
International Journal of Fatigue 30 (2008) 2175–2190
Contents lists available at ScienceDirect

International Journal of Fatigue

journal homepage: www.elsevier .com/locate / i j fa t igue
Fatigue behavior of aluminum 5754-O and 6111-T4 spot friction welds in
lap-shear specimens

V.-X. Tran a, J. Pan a,*, T. Pan b

a Mechanical Engineering, University of Michigan, Ann Arbor, MI 48109, USA
b Ford Research and Advanced Engineering, Ford Motor Company, Dearborn, MI 48131, USA
a r t i c l e i n f o

Article history:
Received 2 December 2007
Received in revised form 20 May 2008
Accepted 23 May 2008
Available online 13 June 2008

Keywords:
Spot friction weld
Friction stir spot weld
Failure mode
Fatigue life
Kinked crack
Structural stress
0142-1123/$ - see front matter � 2008 Elsevier Ltd. A
doi:10.1016/j.ijfatigue.2008.05.025

* Corresponding author. Tel.: +1 734 764 9404; fax
E-mail address: jwo@umich.edu (J. Pan).
a b s t r a c t

Fatigue behavior of aluminum 5754-O and 6111-T4 spot friction welds in lap-shear specimens is inves-
tigated based on experimental observations and two fatigue life estimation models. Optical micrographs
of the 5754 and 6111 welds made by a concave tool and a flat tool, respectively, before and after failure
under quasi-static and cyclic loading conditions are examined. The micrographs show that the failure
modes of the 5754 and 6111 welds under quasi-static and cyclic loading conditions are quite different.
Under quasi-static loading conditions, both types of welds mainly fail from the nearly flat fracture surface
through the nugget. Under low-cycle loading conditions, both types of welds mainly fail from the kinked
crack through the upper sheet thickness and the fracture surface through the nugget. Under high-cycle
loading conditions, both types of welds mainly fail from the kinked cracks through the upper and lower
sheet thicknesses. A kinked fatigue crack growth model based on the stress intensity factor solutions for
finite kinked cracks and a structural stress model based on the closed-form structural stress solutions at
the critical locations of the welds are adopted to estimate the fatigue lives of both types of welds. The
fatigue life estimations based on the kinked fatigue crack growth model and the structural stress model
appear to agree well with the experimental results for both types of welds.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Resistance spot welding is the most commonly used joining
technique for body-in-white parts made of steel sheets. However,
resistance spot welding of aluminum sheets is likely to produce
poor welds as reported by Thornton et al. [1] and Gean et al. [2].
Recently, a spot friction welding technology for joining aluminum
sheets has been developed by Mazda Motor Corporation and Kawa-
saki Heavy Industry [3,4]. The most significant advantage of the
spot friction welding process comparing to the conventional weld-
ing processes is that the joint can be made without melting the
base metal. A schematic illustration of the spot friction welding
process was presented, for example, in Lin et al. [5].

The mechanical behavior of aluminum spot friction welds under
quasi-static loading conditions was studied, for example, see Lin
et al. [5], Pan et al. [6], Fujimoto et al. [7,8] and Hinrichs et al.
[9]. The metallurgical aspects of aluminum 6111 spot friction
welds were investigated by Mitlin et al. [10]. Tran et al. [11] inves-
tigated the failure loads of spot friction welds in aluminum 6111
lap-shear specimens under quasi-static and dynamic loading con-
ditions. Recently, Lin et al. [12–15] investigated the fatigue behav-
ior of spot friction welds made by different tools in aluminum 6111
ll rights reserved.

: +1 734 647 3180.
sheets based on experimental observations and fracture mechan-
ics. A comprehensive literature review for spot friction welds can
be found in Pan [16]. Note that most of the literature is for spot
friction welds between similar aluminum sheets. However, dissim-
ilar spot friction welds between aluminum 2017-T6 and 5052
sheets, between aluminum 5754 and 6111 sheets, and between
aluminum 5754-O and 7075-T6 sheets were investigated by Tozaki
et al. [17], Su et al. [18] and Tran et al. [19], respectively.

