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Abstract The effects of joint line remnant (JLR), kissihgnd (KB), and clearance between the sheets
(Gap) on tensile and fatigue properties of 21981T8ttion stir welds have been quantitatively exsed
with respect to a reference weld made using onglesisheet. The JLR has no significant influencéhim
investigated conditions. KB and Gap-induced deféelctsnot significantly influence plastic yield butagn
induce premature crack initiation by ductile tegrisnd intergranular decohesions respectively. fcati
value for KB opening (280 MPa), a threshold valaefétigue crack propagation from the KB (1 Mifg

and crack growth rates consistent with literatiatdhave been determined.
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1. Introduction

Friction stir welding (FSW) of so-called “non-welda” Al-Cu alloys has been developed to
substitute riveting in lightweight structures [1}. allows avoiding hot cracking and limiting
component distortion. Internal flaws that are difft to detect by using non-destructive evaluation
(NDE) may appear under certain processing conditiétiter welding, the natural oxide layer at
butt surfaces may vyield a defect [2-6] sometimdeddjoint line remnant” (JLR). If the JLR is
connected to the weld root and induces fractuer atvere bending of the weld (e.g. [3, 7-8])sit i
often referred to as a “kissing bond” (KB). In buitlding conditions, a “Gap” might be left
between the two sheets, leading to poor mixing aften during FSW. The impact of such defects
on tensile and fatigue properties has only beencebainvestigated [9-10]. The purpose of the
present study is to compare the effects of JLR, &®l Gap-induced features on the tensile
behaviour and fatigue lifetime of FSW joints of AlrCu-Li alloy dedicated to aircraft applications.

2. Experimental details

2.1. Materials and welding conditions

A 3.1-mm-thick sheet of AA2198-T851 with chemicahaposition Al-3.20 Cu - 0.98 Li - 0.31 Ag -
0.31 Mg - 0.11 Zr - 0.04 Fe - 0.03 Si (wt %) wasgidared. The sheet had been aged at 155°C for
16h. Pancake-shaped grains (10 - 20 pum in thickwesse observed in this material (Fig. 1). The
hardness of this material was around 150+5 H'¥xcept at mid-thickness (1375 biY.

FSW butt joints were realised along the rollingedtron using 500 mm (RD) x 150 mm (TD)
coupons. Optimised welding parameters allowed msig external defects such as flashes.
Except for Gap bearing welds, the welding machimas displacement-controlled with a travelling
speed of 480 mm.mih a rotational speed of 1200 rpm, a conventiortahceable tool with 13 mm
in shoulder diameter and 4.2 mm in pin diameteaut®l” welds were made by moving the tool
into a single sheet, to avoid any native oxidesddes before welding. “JLR bearing” welds
resulted from natural oxidation of the coupons befeelding. “KB bearing” welds were fabricated
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as for JLR but with retracting the pin by 80 pmodify mixing conditions within the weld. “Gap
bearing” welds were realised under load controhvaitconstant clearance between the sheets, of
either 0.3 mm (“Gap3”: 10% of the parent sheetkihgss) or 0.7 mm (“Gap7”: 23% of the parent
sheet thickness). Only KB bearing welds cracked usdeere bending conditions (width 10 mm,
bending angle 90°, bending radius 7 mm, and bottarngs the weld outside).

Retreating side Advancing side

—

TMAZ Nugget TMAZ

(b)

Figure 1. General view (a) of the grain structurthe studied sheet and (b) of a FSW joint (TMAZ:
thermo-mechanically affected zone; HAZ: heat-a#dctone)

The JLR appears as a dark line across the nuggetZ®). The KB has the same appearance as the
JLR (Fig. 2b). Detailed observations revealed th# defect is intergranular [11]. In the Gap
bearing samples, small regions with deeply etcheghgooundaries (“sensitive GBs” hereafter)
were observed from place to place in the nuggethatbottom surface (Fig. 2c). The hardness
profile (Fig. 3a) is identical for all welds. A mmum in hardness was detected at TMAZs, as
already reported e.g. in a 2098-T8 friction stitdvé 2].
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Figure 2. Cross-section observations of weld defda) JLR; (b) KB (bottom) and JLR (upper, nearly
horizontal part); (c) etched grain boundaries @ojtand JLR in a Gap3 bearing weld
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Figure 3. (a) Hardness profiles across a sound.wbld Tensile curves of the various kinds of welds.
Drawings of full-thickness (c) cross-weld and (dsb metal fatigue specimens (dimensions in mm)
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2.2. Mechanical testing

