
including fractographic analysis have been caroigcko deduce repercussions for the fleet.

In March 2006, during an inspection at 44,750 fligtycles, new major damages were
discovered at rib #1560 especially in the rear gipdhe centre wing box leading to stop the testirag
After analysis, AIA has designed a repair which Heeen applied on the structure. Due to the
complexity of this repair, test only started agaii2007.

In September 2008, 58,356 simulated flight cycleseaxcompleted, delivering 22,500 landings
and 27,900 flight hours in the most critical ar&dinal static test at Limit Load in November 2088s
performed allowing to clear the additional margiken initially by Airbus rising the final potentitd
23,204 flights (landings) and 28,773 flight hours.

The test rig is currently being dismantled anddheraft is subjected to a tear down for specific
areas.
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