It should be noted that aluminum 5754 alloys are widely em-
ployed in the automotive industry to produce parts such as inter-
nal door stiffeners or the entire body-in-white as reported in
Kaufman [20]. However, the fatigue behavior of aluminum 5754
spot friction welds has not been extensively studied. In this paper,
we investigate the fatigue behavior of aluminum 5754 and 6111
spot friction welds in lap-shear specimens based on experimental
observations and two fatigue life estimation models. Optical
micrographs of the welds before and after failure under quasi-sta-
tic and cyclic loading conditions are examined to investigate the
fracture and failure mechanisms of both types of welds. Based on
the experimental observations of the paths of the dominant kinked
fatigue cracks, the kinked fatigue crack growth model as discussed
in Lin et al. [12–15] with the global stress intensity factor solutions
for the main cracks obtained from three-dimensional finite ele-
ment analyses is adopted to estimate the fatigue lives of the welds.
The structural stress model based on the closed-form structural
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stress solutions at the critical locations of the spot welds as re-
ported in Lin and Pan [21] and the experimental stress-life fatigue
data is also adopted to estimate the fatigue lives of the welds. Fi-
nally, the estimated fatigue lives based on the kinked fatigue crack
growth model and the structural stress model are compared with
the experimental results for both types of welds.
2. 5754 and 6111 spot friction welds before testing

For the spot friction welding process under load-controlled con-
ditions, the important welding processing parameters are the tool
geometry, the tool rotational speed, the tool downward force and
the processing time. In this investigation, a tool with a concave
shoulder and a threaded probe pin was used to make spot friction
welds in lap-shear specimens of aluminum 5754-O sheets of the
thickness of 2.0 mm. A tool rotational speed of 3000 rpm and a tool
downward force of 5.88 kN were specified to make the 5754 spot
friction welds. The 5754 welds were first made at different pro-
cessing times and tested under lap-shear loading conditions. The
optimal processing time for the maximum failure strength of the
5754 welds in lap-shear specimens under this particular set of
the welding processing parameters was identified. This optimal
processing time and the welding processing parameters specified
above were then used to make the 5754 spot friction welds tested
in this investigation.

In this investigation, another tool with a flat shoulder was used
to make spot friction welds in lap-shear specimens of aluminum
6111-T4 sheets. For the 6111 welds, the thicknesses of the upper
and lower sheets are 0.94 mm and 1.04 mm, respectively. The
6111 welds tested in this investigation were made based on a
DOE (design of experiments) method to determine the optimal tool
rotational speed, tool downward force and processing time for the
maximum failure strength of the 6111 welds in lap-shear speci-
mens. Note that the 6111 lap-shear specimens used in this inves-
tigation and those used in Tran et al. [11] are identical. The 6111
lap-shear specimens used in this investigation were made of the
upper and lower sheets of unequal thicknesses while the 6111
lap-shear specimens used in Lin et al. [13,15] were made of the
upper and lower sheets of equal thickness. We first present some
optical and scanning electron micrographs of the cross sections
along the symmetry planes of the 5754 and 6111 spot friction
welds before testing.

Fig. 1a shows an optical micrograph of the cross section along
the symmetry plane of a 5754 spot friction weld made by the con-
cave tool before testing. As shown in the figure, the indentation
profile reflects the general shape of the threaded probe pin and
the concave shoulder of the tool. The bottom surface of the lower
sheet is almost flat. The area near the central hole represents the
fine grain stir zone where the upper and lower sheets are well
bonded possibly due to high pressure and large plastic deforma-
tion. Two notches, marked as N1 and N2, can be seen in the figure.
Fig. 1b shows a close-up optical micrograph of region I in Fig. 1a,
where the notch, marked as N2, extends and becomes a crack.
The location of the crack tip is marked in the figure. Fig. 1c shows
a close-up optical micrograph of region II in Fig. 1b. As shown in
Fig. 1c, the interfacial surface between the two deformed sheet
materials materials near the crack tip slightly rises up outside
the stir zone. The location of the crack tip is also marked in the fig-
ure. The location of the crack tip can be identified by a scanning
electron micrograph of the crack tip region as shown in Fig. 1d.
As shown in the figure, some part of the crack surface near the
tip becomes vague and may be bonded by the welding process.

As shown in Fig. 1a, the thickness of the weld nugget near the
central hole is slightly larger than that near the outer circumfer-
ence of the tool shoulder indentation due to the concave geometry
of the tool shoulder. The concave tool shoulder squeezed out some
upper sheet material but maintained some upper sheet material
near the central hole. As suggested in Fig. 1a, the material under
the tool shoulder indentation flowed outward and resulted in a ra-
dial expansion of the upper sheet material along the outer circum-
ference of the tool shoulder indentation. However, due to the
constraint of the neighboring material, the upper sheet was there-
fore slightly bent along the outer circumference of the tool shoul-
der indentation.

