Effect of joint line remnant on fatigue lifetime
of friction stir welded Al-Cu-Li alloy
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The effect of joint line remnant (JLR) on the fatigue lifetime of friction stir welds of a 2198 Al alloy in
T851 condition has been assessed experimentally. The base material, sound welds (welded in
one sheet) and welds with JLR (produced via welding of two sheets with a natural oxide layer)
have been investigated. A strong decrease in microhardness is found for the weak weld zone that
is consistent with the reduction in tensile properties compared to the base material: 45% in yield
strength and 22% in ultimate tensile strength. The fatigue strengths of sound and JLR bearing
welds at 100 000 cycles (R=0-1) are reduced by 10 and 15% respectively compared to the base
material. Only for one-third of the JLR bearing specimens, the fatigue crack initiated in regions

close to the JLR and this without reduction in fatigue lifetime.
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Introduction

The latest generation of Al-Cu-Li alloys is considered
as candidate alloys for future aerospace applications
thanks to their beneficial density to strength ratio, good
mechanical properties and corrosion resistance com-
pared to other damage tolerant alloys, leading to a
growing interest in these alloys.'” Additionally, the
requirement of weight and cost savings in the transport
industry leads to increasing interest in joining processes.
Among the various existing techniques, friction stir
welding (FSW) is now emerging as a viable solid state
process for joining aluminium alloys used in marine,
automotive or aerospace industry. The advantages of
using this process are mainly the possibilities to weld
alloys traditionally considered as unweldable, the
absence of defects such as porosities or cracks and the
low distortion and residual stresses resulting from
melting and solidification.*

In recent studies, particular attention has been drawn
to a FSW defect in Al alloys, which results from the
natural oxide layer on butt surfaces, which is mixed
during the welding process. It consists in a discontinuous
line of oxide particles which crosses the weld thickness.
The designation for this defect and its characterisation
does not seem to be established yet. In the literature the
defect is referred to as ‘joint line remnant’ (JLR), ‘lazy
S’, ‘zigzag curve’, ‘zigzag line’.”'® When the defect is
linked to the weld root it is also referred to as ‘root flaw’
or ‘kissing bond’ or ‘weak bond’.”!'"'> Welding condi-
tions (e.g. insufficient tool plunge depth) may lead to
this defect at the weld root.'” In the present study, the
‘JLR’ and ‘kissing bond’ will respectively be used to
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distinguish defects that respectively do and do not meet
the weld root. It seems difficult to avoid the JLR even
using stable and optimised welding conditions.”!" The
bonding between the welded parts is often assessed via
bending tests revealing that the kissing bond is the most
detrimental defect and may lead to bending fracture
initiation.”'>"?

The influence of the JLR or kissing bond defect on the
fatigue properties has been studied for various Al
alloys.”'*'> Some authors report a mnon-systematic
fatigue crack initiation on a JLR' or on a kissing
bond-like defect,””!>'* but for others'® no effect of the
JLR is found. In all studies a reduction in fatigue lifetime
of the FSW assembly with respect to the base material is
found. In several studies a comparison with literature
results on supposedly sound welds is made, highlighting a
strong reduction in fatigue strength (up to 50%).'* To
summarise, it seems difficult, at present, to conclude on
the reduction in fatigue lifetime due to the JLR or kissing
bond defect compared to the welds without these defects.
Cantin et al.'® have identified that for lap joints in 5083-O
the tensile and fatigue properties can be substantially
improved by using friction skew stir welding (trade
name). In this technique the axis of the tool has a slight
inclination with respect to that of the machine spindle. As
a result a wider weld region, a more effectively mixed
initial oxide layer and smaller voids around the JLR are
obtained. However, in this study and for the potential
aerospace application butt welds are to be studied for a
different alloy type and it is anticipated that the
mechanical properties of friction skew stir welds com-
pared to conventional FSW welds will hardly be superior.

