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Abstract

The Friction Stir Welding (FSW) process generaligliices a critical hardness decrease inside theedeld
joint. To design aeronautical structure welded BWF it is then necessary to know the impact of hisisdness drop
on the constitutive behaviour of the junction. histstudy, the hardening structural aluminium alg98-T8 is
considered. Many monotonic and cyclic mechanicstistevere carried out. Digital Image Correlation@pis used
to measure local displacement fields around thetjon. Finally, based on this experimental dataoastitutive
model is proposed and identified for the weldedtjoi

1. Introduction

The FSW process was developed in 1991 by The Weldlistitute [1]. The FSW is a solid state process
without any filler material. Temperatures reached Bwer than the melting temperature of the mateifhis
enables the welding of hard weldable materials sischluminium alloys of the 2XXX serie [2]. Nowadait is used
in the aeronautical field as an alternative of ttiveting process. The third generation aluminiuhoyaR198-T8 is
considered in this study. The addition of lithiumhances the mechanical properties compared to E]2dnd
reduces the weight of structures. ONERA has cawoigdnany works on the influence of the processupaters on
the microstructure and tensile properties of thigding joint. The aim of this study is to develogenstitutive model
of welded joints tested under complex multiaxiadings.

2. Experimental study of the mechanical behaviour of the welded joints

2.1 Wdding of the samples

FSW was carried out at the ONERA with a Crawfordifsitd POWERSTIR 25T machine, usiran
advancing on rotational speed of 0.4. The tool ydgtlas a shoulder diameter of 13 mm and a piaendter of 4.2
mm. The pine length is adjusted for being smahantthe sheet metal thickness which is around 8uh8 Welding
was mainly performed along the longitudinal rollidgection called L. Nevertheless, as the 2198-T&emal is
known to be strongly anisotropic, welding was gisoformed along the 2 other main directions ofimgli(called T
for the transverse one and D for the 45° directitinis very important to study the effect of thelding direction
versus the rolling direction of the sheet on thelmagical properties of the welded joints. In théger, only results
on the welding direction along the L axis are pnésé. Results along T and D axes are in progress.

2.2 Mechanical tests

Monotonic tensile tests and cyclic tests were edrout at room temperature on a 100 kN servohyidraul
LOS SYSTEM Losenhausen (Great Britain) Ltd machi@gclic tests were performed on the same facilitihva
symmetrical loading ratio (R &nin/omax = -1). An anti-buckling device has been designegraposed by Khan and
co [5]. For each sample, 4 successive levels af Weere tested (Figure 1). Both the base metal lamdvelded joints
were tested using either strain or stress control.
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Figure 1: Antibuckling device and the base metal specimen (fglfihal mechanical behaviour of the base metasyanmetric
loadings and four different strain levels (right)

For the welded samples, Digital Image Correlatidi) has been used to mesure the displacemens féeld thus to
obtain the local stress-strain curves. This tedmnigas already been used on inhomogeneous maf{éjial3uring

mechanical tests, pictures are taken using a cadwemmis 4M, CMOS, Titanar 5.6/100 (resolution 235228

pixels). The grey level contrast is obtained usingpeckle pattern at the sample surface made ok blad white
paintings. The ARAMIS software [7] was used to gsalthe pictures, to measure the displacemensfatd finally
to calculate the strain fields. For the DIC, imagbsets of 35x35 pixels were chosen which corredptma 0.6x0.6
mm area. Such dimension of subsets is well suitableatch the gradient of the mechanical proped@®ss the
welded joint with a quite good accuracy.

2.3 Experimental results

Figure 2 shows some results of strain fields atdhdifferent times during the tensile test. Figris a
graph of the displacement as a function of thetjpmsalong the loading axis and the strain at thessae positions,
at t=16.97s and t=40.40s (Images 1 and 3, in Figurat the beginning of the tensile test, the @ispment curve is
linear across the welding joint. Experimental diggiment data are evenly spaced and strain is homogs inside
the sample. At the end of the tensile test, th@ahaf the displacement curve describes a sigmaidale. The
displacement contours are no longer evenly spathkd. strain in the region in and near the weld w@firem
approximately 0.4% outside the shoulder diametendar 30% in the nugget centre. The weld creatssomg
inhomogeneity in material properties and the bulkhe plastic deformation is concentrated in thdédwegion. To
sum up, strain is localized in the weakest zonthefsample which is, in our case, the weld cemeglimages 2 and
3, Figure 2). The local DIC assessed stress-stemponse in the centre of the weldment shows agtevel of
plasticity whereas the base metal remains mailstiel

Constitutive stress-strain behaviour can be diyesttracted from localized regions in the DIC résuFor example,
local strain value can be compared to strain vateesrded by a macroscopic extensometer (FigureMa)this
analysis, the stress was assumed to be the contimmngineering stress value at all locations inftelel. These
results validate that the DIC method assessesnstaues that are identical to those obtained hyventional
methods. Then, the local strain values can be ssdés other regions from the centreline of thatjdied curve in
Figure 4b) to the base metal (black curve in Figllhg As discussed before, the centre of the wetdrabows a
strong level of plasticity whereas the base metaiains practically elastic. From a constitutive d&abur point of
view, the weld appears to have a lower yield stiteagd a higher hardening module than the basd.meta
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Figure 2: Results of strain fields at six differéimies during the tensile test
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Figure 4: a) Comparison between the DIC asseseaid salues and those obtained by conventional otgth
b) Assessment of the local strain values at 3 mifferegions of the welded joint