Fig. 2a shows an optical micrograph of the cross section along
the symmetry plane of a 6111 spot friction weld made by the flat
tool before testing. As shown in the figure, the indentation profile
reflects the shape of the probe pin and the flat shoulder of the tool.
The bottom surface of the lower sheet is almost flat. The area near
the central hole represents the fine grain stir zone where the upper
and lower sheets are well bonded possibly due to high pressure
and large plastic deformation. Two notches, marked as N1 and
N2, can be seen in the figure. Fig. 2b shows a close-up optical
micrograph of region I in Fig. 2a, where the notch, marked as N2,
extends and becomes a crack. The location of the crack tip is
marked in the figure. Fig. 2c shows a close-up optical micrograph
of region II in Fig. 2b where the interfacial surface, marked by
two small arrows, becomes vague and disappears into the stir zone.
As shown in Fig. 2c, the interfacial surface between the two de-
formed sheet materials near the crack tip remained almost planar
outside the stir zone. The location of the crack tip is also marked in
the figure. The location of the crack tip can also be identified by a
scanning electron micrograph of the crack tip region as shown in
Fig. 2d. As shown in the figure, some part of the crack surface near
the tip becomes vague and may be bonded by the welding process.

As shown in Fig. 2a, the flat tool shoulder squeezed out a por-
tion of the upper sheet material and, consequently, the thickness
of the upper sheet decreased under the shoulder indentation. As
suggested in Fig. 2a, the material under the tool shoulder indenta-
tion flowed outward and resulted in a radial expansion of the
upper sheet material along the outer circumference of the shoulder
indentation. However, due to the constraint of the neighboring
material, the upper sheet was therefore slightly bent along the out-
er circumference of the tool shoulder indentation.
3. Experiments

The lap-shear specimens were made by using two 25.4 mm by
101.6 mm aluminum sheets with a 25.4 mm by 25.4 mm overlap
area. Figs. 3a and b show a 5754 lap-shear specimen with a spot
friction weld made by the concave tool and a 6111 lap-shear spec-
imen with a spot friction weld made by the flat tool, respectively.
As shown in Fig. 3a, two square doublers of 25.4 mm � 25.4 mm
made of aluminum 5754 sheets are attached to the ends of the
5754 lap-shear specimen. As shown in Fig. 3b, two doublers are
made by folding two square parts of the sheets near the ends
(25.4 mm � 25.4 mm) of the 6111 lap-shear specimen. Note that
the doublers are used to align the applied load to avoid the initial
realignment of the specimen under lap-shear loading conditions
and to reinforce the sheet materials near the holes. Due to the
load-controlled welding process, the actual plunge depths of the
tool penetration and the geometries of the spot friction welds
may not be controlled precisely under the same welding process-
ing parameters. In order to minimize the effects of the weld geom-
etry on the experimental results, we selected the specimens with
the spot friction welds that have nearly the same actual plunge
depths of the tool penetration for the quasi-static and fatigue tests.
Before testing, all 6111 specimens were baked in an oven at 170 �C
for 20 minutes and cooled in the ambient air to simulate the paint
bake cycles in automotive assembly plants.



Fig. 1. (a) An optical micrograph of the cross section along the symmetry plane of a 5754 spot friction weld made by the concave tool before testing, (b) a close-up optical
micrograph of region I, (c) a close-up optical micrograph of region II, (d) a close-up scanning electron micrograph of the crack tip region as shown in (c).
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Lap-shear specimens were first tested under quasi-static load-
ing conditions by using an Instron testing machine at a monotonic
displacement rate of 1.0 mm per minute. The load and displace-
ment were simultaneously recorded during each test. The average
failure loads, defined as the maximum loads of the load–displace-
ment curves, obtained from three tested 5754 and 6111 lap-shear
specimens are 4.34 kN and 3.38 kN, respectively. These failure
loads were used as the reference loads to determine the loads ap-
plied in the fatigue tests. The lap-shear specimens were then tested
under cyclic loading conditions by using an Instron servo-hydraulic
fatigue testing machine with the load ratio R of 0.2. The test fre-
quency was 10 Hz. The tests were terminated when specimens
were separated, or nearly separated when the displacement of
the two grips of specimens exceeded 5 mm. Some tests were
stopped before the final failures of the specimens to examine the
fatigue crack growth patterns. Fig. 3c shows the experimental re-
sults for the 5754 spot friction welds made by the concave tool
and the 6111 spot friction welds made by the flat tool in lap-shear
specimens under cyclic loading conditions. The number of speci-
mens available for fatigue testing is limited.
4. Failure modes of 5754 welds under quasi-static and cyclic
loading conditions