In the present work, a novel strategy to assess the
effect of the JLR on the fatigue behaviour of 2198-T8
friction stir welds is suggested via testing sound welds
(welded in one sheet) and welds with a JLR (obtained by
joining two sheets with their natural oxide layer) while
keeping reproducible welding and testing conditions.
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Experimental

The material used in this study is a 2198-T851 Al-Cu-Li
alloy sheet with a thickness of 3-1 mm. The material has
been produced by ALCAN (Montreal, Canada). The
chemical composition of this alloy is Al-3-20Cu—0-98Li—
0-31Ag—0-31Mg—0-11Zr—0-04Fe-0-03Si (wt-%). In this
study the rolling direction will be referred to as L, the
long transverse direction as T and the short transverse
direction as S. Blanks cut from the sheet were joined by
FSW by ONERA (Paris, France) along the L direction
using the welding parameters and tool geometry
reported in Table 1. Two types of welds were produced:
welds without JLR (referred to as sound welds here) and
welds containing a JLR defect. The sound welds were
produced via welding in one sheet whereas for the welds
with JLR two sheets that were naturally oxidised before
welding were joined. All welds were tested under the as
welded condition. The grain structures of the base
material and of the welds, and in particular the JLR
defects were observed using polarised light optical
microscopy after etching with a 3% HBF, aqueous
solution. The local mechanical properties of welds were
assessed by HVO0-1 Vickers microhardness measure-
ments on T-S cross-weld polished sections. These
measurements were performed along lines through the
weld and parallel to the T direction. These lines were
chosen at various locations in the sheet thickness (0-5,
1-5 and 2-5 mm from the sheet edge). The tensile tests
were carried out at room temperature using a 250 kN
servohydraulic testing machine under displacement
control with an initial strain rate of 2x 10~ * s~ Tests
were performed along L and T directions for the base
material and along the T direction for the welded
material, i.e. across the weld. For the base material three
tests were performed for each testing direction and
results were very reproducible. The geometry of tensile
specimens is shown in Fig. 1. The weld line is located at
the centre of the specimen and the initial gauge length of
the longitudinal extensometer was 25 mm, i.e. about two
times larger than the weld width. Fatigue specimens
were tested at room temperature along both L and T
directions for the base material and along the T (i.e.
cross-weld) direction for the welded material. The
fatigue tests were carried out using a servohydraulic
testing machine with a load capacity of 250 kN. A
sinusoidal load-time function was used, applying a
stress ratio R of 0-1 and using a frequency of 20 Hz. The
chosen geometries of fatigue specimens for the base
material and for the welded material are shown in
Figs. 2 and 3 respectively, according to ASTM E466-07
testing standard.'” The base material fatigue specimen
has continuous radius between ends to avoid crack
initiation from the fillets. For the welded material, the
specimen shows tangentially blending fillets, so that all
areas of the welded joint are exposed to the same
engineering stress level. Before testing, specimens were
ground at the corners to limit the stress concentrations
and on the surfaces with 600 and 1200 SiC paper parallel
to the loading direction to avoid fatigue crack initiation

Table 1 Friction stir welding parameters and tool geometry
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5 Light optical micrograph of sound weld

from surface tool rotation marks. After the tests,
fracture surfaces were examined using an LEO 1450
VP scanning electron microscope (SEM).

Results

Microstructure

Optical micrographs of the grain structure of the base
material showed pancake shaped grains lying in the L-T
plane (Fig. 4). Thicker recrystallised grains were
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6 Light optical micrograph of weld with JLR: JLR line
redrawn artificially to highlight its morphology
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observed in the T-S and L-S planes close to the surfaces.
The observation by optical microscopy of weld micro-
structure reveals three zones (see Fig. 5):
(1) weld nugget (WN) is composed of fine equiaxed
grains of typical size between 5 and 10 pm
(i1) thermomechanically affected zone (TMAZ) is
composed of highly deformed grains
(iii)) heat affected zone (HAZ) has the same grain
structure as the base material.
In the sound weld (Fig. 5), no defect, such as JLR,
porosity or cracks was observed by optical microscopy
at any weld location. In the micrograph of the material
welded after natural oxidation, a JLR can be seen
(Fig. 6). It consists of a discontinuous zigzag curve of
oxide particles through the sheet thickness.

