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Context and objectives
Aeronautical context:

|ISSues:
Reduce CO, emissions + costs
=> weight reduction of the structures

Example : Titanium

Adhesive
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Leap

Fan blade Composite

Are tests that exist to characterise the mechanical behaviour of Thermo-oxidized specimen
: n join ited In th ntext of TO?
Solutions: bonded joints suited in the context of TO -

- (_Zomposite materials | Single lap joint (SLJ) shear test for One information: Decrease of the :
- Adhesively bonded assemblies specimens aged at 120°C [1] fracture load with TO Virgin part ||| 12.5
18000 mm

- No information on how the behaviour is ~ 7 S5
Virgin part of the adhesive: 14000 BUT Impacted in the oxidized zones Part affected by TO = 500um

non oxidized

- Global response governed by the

12000

- More sensitive to environment

- Temperature increase of futures engines

Ay

Problems | 5 o saturation

Thermo-oxidation (TO):
-> Heterogeneous degradation

l. Numerical model taking into account TO

General presentation of the model - Idea: To mimic an ageing experience

! Z 10000 t0 behaviour of the virgin part
l 02 E 8000 —1t=1000h
N\ . /. S = Not adapted for studying TO of assemblies
- — - o
0, \ 0 Development of an adapted test by reasoning differently:
~__— T eacement - Maximize edge effects
Oxidized layers with - Detect the Initiation of a crack in the oxidized zone
properties gradients ’v
/ ) Need of a model taking into account TO
Objectives: / \
i _oxidati - / N ™
- To chqracterlse thermo OX|dat_|on effects on the mechanical To design the test To analyse the results of the test
behaviour of bonded assemblies | o - Discriminate configurations more - Experimental curve = virgin
\9 Assess the impact on durability: predict the failure of the Jomt/ 5 sensitive to TO )L material + thermo-oxidized parts y

Il. Strategy to design a test adapted for adhesively

bonded joints aged by TO

Strategy to assess the sensitivity of a configuration to TO and define an optimal configuration:

Tcurin g

Tcurin Tam Tox Tox Tam i i . . . . . .
! ’ ’ For a given geometry of the adhesive How to discriminate these configurations regarding
State 2: Beginning State 3: End of the :éz’:?ng:thnaig:‘r:r 3 singularities 3. types of | SenSitiVity to TO?
temperature oxidation oxidation possible: simple loading: >Comparison between:

Tempetature State O: State at State 1: End of the
the curing cooling phase after of the oxidation
curing