4.1. A two-dimensional overview of failure modes

We conducted experiments for the 5754 spot friction welds in
lap-shear specimens under quasi-static and cyclic loading condi-
tions. Based on the experimental observations, the failed 5754 spot
friction welds under quasi-static loading conditions show one fail-
ure mode. The failed 5754 spot friction welds under cyclic loading
conditions with the fatigue lives from 103 cycles to 104 cycles (low-
cycle fatigue) show a different failure mode. The failed 5754 spot
friction welds under cyclic loading conditions with the fatigue lives
from 104 cycles to 2� 105 cycles (high-cycle fatigue) show another
failure mode. Note that we define low-cycle fatigue and high-cycle
fatigue loading conditions only for convenient presentation in this
paper. The fatigue life and the load range for the transition of the
failure mode from low-cycle fatigue to high-cycle fatigue for the
5754 spot friction welds are about 1:46� 104 cycles and 2.01 kN,
respectively, as shown in Fig. 3c. Since the failure modes of the



Fig. 2. (a) An optical micrograph of the cross section along the symmetry plane of a 6111 spot friction weld made by the flat tool before testing, (b) a close-up optical
micrograph of region I, (c) a close-up optical micrograph of region II, (d) a close-up scanning electron micrograph of the crack tip region as shown in (c).
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5754 spot friction welds are quite complex under quasi-static and
cyclic loading conditions, we first present a two-dimensional gen-
eral overview of the failure modes under quasi-static, low-cycle
and high-cycle loading conditions.

Fig. 4a shows a schematic plot of a 5754 lap-shear specimen
made by the concave tool with the sheet thickness t ¼ 2 mm under
an applied resultant shear load (shown as the bold arrows). Fig. 4b
shows a schematic plot of the cross section along the symmetry
plane of the 5754 spot friction weld made by the concave tool. In
this figure, the short dash lines near the two notches represent
the unwelded interfacial surfaces and the thin solid lines represent
either the fracture surfaces or fatigue cracks. Fig. 4c summarizes
the failure modes of the 5754 spot friction welds in lap-shear
specimens under quasi-static, low-cycle and high-cycle loading
conditions.

As shown in Fig. 4b and as summarized in Fig. 4c, under quasi-
static loading conditions, cracks A and B appear to emanate from
the original crack tips of the weld. Crack A propagates upward a
bit possibly along the interfacial surface and then into the upper
sheet thickness while crack B propagates a bit along the interfacial
surface. When the load continues to increase, the upper and lower
sheets are eventually separated by fracture surfaces C and D. Under
low-cycle loading conditions, fatigue cracks B and E appear to ema-
nate from the original crack tips of the weld and propagate upward
a bit possibly along the interfacial surface and through the upper
sheet thickness, respectively. A shear failure, marked by F, occurs
at the end of fatigue crack E. Then, the failure propagates along
the nugget circumference. Near the final stage of the specimen fail-
ure, crack B becomes crack G that propagates partially into the
lower sheet thickness. Eventually, the stir zone is separated by
fracture surfaces H and D. Finally, the upper sheet is torn off.

Under high-cycle loading conditions, fatigue cracks E and I ap-
pear to emanate from the original crack tips of the weld and prop-
agate through the upper and lower sheet thicknesses, respectively.
A shear failure, marked by F, occurs at the end of fatigue crack E.
Under high-cycle loading conditions with higher load ranges, after
propagating through the upper and lower sheet thicknesses, fati-
gue crack E becomes a circumferential crack that propagates along
the nugget circumference while fatigue crack I becomes a trans-
verse through crack that propagates in the width direction of the
specimen. These two cracks finally cause the failure of the speci-
men. Under high-cycle loading conditions with lower load ranges,
after propagating through the upper and lower sheet thicknesses,
both fatigue cracks E and I become transverse through cracks that
propagate in the width direction of the specimen. These two cracks
finally cause the failure of the specimen.