2.2.1. Uniaxial tensile tests

At least two full-thickness smooth tensile specimé®x12 mm?2 in gauge dimensions) were cut
across each welded joint and pulled in tensiompom temperature laboratory air, using a 250 kN
servohydraulic testing machine under displacementrol (elongation rate: 2.10s* based on a
gauge length of 14 mm). Local strains were monatdhanks to a random black-and-white speckle
deposited onto the specimen and to conventionainsfreld monitoring techniques. Incremental
calculation of displacements and strains was sadedio determine the onset of KB opening, an in
situ tensile test on a miniature dogbone specimdhthickness, 3x13 mmz in gauge dimensions)
was carried out in the SEM, while observing thglglly polished bottom surface of the nugget.

2.2.2. Uniaxial fatigue tests

Uniaxial fatigue tests were performed on full-thieks specimens along TD (Fig. 3c,d). A straight
gauge part was chosen for the cross-weld specimengder to study the fatigue crack initiation site
under a homogeneous nominal stress (i.e., loadlelivby the initial area of the bearing section).
All specimen corners and edges were slightly grousidg 1200-grit SiC paper, except otherwise
stated, to limit the influence of surface irregitles on fatigue crack initiation. Fatigue specimen

were tested in room temperature laboratory aireuolad control, with a load ratio of 0.1 and a
frequency of 20 Hz. Most of the tests were caraetlup to fracture.

A few tests were started at a lower frequency 2% for the first 10 cycles together with strain

field monitoring on one edge thanks to the dignahge correlation as described previously. Then,
the frequency was changed to 20Hz. After a givewtion of the estimated lifetime at that load

level, these tests were interrupted and the spedmwere fractured under uniaxial tension.

2.3. Microstructural observations

Metallographic samples were polished in cross-sectiith diamond paste and first etched by
anodic oxidation (3% aqueous solution of tetrafblmric acid in water, under 30 V with respect to
pure Al, for 2-3 min) and then further chemicallgleed with the Dix-Keller reagent (2 mL HF, 3
mL HCI, 20 mL HNQ, and 175 mL distilled water) and observed usintjcapmicroscopy under
white light. Fracture surfaces were observed usingeo 1540VP or a Zeiss DSM 982 Gemini
scanning electron microscope (SEM) in secondargtrele imaging. After each test, one specimen
half was cut along the TD-ND plane at the crackation site, polished and etched using the above
procedure to determine the influence of weldingedesf on crack initiation and propagation.

3. Experimental results and discussion

3.1. Tensile properties

No significant effect of the welding conditions wastected on tensile properties of JLR and KB
bearing welds, with respect to sound welds (Fig. 3he yield strength and tensile strength of the
welds were lower than those of the base metal galbe same loading direction) by about 40 and
20%, respectively (Table 1). Strain field measunets\gielded identical results for all welds, except
for a slight strain localisation at the bottom sgd of the Gap7 bearing nugget [11].
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All cross-weld specimens failed by strain localiaaf followed by ductile fracture. Sound welds
fractured from close to the TMAZ-HAZ boundary withixed dimpled / “fibrous” fracture surfaces
(Fig. 4a). No obvious effect of the JLR was evidahas already reported by [1, 5, 13-14].

Table 1. Yield strength, tensile strength and rafiweld tensile strength to that of base metar{g/TD)

Weld Yield strength (MPa)Tensile strength (MPaRatio of weld strength to base metal strength
Sound 282-302 412-429 0.80-0.83

JLR bearing 285-296 413-416 0.80

KB bearing 265-287 398-410 0.77-0.80

Gap3 bearing 282-284 401-404 0.78

Gap7 bearing 277-281 398-399 0.77

In KB bearing specimens, fracture initiated asret&td, locally ductile region whose location and
geometry closely matched those of the KB itself§(HFib), as in [7]. The crack then left the KB to
propagate across the nugget. From in situ terssis,topening of the KB (Fig. 4c) occurred for an
engineering stress higher than about 280 MPa (mdetails are reported in [11]). Multiple crack
initiation sites were found in that case.