Hardness and tensile properties

Figure 7 shows the hardness profile through the sound
weld at three different distances from the weld top (heated

Table 2 Tensile tests results
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9 Cross-weld engineering tensile curve of sound weld:
elongation strongly depends on initial gauge length

by the tool shoulder). It can be seen that the weld zone is
softer than the base material. At 10 mm from the
centreline, hardness decreases down to a minimum in
the WN, the TMAZ and a part of the HAZ (120 HVO0.1).
The weld zone is softer by about 50 HVO0-1 than the base
material. This difference is consistent with measurements
made on welded T851 Al-Cu-Li alloys.'®' Only very
limited differences were observed between the top, the
middle and the bottom of the weld. A minimum in
hardness can be observed in the TMAZ on the retreating
side at mid-thickness with a reduction of 10 HV0-1 with
respect to the WN. Figure 8 shows a slight anisotropy in
tensile properties for the base material. The yield stress
and tensile strength of the base material along the T
direction are lower by 4 and 3% respectively than those of
the base material along the L direction (Table 2). A
similar difference between the L and T directions is
measured by Steglich e al.? for tensile tests on a 2198-T8
alloy (thickness 3-1 mm). Cavaliere et al.*° noted a more
pronounced anisotropy in tensile properties in a 2198-T8§
alloy (thickness 4 mm) with decreases of 20 and 12% in
yield stress and the tensile strength respectively along the
T direction compared to those along the L direction.
Figure 9 shows a tensile curve for the sound weld. Note
that the initial gauge length was 25 mm so that the
elongation measurement only provides an averaged value
over the entire weld. The amount of strain in the softer
zones may be substantially higher than that in the base
material. Yield stress and tensile strength of welded
specimens are 255 and 403 MPa respectively, which
means that the yield strength is almost half that of
the base material. The work hardening capacity of
the welded material is substantially higher than that
of the base material. The joint efficiency, which is
the ratio between the ultimate strength of the welded
joint and that of the base material (along the T direction),
is 78%. This value is similar to that obtained by Denquin
et al.'® on 2098-T8 FSW assemblies (thickness 3 mm).
However, as fracture could have occurred by strain
localisation, tensile strength and joint efficiency might
also depend on specimen geometry. In the present
study, fracture occurred in the weak zone, in the
TMAZ on the retreating side.

Yield strength, MPa

Tensile strength, MPa

Base material along L direction 490
Base material along T direction 470
Sound weld 255

530
515
403
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Fatigue properties

The fatigue properties of both base material and welded
joints are given as S—N curves in Fig. 10. The stress range
corresponding to a fatigue lifetime of 100 000 cycles will
be considered here, i.e. the targeted lifetime of welded
parts for the aimed aircraft application. Its value is about
315 MPa for the base metal; very little difference can be
seen between results along both L and T directions. For
high stresses, however, fatigue life tends to be lower for
specimens tested along the T direction. These results are
different from those obtained by Cavaliere et al.,>° which
show a difference in fatigue strength at 100 000 cycles
between tests along the L and T directions of about 10%,
for 2198-T8 (thickness 4 mm) fatigue specimens tested
with loading ratio R=0-33. However, the material
anisotropy in tensile properties was also more pro-
nounced than that in the present study.

Concerning sound welds, the stress range is about
290 MPa (i.e. a stress reduction of about 10% compared
to the base material), whereas for the welded material
containing a JLR, the stress range is about 270 MPa, i.e.
about 15% lower than the corresponding stress for the
base material. The reduction in fatigue lifetime due to
the JLR defect is very limited under the current testing
conditions. The same reduction (about 10%) was
measured by Cavaliere er al.>° when comparing the
stress ranges at 300 000 cycles for 2198-T8 base material
tested along the T direction and 2198 FSW assemblies
(R=0-33). Concerning fatigue crack initiation, failure of
sound welds took place in the TMAZ/HAZ for four out
of seven specimens and in the WN for the three
remaining specimens. For welds containing a JLR, four
out of 10 specimens failed in the TMAZ/HAZ and six
out of 10 failed in the WN. For three out of the six
specimens that failed in the WN, the crack initiation
region is close to the JLR. However, the fatigue lifetime
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11 S-N curves of sound welds and welds with JLR
linked to fatigue crack initiation location
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Fatigue zone

12 Typical SEM images of fracture surface of welded fati-
gue specimen with JLR: specimen was then cut along
dotted line and observed in T-S plane

of these three samples is not reduced compared to the
samples that failed in the TMAZ/HAZ or in the WN far
from the JLR (Fig. 11). Figure 12 shows a typical SEM
image of a failed specimen of the welded joint containing
a JLR. The circularly shaped fatigue crack propagation
area can clearly be distinguished from the final fracture
zone. In order to identify the fatigue crack initiation
area with respect to the JLR, the sample was then cut
through the fatigue fracture zone (see dotted line),
polished and etched. The corresponding light optical
micrograph (Fig. 13a) showed that the fatigue crack
initiated within the WN. In other specimens, the fatigue
crack initiated in the TMAZ/HAZ (Fig. 13b) or in the
WN close to the JLR (Fig. 13¢). All the fatigue cracks
initiated from the specimen surface and half of the
fatigue cracks initiated from the specimen corner
(despite the grinding) without any difference between
base material and welds.