As shown in Fig. 1a, the interfacial surface between the two de-
formed sheet materials of the 5754 spot friction weld in the stir
zone can hardly be seen. Note that the welding processing param-
eters used to make the 5754 welds tested in this investigation are
nearly the same as those used to make the dissimilar 5754/7075
welds at the optimal processing time tested in Tran et al. [19]. Note
also that the upper aluminum 5754 sheets used in this investiga-
tion and in Tran et al. [19] are identical. Therefore, the geometry
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of the interfacial surface between the two deformed sheet materi-
als of the 5754 welds tested in this investigation may be similar to
that of the dissimilar 5754/7075 welds at the optimal processing
time as shown in Tran et al. [19]. According to Tran et al. [19],
the lower sheet material of the dissimilar 5754/7075 welds
at the optimal processing time rises and extends significantly into
the upper sheet material near the central hole. Therefore, it seems
that fracture or crack surfaces C, D, G and H in Fig. 4b may not sep-
arate along the interfacial surface between the two deformed sheet
materials of the 5754 welds. In the following, we present the
micrographs to show the details of the failure modes of the 5754
welds in lap-shear specimens under different loading conditions.

4.2. Failure mode under quasi-static loading conditions

Fig. 5 shows an optical micrograph of the cross section along the
symmetry plane of a failed 5754 spot friction weld made by the
concave tool in a lap-shear specimen under quasi-static loading
conditions. The bold arrows in Fig. 5 schematically show the direc-
tion of the applied load. Due to the large deformation in the final
stage of the specimen failure, the nugget rotated clockwise. There-
fore, the sheets near the nugget are slightly bent. The loads are
marked schematically parallel to the legs of the specimens as
shown. The applied load stretches the upper right sheet (marked
as Leg 2) and the lower left sheet (marked as Leg 1). As shown in
Fig. 5, two cracks, marked as crack 1 and crack 2, appear to ema-
nate from the original crack tips of the weld. Crack 1 propagates
a bit along the interfacial surface while crack 2 propagates upward
a bit possibly along the interfacial surface (see Fig. 1) and then into
the upper sheet thickness due to the favorable stress condition.
When the load continues to increase, the upper and lower sheets
are eventually separated by the nearly flat fracture surface through
the nugget, marked as S1 and S2, in Fig. 5. In summary, the 5754
welds mainly fail from the nearly flat fracture surface through
the nugget under quasi-static loading conditions.

4.3. Failure mode under low-cycle loading conditions

Figs. 6a and b show optical micrographs of the cross sections
along the symmetry planes of a partially failed 5754 spot friction
weld made by the concave tool at the fatigue life of 3:5� 103 cycles
and a failed 5754 spot friction weld made by the concave tool at
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static loading conditions.
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the fatigue life of 4:7� 103 cycles under a load range of 2.45 kN,
respectively. Note that the lap-shear specimen with the partially
failed spot friction weld was subjected to the same load range as
the lap-shear specimen with the failed spot friction weld. However,
we stopped the test for the partially failed spot friction weld at
about 75% of the fatigue life of the failed spot friction weld under
the same load range to examine the fatigue crack growth pattern
before the final failure. Therefore, the spot friction weld in
Fig. 6a, marked with 0:75Nf , was partially failed and not separated
while the spot friction weld in Fig. 6b, marked with Nf , was failed
and separated. We will follow the same notation for other figures
presented later in the paper. The bold arrows in Figs. 6a and b sche-
matically show the direction of the applied load. Near the lower
left portions of the welds, fatigue cracks, marked as crack 1 in Figs.
6a and b, appear to emanate from the original crack tips and prop-
agate upward a bit possibly along the interfacial surface (see
Fig. 1). Near the upper right portions of the welds, fatigue cracks,
marked as crack 2 in Figs. 6a and b, appear to emanate from the
original crack tips and propagate upward a bit possibly along the
interfacial surface and then into the upper sheet thickness due to



