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ABSTRACT

Fatigue crack propagation (FCP) tests of 4mm thick friction stir welded (FSW) joints of the duminum aloys
6013-T6 and 2024-T3 were caried out with compact tendon specimens at different mean dress levels (R-
ratios) and crack orientations. The da/dN-K curves of the welded specimens are correctly predicted using a
smple approach based on the parent material da/ldN-Kg data and the residual stress intensty factor
digribution obtained from the cut compliance technique. It is concluded that the differences in the FCP
behavior were dmost completdly caused by resdua stresses and not by the different resstance of parent and
weld materia to FCP.
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INTRODUCTION

Friction gtir welding (FSW) is a reatively new process patented by TWI (Cambridge, UK) in 1992 [1]. A
fricion dir butt weld is produced by plunging a rotating tool into the facing surfaces of the two plates,
Figure 1. The tool condsts of a shoulder and a profiled pin emerging from it. As the rotating pin moves
adong the weld line, the materid is heated up by the friction generated by the $oulder and stirred by the ro-
tating pin in a process gmilar to an extruson. Since the temperatures are wdl beow the mdting point,
problems associated with the liquid/solid phese trandformation are avoided. This dlows high qudity joining
of maeials that have been traditiondly troublesome to weld conventiondly without distortion, cracks or
voids such as high strength aerogpace duminum aloys like 2024 or 7475.

Currently, a very limited amount of data on fatigue crack propagation (FCP) in friction stir welded joints
exigs [2-4], even though the FCP behavior of long cracks under defined environment is one of the key issues
during the materid sdlections for light weight aerospace dructures. Mogt of the work on fatigue of duminum
friction tir welds has been restricted to the generation of S-N data [4-7].

Prdiminary FCP experiments with welded specimens of the duminum dloys 2024-T3 [3] and 6013-T6 [4]
displayed lower crack growth rates in the weld than in the base materia, especidly in the range of low crack
propagation rates and stress ratios. It has been suggested that increased resistance against FCP is comected
to the fine graned materid in the wed [2] or to compressve welding stresses in the compact tension



specimens used in the FCP invedtigations [3, 4]. The objective of this paper is to examine the influence of
resdua stresses on the fatigue crack propagation curves of friction stir welded joints in 2024-T3 and 6013-
T6 duminum dloys.

tool

Figure 1: Schematic of friction tir butt welding
EXPERIMENTAL PROCEDURE

Materials and Friction Stir Welding

Two types of 4 mm thick duminum dloy sheats 2024-T3 and 6013-T6, were welded on conventiond
milling machines a DLR and EADS Corporate Research Center on the basis of the TWI patent. The welding
direction was dways in rolling direction. The ultimate tendle drength vaues of the joints were in the range
of 90 % (2024-T3) and 80 % (6013-T6) of the parent materid’s ultimate strength. Further detalls such as
process parameters, microstructures, hardness distributions and strength values arefound in [4, 5, 8].

FCP tests

The test were caried out with 50 mm wide compact tenson specimens a different mean dress levels (R-
ratios) and crack orientations, Figure 2. The negative load ratio curves of the 6013-T6 base materid were
obtained from 80 mm wide middle cracked tenson specimens (M(T)). All tests with FSW specimens were
performed in the “as-welded” condition.

The “longitudind weld” LW specimens had cracks in the center of the weld propagating pardle to the
welding direction. On these specimens condant amplitude da/dN-K tests were carried out a room tem-
perature and in laboratory air on a computer controlled servo-hydraulic testing machine following ASTM E
647 [9]. In the “transverse weld” TW specimens the crack approached the weld perpendicularly. These tests
were caried out only with 6013-T6 FSW joints at constant K-vaues. In parent materid specimens this
procedure would have led to constant crack propagation rates. Therefore dfferences and changes in da/dN of
the TW-specimens can be directly attributed to resdua stresses or changes in microstructure.  Crack
propagation was dways monitored through the potentia drop technique.
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Figure 2: Welded specimen configurations.



Residual stressintensity factor measurement
The dress intengty factor due to resdud stresses Ks was determined directly with the so called “cut com

pliance method” [10, 11]. The method is based on the crack compliance method: a narrow saw cut is intro-
ducéd progressvely in the potentid crack plane of the consdered specimen or component and the resulting
drain change is measured by a strain gauge. The desired dress intendty factor is proportiond to the dope of
the measured strain - plotted as a function of the depth of the cut (i. e. crack length a):

x - _E¢de Z(a):- 2.532 EE‘_ - 6,694 (1)

5
*  Z(a) da (W - a)*® p
The proportiondlity factor or influence function Z(a) is a unique function, that depends only on the cut depth,
the geometry of the specimen or component and the strain measurement location. In this invedigaion a
drain gage was glued on the C(T) specimen at the location indicated in Figure 2. The influence function for
the set-up was obtained by afit of the finite dement results of Schindler [12] dso givenin egn. (1).

Ba’g% its amplicity, the great advantage of this method is that it ddivers the information about residud
dreses in a auitable form for direct use in fracture mechanics. Moreover the dagtic re-disribution of resd-

ua stresseswith increasing crack or dit length is aready included in the K, versus W solution.

Fgure 3 shows the digtribution of K;s measured by introducing an 0.3 mm wide fret saw cut in the ligament
of the welded C(T) specimens. Mean vaues of at least 2 cutting test were used for one curve. The measured
drain versus cut depth (a) data of the LW specimens were fitted by third to fifth degree polynomias
whereas a 12 degree polynomia was employed for the -a-relaionship of the TW specimen.