No effect of “sensitive GBs” was detected for thap@ bearing welds, whereas intergranular
cracking triggered fracture of Gap7 welds (Fig..4&) already reported in [9], a clearance of 10%
of the parent sheet thickness may be high enoughdtece a decrease in strength. A clearance of
23% of the parent sheet thickness is high enoughthé investigated conditions, to trigger
intergranular crack initiation and propagation frime nugget root.

Figure 4. (a,b,d) fracture surfaces (a) in the TMAdund and JLR bearing welds), (b) of a KB beavietd
(the striated zone corresponding to the KB detsetf) and (d) close to the root of a Gap7 weljl qnset of
cracking at the lower surface of a KB bearing spea, slightly polished and then pulled in tensiothie
SEM (loading axis horizontal)

3.2. Fatigue properties
Fatigue properties of base metal and welds are suiped in Fig. 5 and Table 2. Despite of the

high experimental scatter, the cross-weld specingansbe ranged as follows, with respect to their
fatigue strength (Fig. 5 and Table 2):

Sound > JLR bearing > KB bearing (as-welded) > Karing (ground) > Gap3, Gap7 (2)
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Figure 5. Fatigue lifetime of base metal, sound @defdct bearing welds. Full symbols indicate thatture
initiated from the investigated weld defect. Fditests above the horizontal line, large scaledyig
occurred during the first cycle. Comments on thminered symbols: see text

Table 2. Fatigue strength, estimates of the numbeycles at crack initiation and crack initiatisites

Aoat Relative difference  Number of cycles o
: . R Crack initiation locus
Specimens 10° cycles with respect to sound at crack initiation (number of specimens)
(MPa) welds (%) (ratio to lifetime) P
Base metal (TD) 315 +7% - -
) 0 nugget (3)
Sound welds 280 > 50% TMAZ / HAZ (6)
. 20 - nugget far from JLR (6)
JLR bearing welds 270 7% 50% HAZ (4)
: nugget far from KB (1)
KB bearing Welds, 240 17% ~0(0.25cycle) HAZ (4)
9 KB (9)
: nugget far from KB (2)
KB bearing welds, 4 7% ~0(0.25cycle) TMAZ/HAZ (3)
as-welded
KB (3)
Gap3 bearing 5a0 _ HAZ (3)
welds, as-welded 210 28% ~0(0.25¢cycle)? oo sitized GBs (6)
Gap/ bearing 210 -28% =0 (0.25 cycle)? sensitized GBs (5)

welds, as-welded

3.2.1. Fatigue properties of sound welds

The fatigue lifetime of sound welds is close tottbathe base metal for higher loads, despite of
their lower strength. From strain field monitoringastic yielding occurred during the first cycle
and from the second cycle, only elastic strainsewdstected. The loss in fatigue strength (about
10%) of sound welds with respect to base metallifistimes higher than ~f@ycles is lower than
that reported by Cavaliere et al. [15] for a loatiar of 0.33 and a lifetime of 3.1@ycles (about
22%). This might be due to the difference in spetirsurface preparation (Cavaliere et al. used
polished surfaces) or in welding parameters.

-5-
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Fatigue cracks in sound welds initiated eitherhet TMAZ/HAZ or within the nugget. Typical
fracture surfaces observed in the nugget are shiowig. 6. Typical striations are observed in the
Stage Il crack propagation regime. No fatigue craak detected either in the fracture surface or in
a longitudinal cross-section after interruptedites{tAo = 270 MPa, test interrupted after 50,000
cycles ~ 50% of fatigue lifetime). Consequently tifietime at crack initiation was higher than 50%
of total lifetime in the considered case.

Figure 6. (a,b) Fracture surface of a sound wild< 270 MPa, lifetime ~ 133,000 cycles): (a) ondet 0
crack propagation in the nugget; (b) Stage Il cyar@pagation in the nugget. (c) Fatigue crackatitin and
propagation in a JLR bearing specimam,= 270 MPa, test interrupted after 50,000 cycleS(% of fatigue

lifetime). Average crack propagation indicated vattvhite arrow; same specimen orientation in (f,b,c

3.2.2. Fatigue properties of JLR bearing welds

The fatigue strength of JLR bearing specimensasecto that of sound weld specimens. For data
points 4 and 5 in Fig. 5, fracture initiated fronetTMAZ at the top surface, so that any possible
influence of a small flash could not be discardHte slight difference evidenced from Table 2 and
Fig. 5 is much lower than that reported in literat{3, 16-18] for 5083, 2024 and 7075 alloys.
However, in the present study only, JLR bearingd&elere quantitatively compared with sound
welds realized with theame base metal and welding conditions. From the twermpted tests,
only one specimen showed indications of fatiguelciaitiation and propagation from the bottom
surface of the nugget, yet over limited distandg.(6c). This suggests that for the investigatextllo
level, the crack initiation lifetime could be cloge50% of the total fatigue lifetime.