Fig. 6. Optical micrographs of the cross sections along the symmetry planes of (a) a partially failed 5754 spot friction weld made by the concave tool at the fatigue life of
3:5� 103 cycles and (b) a failed 5754 spot friction weld made by the concave tool at the fatigue life of 4:7� 103 cycles under a load range of 2.45 kN.
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the favorable stress condition. As shown in Fig. 6a, another small
crack, marked as crack 3, appears to be initiated near the fatigue
life of 3:5� 103 cycles. As shown in Figs. 6a and b, a shear failure,
marked by S2, occurs at the end of fatigue crack 2. The failure then
propagates along the nugget circumference. After fatigue crack 2
propagates through the upper sheet thickness and around the nug-
get circumference, without the support of the upper sheet near the
stretching side of the nugget, the nugget is rotated clockwise and
the sheets near the nugget are therefore bent. As shown in
Fig. 6b, crack 1 does not grow but the original crack becomes crack
1a that propagates downward into the lower sheet thickness and
then through the nugget near the final stage of the specimen fail-
ure. Eventually, the stir zone is separated first by a fracture surface
through the left portion of the nugget marked as S1 due to crack 1a
as shown in Fig. 6b and then by a fracture surface through the right
portion of the nugget marked as S3 due to crack 3 as shown in
Fig. 6b. The upper sheet is finally torn off. As shown in Figs. 6a
and b, fatigue crack 2 can be considered as a kinked crack emanat-
ing from the original crack tip on the right side of the weld. As sug-
gested in Figs. 6a and b, fatigue crack 2 appears to be the dominant
kinked fatigue crack that causes the failure of the 5754 welds un-
der low-cycle loading conditions. In summary, the 5754 welds
mainly fail from the kinked crack through the upper sheet thick-
ness and the nearly flat fracture surface through the nugget under
low-cycle loading conditions.

4.4. Failure mode under high-cycle loading conditions

Figs. 7a and b show optical micrographs of the cross sections
along the symmetry planes of a partially failed 5754 spot friction
weld made by the concave tool at the fatigue life of 4:2� 104 cycles
and a failed 5754 spot friction weld made by the concave tool at
the fatigue life of 5:5� 104 cycles under a load range of 1.43 kN,
respectively. Note that the spot friction welds in Figs. 7a and b
were not separated. The bold arrows in Figs. 7a and b schematically
show the direction of the applied load. In Figs. 7a and b, two fatigue
cracks, marked as crack 10 and crack 20 in each of the figures, ap-
pear to emanate from the original crack tips of the welds and prop-
agate into the lower and upper sheet thicknesses, respectively. As
shown in Fig. 7a, fatigue crack 10 propagates partially into the low-
er sheet thickness while fatigue crack 20 propagates through the
upper sheet thickness (with a reduced thickness). Note that the
length of fatigue crack 10 is smaller than that of fatigue crack 20

at the fatigue life of 4:2� 104 cycles as indicated in Fig. 7a. As
shown in Fig. 7b, both fatigue cracks 10 and 20 propagate through
the lower and upper sheet thicknesses, respectively. A shear



Fig. 7. Optical micrographs of the cross sections along the symmetry planes of (a) a partially failed 5754 spot friction weld made by the concave tool at the fatigue life of
4:2� 104 cycles and (b) a failed 5754 spot friction weld made by the concave tool at the fatigue life of 5:5� 104 cycles under a load range of 1.43 kN.
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failure, marked by S2, occurs at the end of fatigue crack 20 as shown
in Figs. 7a and b. Note that another crack, marked as crack 30 in
Fig. 7b, was likely formed during the welding process or introduced
at the cross-sectional cutting of the failed specimen since no sim-
ilar crack was found in the partially failed specimen as shown in
Fig. 7a. Note also that this crack should not affect the fatigue
behavior of the 5754 welds since the crack is subjected to an unfa-
vorable stress condition for crack propagation.

Under high-cycle loading conditions with higher load ranges,
after propagating through the lower and upper sheet thicknesses,
fatigue crack 10 becomes a transverse through crack that propa-
gates in the width direction of the specimen while fatigue crack
20 becomes a circumferential crack that propagates along the nug-
get circumference. These two cracks finally cause the failure of the
specimen. Under high-cycle loading conditions with lower load
ranges, after propagating through the lower and upper sheet thick-
nesses, both fatigue cracks 10 and 20 become transverse through
cracks that propagate in the width direction of the specimen. These
two cracks finally cause the failure of the specimen. As shown in
Figs. 7a and b, both fatigue cracks 10 and 20 can be considered as
kinked cracks emanating from the original crack tips of the welds.
As suggested in Figs. 7a and b, fatigue crack 20 appears to be the
dominant kinked fatigue crack that causes the failure of the 5754
welds under high-cycle loading conditions. In summary, the 5754
welds mainly fail from the kinked cracks through the upper and
lower sheet thicknesses under high-cycle loading conditions.