Discussion

The present experimental results show that the reduction
in fatigue strength for a lifetime of 100 000 cycles, for
the chosen experimental parameters, for the sound welds
and welds with JLR compared to the base material is
moderate (about 10 and 15% respectively). The effect of
the JLR on the fatigue lifetime is very limited under these
testing conditions. The fatigue fracture initiation location

Advancind Side

a in WN; b in TMAZ/HAZ; c next to JLR

13 Light optical micrographs of three representative
failed welded fatigue specimens observed in T-S
plane for failure location: JLR line has been redrawn
for clarity in all three micrographs; advancing side on
right
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is hardly affected by the presence of the JLR. For the
specimens that failed close to the JLR (30%) no reduction
in fatigue lifetime could be evidenced in comparison with
JLR bearing specimens that failed at other locations. The
reduction in tensile properties such as yield strength is
much more pronounced between welds and base material
(from 470 for the base material to 255 MPa for cross-
weld specimens) than the reduction in fatigue strength.
This means that for all maximum stress levels chosen for
fatigue tests, the welded material deformed plastically, at
least during the first quarter of the first cycle, which
means that prestrained material is subsequently tested. In
the WN, tensile residual stresses along the cross-weld
direction have been identified,**' which may be detri-
mental to the fatigue strength. Owing to plastic deforma-
tion induced by the first fatigue cycle, these stresses are
however expected to be redistributed and not to affect the
present results. For the geometrical stability of the welded
structure, this clearly means that the structure elongates
plastically during the first quarter of cycle and the
geometry of the specimen is changed for the subsequent
cycles. This drawback might be overcome by prestraining
the entire welded structure before aircraft assembly. For
the present testing conditions (R=0-1), the material is
loaded under tension during the entire cycle. If the
plastically strained part of the weld hardened through
kinematic hardening and if the material was loaded under
tension—compression, the fatigue lifetime of the weld
might be substantially lower, as the material would
undergo macroscopic plastic deformation during each
cycle. Owing to the material thickness, 3-1 mm, it would
be very difficult to perform tension—compression tests
using the current test set-up because of buckling
problems. Testing of the material through bending and
fully reversed loading (R=—1) might be a way to assess
this effect experimentally. Owing to the geometry of the
weld zones and the inclined orientation of the weakest
zone (TMAZ), plastic deformation during the first
quarter of the first cycle may lead to compressive residual
stresses that may be beneficial for the fatigue lifetime of
the weld. Further measurements of the hardening
behaviour of the different weld zones in the first quarter
of cycle are necessary to better understand the weld
behaviour. In this study, the material has not been tested
for higher numbers of cycles, at loads where the weld
zones do not deform macroscopically by plasticity. In
order to further investigate the influence of the JLR on
fatigue lifetime of the weld it would be interesting to
assess the fatigue behaviour at higher numbers of cycles.
This is, however, beyond the scope of both industrial
application and of the present study.

Conclusions

In this study, an experimental investigation of the
mechanical and fatigue properties of 2198 alloy in T851
condition, friction stir sound welds and friction stir welds
with a JLR defect has been carried out leading to the
following conclusions:

1. There is a strong influence of FSW on tensile
properties since the yield strength and tensile strength of
friction stir welds are reduced respectively by 45 and
22% compared to those of the base material.
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2. The weld microhardness profile shows a weak zone
in which a decrease of 50 HVO0-1 is observed compared
to the value in the base material.

3. The difference between the fatigue strength at
100 000 cycles (R=0-1) of sound welds and the base
material is less pronounced (only 10%). Welds deform
plastically, at least during the first cycle.

4. The effect of the JLR defect on the fatigue properties
seems to be low since a reduction by only 15% in fatigue
strength at 100 000 cycles is observed compared to the
base material. Moreover, only in one-third of cases fatigue
crack initiation takes place close to the JLR defect and
does even not seem to induce any reduction in fatigue
lifetime in these cases.
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