3.2.2. Fatigue properties of KB bearing welds

As the KB is tilted by only about 20° with respéatthe loading axis over a depth of about 20 um
(Fig. 1b), two preparation procedures were usedtler bottom surface of KB bearing fatigue
specimens. The first set of specimens was testddasiwelded bottom surface. The lower surface
of the second set of specimens was ground overt @&@oum as for sound and JLR bearing welds.
Only in the latter case did the part of KB that wagarly perpendicular to the loading axis intersect
the bottom free surface of the specimens.

A significant difference in lifetime was observedtlween both sets of specimens (Fig. 5). Crack
initiation in ground KB bearing specimens occuri@dthe KB forAo > 255 MPa, i.e., for a

maximum stress higher than the value of 280 MP&awe also required to open the KB under
uniaxial tension. The fracture surface of the KBy(F) was similar to that observed after uniaxial
tension and to that reported in [8]. After 7,008sfrectively, 15,000) cycles, the fracture surface
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evidenced local opening of the KB over 60-80 unsigeetively, ~50 um) followed by fatigue crack

propagation over 30-40 um (respectively, 30-55 |{fang. 7c). Thus, even after only 20% of the

fatigue lifetime, crack initiation and propagatiaas observed from place to place all along the KB
as in [7, 8]. This confirms that at high stresss=s]y crack initiation occurs due to opening of the
KB, most probably during the first cycle. At lowstresses, crack initiation occurred away from the
KB but the lifetime was still significantly lowehaén that of sound or JLR bearing welds (data
points 6 to 9 in Fig. 5). In KB specimens with aveelded lower surface, the crack initiation site
(either at the KB, or from surface defects far fritva KB) did not significantly depend on the load

level. This suggests that the effect of the as-aelIdB on the fatigue lifetime could be of the same
order as that of surface defects after welding.

N e _"i

Figure 7. Fracture surface of KB bearing specinfapsvith a ground bottom surfadkg = 306 MPa,
lifetime ~13,000 cycles with the crack propagafimgnode | along the exposed KB, (b) with an as-wdld
bottom surface; initiation at, and propagation afvayn the KB,Ao= 279 MPa, lifetime ~70,000 cycles; (c)
with a ground bottom surfacAg = 279 MPa, interrupted after 15,000 cycles. (2), &énd (3) respectively
denote cracking along the KB, away from the KB ander uniaxial tension. Average crack propagation

indicated with a white arrow; same specimen origoridn (a,b,c)

3.2.3. Fatigue properties of Gap3 and Gap7 bearing welds

The lifetime of Gap bearing welds was significantbwver than that of the other cross-weld
specimens (Fig. 5 and Table 2). In all Gap7 specsmend in Gap3 specimens tested at higher
stresses, fracture initiated from small regionselto the bottom surface and showing intergranular
decohesions (Fig. 8), similar to those found afteiaxial tension (Fig. 4d). This suggests that in
these conditions, the Gap-induced defects stroaffgt the lifetime at crack initiation. Even when
the fatigue crack did not initiate from such regipthe lifetime was low, as already found for KB
bearing welds.

Figure 8. (a) Fatigue crack initiation from “sengt GBs of a Gap3 bearing specimé&yg = 256 MPa,
lifetime ~26,500 cycles. The average crack propagas indicated with a white arrow and the specime
orientation is the same as in Fig. 7a. (b) Detatiedv of intergranular fracture of “sensitive” GBs
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4. Discussion

4.1. Estimation of the crack propagation threshold

To tentatively derive a crack propagation rate frexperimental data, ground KB bearing
specimens tested at higher stresses were seleatadsee(i) crack initiation was thought to occur
during the first cycle, so that the number of cgct®rresponding to crack propagation could be
easily estimated, and (ii) because crack initiatimcurred all along the KB, so that to a first
approximation, the crack could be considered tecafthe whole width of the specimens. Under
these assumptions, a very simple estimate of tesssintensity factor was made by considering a
crack of lengtha, propagating in pure Mode | from one side of afnite plate, leading to the
following equation [19]:

2 3 4
K, =oyma Y(ij =o\ma {1.12— o.231(ij + 1055(ij - 2172 (ij + 3039 (EJ ] )
w w w w w

In Eq. (2),W is the length of the ligament, here nearly eqaahe plate thickness (3 mm). Eq. (2)
was applied to all KB bearing specimens showinglcriaitiation from the KB, by using the
minimum length over which KB opening was observEkis yielded a lower bound value for the
stress intensity factor after opening of the KB edéf Fig. 9a shows a threshold for crack
propagation in KB bearing welds of about 1 MRa close to that reported for 2198-T8 base metal
with the same load ratio (Fig. 9b). As-welded spexis exhibited only slight opening of the (tilted)
KB, leading to Mode | stress intensity factors elds the threshold value (data points 1 to 3 in Fig
5). This could explain why their fatigue lifetimeag/not correlated with the fracture initiation locus

5 : : : 1074
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Figure 9. (a) Initial value diK, for KB bearing welds with either ground or as-vezldower surfaces,
showing an apparent threshold value of about 1 WiPgb) Comparison of estimated crack propagation
rates during interrupted tests on KB bearing spensr(black box) with literature data

4.2. Estimation of the crack propagation rate in gound KB bearing specimens

To tentatively derive a value of the average crackpagation rate over a small distance, Eq. (2)
was used (i) after opening of the KB, and (ii) afteerrupted crack propagation. As the length of
the fatigue crack varied from place to place, mummand maximum values were used, leading to
upper and lower bounds listed in Table 3. Thesaesmhbre consistent with literature data obtained
using the same load ratio (Fig. 9b).
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Table 3. Determination of average crack propagat® from interrupted tests on KB bearing welds
Ao = 279 MPa, ground After 7,000 cycles After 15,000 cycles
bottom surface (= 20% of lifetime) (= 40% of lifetime)
AK after opening of KB

(MPaim) 4.3 4.3
AK after fatigue crack i i
propagation (MPdm) 5.2-5.8 55-6.1
Average value of crack 43-71 26-40

growth (10° m/cycle)

4.3. Effect of welding conditions on fatigue crackiation and propagation

In KB and Gap bearing specimens, the defect cledffcts crack initiation mechanisms, leading to
a strong reduction in fatigue lifetime at high sses. The fatigue lifetime at low stresses caneot b
related to an obvious effect of defects on crackation, hardness or tensile strength, while it is
significantly affected by the change in welding ciods. Thus, changing the welding conditions
not only produced “visible” defects, but also infheed the sensitivity of the welds to fatigue crack
initiation even away from those defects. Conseduetite effect of such changes on the fatigue
strength cannot be inferred from using only tentakd results and metallographic inspection of the
welds. For a maximal stress lower than the yieldngjth of the nugget (horizontal line in Fig. 5),
residual stresses cannot be relieved during thgulattest and have to be taken into account to
further interpret data from e.g. Gap3 and Gap7ibgapecimens. The estimated crack propagation
rate in KB bearing specimens seems to be closkatoréported in literature (Fig. 9b), indicating
that crack propagation could be less affected ttiatk initiation by the change in welding
conditions. More experimental data points are neg@d&onfirm this result.

5. Conclusions

Tension-tension fatigue tests on 2198-T851 buttitnn stir welds led to the following conclusions.

* The effect of the joint line remnant is negligilodethe investigated conditions.

» The kissing bond opens during tension or duringfitisé fatigue cycle if the maximum stress is
higher than about 280 MPa. The crack growth rate.{18° m/cycle) is consistent with literature
data. The threshold stress intensity factor ampditddK, for crack propagation is close to 1
MPaVm.

* A clearance of 10% of the sheet thickness is lageugh to trigger local intergranular
decohesions close to the lower surface of the riufgesufficiently high values of stresses. A
clearance of 23% of the sheet thickness systentigtieads to premature crack initiation by
intergranular decohesions both in uniaxial tensiod fatigue tests. The resulting low fatigue
strength could be affected by residual stresseausecno large scale plastic strain develops in
that particular case.

» The change in welding conditions seems to lowerféigue strength even far away from the
visible defects, while keeping hardness and temsdperties almost unaffected. The appearance
of defects is not the only consequence of this ghdhat influences fatigue properties.
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