5. Failure modes of 6111 welds under quasi-static and cyclic
loading conditions

5.1. A two-dimensional overview of failure modes

We conducted experiments for the 6111 spot friction welds in
lap-shear specimens under quasi-static and cyclic loading condi-
tions. Based on the experimental observations, the failed 6111 spot
friction welds under quasi-static loading conditions show one fail-
ure mode. The failed 6111 spot friction welds under cyclic loading
conditions with the fatigue lives from 103 cycles to 3� 103 cycles
(low-cycle fatigue) show a different failure mode. The failed 6111
spot friction welds under cyclic loading conditions with the fatigue
lives from 3� 103 cycles to 1:6� 105 cycles (high-cycle fatigue)
show another failure mode. Note that we define low-cycle fatigue
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and high-cycle fatigue loading conditions only for convenient pre-
sentation in this paper. The fatigue life and the load range for the
transition of the failure mode from low-cycle fatigue to high-cycle
fatigue for the 6111 spot friction welds are about 3� 103 cycles
and 1.99 kN, respectively, as shown in Fig. 3c. Since the failure
modes of the 6111 spot friction welds are quite complex under
quasi-static and cyclic loading conditions, we first present a two-
dimensional general overview of the failure modes under quasi-
static, low-cycle and high-cycle loading conditions.

Fig. 8a shows a schematic plot of a 6111 lap-shear specimen
made by the flat tool with the upper sheet thickness
t ¼ 0:94 mm and the lower sheet thickness t0 ¼ 1:04 mm under
an applied resultant shear load (shown as the bold arrows).
Fig. 8b shows a schematic plot of the cross section along the sym-
metry plane of the 6111 spot friction weld made by the flat tool. In
this figure, the short dash lines near the two notches represent the
unwelded interfacial surfaces and the thin solid lines represent
either the fracture surfaces or fatigue cracks. Fig. 8c summarizes
the failure modes of the 6111 welds in lap-shear specimens under
quasi-static, low-cycle and high-cycle loading conditions.

In general, the failure modes of the 6111 welds made by the flat
tool in lap-shear specimens under quasi-static and cyclic loading
conditions as shown in Fig. 8b and as summarized in Fig. 8c are
similar to those of the 5754 welds made by the concave tool in
lap-shear specimens as discussed earlier. Under quasi-static load-
ing conditions, cracks A0 and B0 appear to emanate from the original
crack tips of the weld and propagate upward a bit into the upper
sheet thickness and a bit along the interfacial surface, respectively.
When the load continues to increase, the upper and lower sheets
are eventually separated by fracture surfaces B0 and C0. Under
low-cycle loading conditions, fatigue cracks D0 and F0 appear to
emanate from the original crack tips of the weld and propagate
through the upper sheet thickness and partially into the lower
sheet thickness, respectively. A shear failure, marked by E0, occurs
at the end of fatigue crack D0. The failure then propagates along the
t’
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Fig. 8. (a) A schematic plot of a 6111 lap-shear specimen made by the flat tool with the
under an applied resultant shear load (shown as the bold arrows), (b) a schematic plot of
the flat tool, (c) failure modes of the 6111 spot friction welds in lap-shear specimens un
nugget circumference. After fatigue crack D0 propagates through
the upper sheet thickness and along the nugget circumference, the
stir zone is eventually separated by fracture surface B0. Finally, the
upper sheet is torn off.

Under high-cycle loading conditions, fatigue cracks D0 and F0 ap-
pear to emanate from the original crack tips of the weld and prop-
agate into the upper and lower sheet thicknesses, respectively.
Under high-cycle loading conditions with higher load ranges, after
propagating through the upper and lower sheet thicknesses, both
fatigue cracks D0 and F0 become circumferential cracks that propa-
gate along the nugget circumference. The upper sheet is finally
torn off. Under high-cycle loading conditions with lower load
ranges, after propagating through the upper and lower sheet thick-
nesses, both fatigue cracks D0 and F0 become transverse through
cracks that propagate in the width direction of the specimen. These
two cracks finally cause the failure of the specimen.