The experimental device being well set up, complgtic tests have been carried out to charactéhisdocal cyclic

mechanical behaviour of the welded joint. Figurghbws the constitutive stress-strain behaviouhefriugget zone
directly extracted from the DIC results. Again, 8teess was assumed to be the continuum enginesriegs value
in each section of the specimen. For each stres$ lenly the first hysteresis loop is plotted ézifitate the reading
of the figure. As observed before, the nugget aleaws a strong level of plasticity. An importanbtispic

hardening is also observed in each zone of theadldloint. The evolution of the total plastic ranggh the number
of cycles is shown on Figure 6. The nugget zonebésha higher isotropic hardening than the othegions. We
can notice that the number of cycles performedotsemough to reach the stabilized hysteresis ldtgese results

will be improved on longer cyclic tests.
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Figure 6: Observation of hardening for three défdrzones in the welded joint and for four stresglls

These results validate the DIC method in orderssesas constitutive stress-strain behaviour directtyacted from
localized regions in the experimental sample. Intip@lar, kinematic and isotropic hardenings can dbearly
identified. However, the strain range, over whibtle tonstitutive behaviour of a particular regiontledé weld is
measured, is limited by the strength of the weakese of the weld microstructure. Tensile test ltssshow that,
just before the rupture of the specimen, base nestaibits quite low plasticity whereas the centrelof the weld
exhibits a strong level of plasticity. Hence, assasnt of the cyclic constitutive behaviour of tlasé metal needs to
be performed on homogeneous specimens without welds

3. Modd identification

Aluminium sheets are strongly non isotropic assalteof the rolling process. Nonetheless, as wesicien,
for the moment, samples with the welding directadang the L rolling direction, we decided to uss, afirst
approximation, an isotropic elasto-viscoplastic @izhe model. For the uniaxial case, equations aieflyb
presented below. The viscoplastic potential costairplasticity threshold jR2 non- linear isotropic hardenings R
and 3 nonlinear kinematic hardeningsg,(X, and X).

oo [o-X-R\’
K
X=X +X,+X,
dX; =C; de® - D, X; |de”|

R=R,+> Q (L-exp(-h p)
dR =h (Q - R)dp
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The result of the identification of the parametairthe model is given for the nugget (Table 1). ssare shown on
Figure 7. A quite good agreement is obtained. Alamwork has been done for nine other zones adhassvelding

joint. Zones have been chosen in order to reprodueeisely the gradient of the mechanical behaviour

experimentally observed.

Table 1: Identification of mechanical parameters

Youn Plasticit Non Linear Non Linear Viscosit
g Y Isotropic NLIH 2 Kinematic NLKH 2 NLKH 3 ity
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E (GPa)| o,(MPa) | bl (MPa) b2 | Q2 (MPa) D1 C2 D2 C3 D3 n K
81 255 4000 -105| 17 13D 40000 45p0 50000 450 17000 |107| 600
400 : e i ’—t‘—‘_‘
ijﬂensile Test B E== e g " 1+t stress level
o = 300 — T — P fl———|
s = o
300 " ‘ . f 200 e
" L] I ."" ,"
EF : e l" o 100 P _'!‘
. o BT ’
;,200 . = |
wy - w | e _.'
L - -0,002 0. g8 0410 00412 0014
2 " £ | t0012 : |
100 i . A
H — Simulation =4 | el
F = Experimental = l’ i A - — Simulation
N, | = Experimental
0 ] T
0,00 0,02 0,04 0,06 0,08 0,10 ’
Total strain 400 ! -
Total strain
400 + ‘ 400
d | d ’
- ‘ ond stress level ‘ | _ aon || 3 stress level | //,7’
200 200 > i a
@ 100 = 100 / /
o = / 4
g 0 i : ! 8 "’. z / |
& ogoo 0.4 .gos 0.g10 0.012 §-o.002 odoo  odo2 ,_./g‘(cm o_craa/;.cua 0010 o0g12 0014
L-100 & s / ’
= /
= — Simulation 208 _-_-7 » / =i —
e /i - Experimental / —Slmulétlcn
-300 & B d = Experimental
400 . il
Total strain ee Total Srain

Figure 7: Comparison between simulation and expantal results for a tensile test (upper left coyiaad for a cyclic
test with symmetric loadings and three differerésd levels
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4. Multiaxial loadings

A more complex test has been proposed in ordebserve the cyclic behaviour of the welded joint émd
validate the proposed model under multiaxial lodets. this purpose a cruciform specimen has beeigmkss in
order to impose tension/tension loads (Figure 8 Test was performed with loadings of 150 kN oa #xis
perpendicular to the welded joint and 15 kN ondltieer one. Figure 9 shows a comparison betweenuherical
simulation and the experimental result.

The isotropic model presented before, gives a gmpdement with the experimental result obtainedh wie DIC
method. However, for more important loadings in #xés of the joint, it is possible the anisotropiifects of the
material should be taken in account.

Figure 8: Design of a cruciform specimen

Total strain -DIC result
[%]

Total strain [%]

1.5167

1.3832

1.1164

0.5825

0.3157

0.0488

Figure 9: Comparison between the numerical simutadind the experimental result for a multiaxial
loading test (150 and 15 kN)
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5. Conclusion

This study focuses on 2198-T8 metal sheet welded-8W. Microstructural analysis of welded joints
coupled with hardness measurements performed cisessavthe weldment showed some important changegal
the FSW process. 3.18mm thick transverse specimens machined from the welds and mechanically dewiith
the welding direction perpendicular to loading difen. Tensile and cyclic tests were performed ribiant
temperature. DIC results validate that this techeits able to assess the constitutive stress-digdiaviour gradient
of the welded joint. In a first step to model sumbchanical gradient, an isotropic constitutive niddethe welded
joint has been proposed. A multiaxial test wasiedrput in order to validate this model. Finallg,improve the
simulation results, an anisotropic model will begwsed.
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