The negative dress intendty factors of Figure 3 are related to compressive resdual stresses ahead of the
crack. In the longitudind weld specimens, the resdud dtresses re-arrange after a crack growth increment in
such way that compressve stresses are maintained a the crack tip. With increasng crack length the mag
nitude of the compressve resdud stresses decreases and findly only smal amounts of tendle stresses are
active at the tips of long cracks. Such a behavior was dso observed in C(T) specimens cut out from gas

metal.arc welded sted plates[13].

Cutting of TW-specimens out of the 6013-T6 plates resulted aso in compressive resdud stresses ahead of
the crack, Figure 3 right Sde. The resdud dresses are however higher in magnitude than in the longitudind

weld case and two peaks are reached in the heat affected zones of the weld.
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Figure 3: Didribution of the stress intengity factor due to residud stressesin the ligament of the C(T)
gpecimens (left: longitudind weld specimen, right: transverse weld specimen).



FCPIN LONGITUDINAL WELD SPECIMENS

In Figure 4 the da/dN-K curves of longitudind weld specimens (closed symbols) are compared to the base
materid curves (open symbols). At high mean dress levels or Rratios there is no difference in the FCP be-
havior of parent materid and welded joint. At low R-ratios and loads (R = 0.1, K < 15 MPaQm) there is
however an gpparent improvement of the welded materia properties in both dloys. It is now demonstrated,
that this effect is entirdy caused by the resdud sresses, which were not consdered in the evauation of the
welded specimen data.

When a fatigue crack is propagating in a resdua dress fidd, for example in a welded plate, the stress inten-
Sty a the crack front is influenced by the combined effect of resdud stresses and the stress resulting from
the extendly gpplied (nomind) load. Within the vdidity limit of linear eadicity the totd dress intendty
factor acting a the crack tip is given by the sum of the resdua sress and externd loading contributions (s
perposition principle) [14]. The K vaue (= Knax — Kmin) remains unaffected by Kis, since the resdua stress
K:s has to be added to the whole nomind or gpplied loading stress intengty range K. On the other hand the
true load ratio Ry = (Kmin+tK/(Kmax+tK:e differs from the applied load ratio R. In other words, residua
stresses rise (tensle stresses) or lower (compressive siresses) the mean dtress or load ratio R of the applied
loading.

Compared to steel, da/dN-K curves of duminum dloys are much more sendtive to load ratio effects es
pecidly a low load levels and in the range of R < 05 [15]. For a given load K crack growth rates increase
with increesng R. The reason for this behavior is tha particularly a low or negaive Rratios only a part of
the applied K, designated as the “effective dress intensity factor range Ket”, acts as driving force at the
crack tip [16]. The undelying physcd mechanisms of this effect are dill being debated [17]. So far it is
important to know, that Ker is usudly cdculated from empiricad relationships which depend on K and R
[18].

Assuming that the red resstance againg FCP of the welded specimens is equd to the parent materid ress-
tance, it is now possble to predict the congtant amplitude da/dN-K curves of the welded specimens. For a
given crack length and nomind load ratio the true load ratio R; is cdculated usng the Ks didribution of
Figure 3. The effective stress intersity factor range Kt of the welded specimensis obtained by inserting
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Figure 4: Fatigue crack propagation curves of longitudina weld specimens compared to the base materia
data and the prediction.
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Figure 5: Effective parent materid FCP curves fitted by power lavs. Kegr was cdculated by the empiricd
formulas on top of the figures taken from [18] (2024-T3) and [8] (6013-T6).

R: in the K- K -relationships given on top of Figure 5. The fatigue crack growth rate daldN is then estimated
by the smple power laws shown in Fgure 5. The predicted FCP curves are very close to the data measured
with the welded specimens, Figure 4. This means that our assumption was right and that the gpparent
improvement of FGP properties a low loads and load ratios displayed in Figure 4 is soley caused by
compressive residual stresses present in the crack tip region of the C(T) specimens.

=]

FCP IN TRANSVERSE WELD SPECIMENS

To get pronounced residual stress effects on daldN it was essentid to keep K and R congtant & relatively low
values K < 15 MPaOm, R = 0.1) during the tests of the transverse weld (TW) C(T)-specimens. Because of
the very low loads at the end of the tests (< 1 % of machine capacity), R and K deviated dightly from the
constant V&alues a a/W > 0.75. In Figure 6 the FSW fatfjue crack propagetion results of two TW specimens
were therefore normaized with the respective fatigue crack propagation values of the parent materid a the
same nomina loading. The da/dN-prediction was cadculated as described in the previous section. Also for
this specimen geometry there is a favorable agreement between experimenta and predicted vaues. This
indicates that acceeration, decderation and find accderation of the crack crossng the weld is mainly
caused by resdua stresses and not by varying resistance to FCP of the different weld microstructures.

CONCLUSIONS

On the badsis of the effective dress interdty factor range Kess-gpproach and a smple resdud stress intendty
factor esimation it was shown that the differences in FCP behavior of welded specimens and parent materid
(2024-T3 and 6013-T6) are dmost completely caused by resdud stresses and not by the different resstance
to FCP of the various weld microstructures.
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Figure 6: Fatigue crack propagation rates of TW specimens under constant K and R loading compared to the
prediction using base materid Kt data and the K;s distribution in the specimens.
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