Tox 180° /180° Case 1
U U U U - shear Virgin assembly: Oxidized assembly:
= VS

taking into account post- with model taking into

Tamp | E— 0-1: 1->2: 223 324 I
Stateo@ P E— - Time Cooling phase Heating phase Oxidation prise Cooling phase 90°/180°  Case 2 f » curing stresses account TO
+ tension . . .
N . O One simple criterion: '
Initial state of the assembly: How o model the gradients $ Failure stress: initiation of crack
consideration of residual post-curing stresses = Non negligible associated with TO? 90°/90°  Case3 $ o
2> 0 >o0x(y) © s >1/UVARM1 = g /ox(y)
R
: : _ bendi
What are the effects of TO on the adhesive? Experimental facts: 4) O eneme
: : : : : i A A Crack initiation indicator (UVARM1) = Reaching of failure stress
Increase of the elastic modulus Decrease of the failure stress | Inelastic strains of chemical origin _ _ _ (_ — ) — g_ _
» _ Example for one configuration: Virgin joint Oxidized joint || wsen
27 | O, + macromolecular chain , —— (hvg: 75%) @ oo
, d Tension tests on thermoset L. departure of volatiles ;s ascist 1. : - 1o07se-o:
C/ dedt.at 122 C for several =» Mass loss / volume variation: * [l\ . Fields of crack EEESSREAEaRsch: H i E§§§§§i
‘ L urations [1] Chemical strains g = % ?/_V associated Zone of study —* initiation indicator 13 300801
| e e R 0 +1.650e-01
— 60 w ith shri B
Oxidized layer ElT«x elastic modulus E —E=2,1GPa WI;[h Sh”hkage Case 2/ shear
2; 50! O’R —E:i; glz: | D Distance from the exposed surface (um) Crack |n|t|at|0n |Oad
53 . = E=3,1 GPa 0 _ _
sy 200n g 40 o Final comparative table:
T4 -a00n  EIT measuresin |< ER
PR | (@ oxidized layer of 30 gL/ o Shear Tension
%4,1 S .2000n S@Mples aged at < 20 % P / 400 Case 1 Case 2 Case 3 Case1 4 Case 2 4 Case3 4 Case2 Dlscrlmlnatlon Of the
£30 4 o+ -3s00h  150°C for several | @ g cooh « - . A e
53'7 Ls ¢ ° { durations 10 E N ‘ ‘ * “ s 3 . SenSItIVIty Of the
3,5 ] .} i = [@] . .
RS ! Shrinkage measures in Virgi 2500N | 2360N | 2675N | 28490N | 28870N | 20225N | 1415N configurations to TO
I e 0 . 7 oxidized layer of samples Crack roin with the reduction of
o s om0 1m0 w0 0 0 0 40 Strain, € (%) . aged at 150°C for several R Oxidized 2100N 1785N 1985N 19440N | 20560N | 11975N 1065N the crack initiation
Distance from the exposed surface (um) ’ ° durations Initiation
- load | Reduction of load
_ _ _ _ 0ad 16% 24% 26% 32% 29% 41% 25%
How to model TO gradients? Use of a phenomenological parameter representative of TO progress y [2] oa
T Evolution of the parameter with a diffusion-reaction like equation: Numerical analysis on crack Initiation through a S|mp_le criterion: not enough to conclude
Yy = 1 ‘ dy 5 Zy Boundary conditions: - Need to consider other experimental aspects
ElTo 5 = Ko R 'V% 0) )= 0 Experimental aspects:
X -¥(0, t,,) = t e . .
ox ¥(0,tox) = Ymax(fox) - Feasibility: industrial context, better to adapt existent test than develop a hew one
Correlation between elastic | To model properties gradients: link them to y - Detection of crack Initiation in the oxidized layer: need to capture macro-crack before failure |
- indentation modulus EIT E(y) = E,(y + 1) For example: SLJ =>» Stability of the cracking
= o T and concentration of _ SL3in bendin
E 4500 | _« D100ha!r oxidation products Q [3] o (y) = B.y + p SLJ in shear g
4000 ‘?332: :ir t dro R K ‘C‘““ Case2 —> Need to add a
3500 Frvr e sz [ Z]dr Ecu(Y) = acy Y o A better.falllure
o 1 2 3 4 5 , dr _ _ _ " . description to the
Q(moll) Results with this numerical method: Brittle fracture With the model: propagation
: : : - - no way to '
Behaviour of the adhesive as a function of | Assessment of the stress state stop the é’rack | Microscope
the temperature and the ageing parameter y within the adhesive after ageing Long distance | Stable cracking
MICroscope
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| Ti/lepoxy/Ti assembly

|

0.5 mm

Fvi —<
(Avg: 75%)y

+6.755e-01
+6.192e-01
+5.629e-01
+5.066e-01
+4.503e-01
+3.940e-01
+3.378e-01
+2.815e-01
+2.252e-01
+1.689e-01
+1.126e-01
+5.630e-02
+6.292e-06

S, Mises

(Avg: 75%)
+5.053e+01
+4.822e+01
+4.592e+01
+4.361e+401
+4.131e+01
+3.900e+01
+3.670e+01
+3.43%+01
+3.209e+01
+2.978e+01
+2.748e+01
+2.517e+401
+2.287e+01

before testing the specimen - detection of a macro-crack

- Behaviour of the adhesive within

the oxidized layer dependent of the I\V. Conclusion et persp ectives
y field

S, Pressure
(Avg: 75%)

« Aeronautical context: increasing use of adhesively bonded joints = TO CONCLUSION

+6.757e+00
-3.828e+00
-1.441e+401
-2.500e+01
-3.55%e+01
-4.617e+01
-5.676e+01
-6.734e+01
-7.793e+01
-8.851e+01
-9.910e+01
-1.097e+02
-1.203e+02

« Aim: To characterise the effects of TO on the behaviour of bonded assemblies
=> Current tests not adapted: TO = surface/edge phenomenon+ no saturation
=>» Need to design an adapted test associated with a model taking into account TO

 Model used for the design of the test: simple criterion to assess the sensitivity to TO
=> Not enough to choose optimal configuration: need to consider other experimental aspects

PEEQ —
(Avg: 75%) P
+1.474e-02
+1.000e-02
+9.167e-03
+8.333a-03
+7.500e-03
+6.6670-03
+5.8332-03
+5.000e-03
+4.1678-03
+3.3332-03
+2.500e-03
+1.667e-03
+8.333e-04
+0.000e+00 | [

- Add the influence of geometric parameters (length, thickness, width) to the sensitivity study

—> Include a description of failure behaviour =» stability of cracking PERSPECTIVES
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