As shown in Fig. 2a, the interfacial surface between the two de-
formed sheet materials of the 6111 spot friction weld in the stir
zone can hardly be seen. Note that Fig. 2 in Lin et al. [15] shows
a deformed shape of a 6111 spot friction weld made by a flat tool
based on an axisymmetric thermal–mechanical finite element
modeling of the spot friction welding process. As shown in the fig-
ure, the lower sheet material is pushed upward near the central
hole. Therefore, it seems that fracture surfaces B0 and C0 in Fig. 8b
may not separate along the interfacial surface between the two de-
formed sheet materials of the 6111 spot friction welds tested in
this investigation. In the following, we present the micrographs
to show the details of the failure modes of the 6111 spot friction
welds in lap-shear specimens under different loading conditions.

5.2. Failure mode under quasi-static loading conditions

Fig. 9 shows an optical micrograph of the cross section along the
symmetry plane of a failed 6111 spot friction weld made by the flat
tool in a lap-shear specimen under quasi-static loading conditions.
Doubler
tb
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upper sheet thickness of t ¼ 0:94 mm and the lower sheet thickness t0 ¼ 1:04 mm
the cross section along the symmetry plane of the 6111 spot friction weld made by
der quasi-static, low-cycle and high-cycle loading conditions.



Fig. 9. An optical micrograph of the cross section along the symmetry plane of a failed 6111 spot friction weld made by the flat tool in a lap-shear specimen under quasi-static
loading conditions.
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The bold arrows in Fig. 9 schematically show the direction of the
applied load. The applied load stretches the upper right sheet
(marked as Leg 2) and the lower left sheet (marked as Leg 1). As
shown in Fig. 9, two cracks, marked as crack 1 and crack 2, appear
to emanate from the original crack tips of the weld. Crack 1 prop-
agates a bit along the interfacial surface while crack 2 propagates
upward a bit into the upper sheet thickness possibly due to the
favorable stress condition. When the load continues to increase,
the upper and lower sheets are eventually separated with the
nearly flat fracture surface through the nugget, marked as S1 and
S2, in Fig. 9. Similar to the 5754 welds, the 6111 welds mainly fail
Fig. 10. Optical micrographs of the cross sections along the symmetry planes of (a) a
2:0� 103 cycles and (b) a failed 6111 spot friction weld made by the flat tool at the fat
from the nearly flat fracture surface through the nugget under qua-
si-static loading conditions.

5.3. Failure mode under low-cycle loading conditions

Figs. 10a and b show optical micrographs of the cross sections
along the symmetry planes of a partially failed 6111 spot friction
weld made by the flat tool at the fatigue life of 2:0� 103 cycles
and a failed 6111 spot friction weld made by the flat tool at the fa-
tigue life of 2:7� 103 cycles under a load range of 2.13 kN, respec-
tively. Note that the spot friction weld in Fig. 10b was separated.
partially failed 6111 spot friction weld made by the flat tool at the fatigue life of
igue life of 2:7� 103 cycles under a load range of 2.13 kN.
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The bold arrows in Figs. 10a and b schematically show the direc-
tion of the applied load. As shown in Figs. 10a and b, two fatigue
cracks, marked as crack 1 and crack 2 in each of the figures, appear
to emanate from the original crack tips of the welds and propagate
into the lower and upper sheet thicknesses, respectively. As shown
in Fig. 10a, both fatigue cracks propagate partially into the lower
and upper sheet thicknesses at the fatigue life of 2:0� 103 cycles.
Note that the lengths of both fatigue cracks are nearly the same
at the fatigue life of 2:0� 103 cycles as indicated in Fig. 10a. As
shown in Fig. 10b, fatigue crack 1 propagates partially into the low-
er sheet thickness while fatigue crack 2 propagates through the
upper sheet thickness at the fatigue life of 2:7� 103 cycles. A shear
failure, marked by S2, occurs at the end of fatigue crack 2. The fail-
ure then propagates along the nugget circumference. After fatigue
crack 2 propagates through the upper sheet thickness and around
the nugget circumference, without the support of the upper sheet,
the nugget is rotated clockwise and the sheets near the nugget are
therefore bent. Eventually, the stir zone is separated by a fracture
surface through the left portion of the nugget, marked as S1, in
Fig. 10b. The upper sheet is finally torn off. As shown in Figs. 10a
and b, both fatigue cracks 1 and 2 can be considered as kinked
cracks emanating from the original crack tips of the welds. As sug-
gested in Figs. 10a and b, fatigue crack 2 appears to be the domi-
nant kinked fatigue crack that causes the failure of the 6111
welds under low-cycle loading conditions. In summary, the 6111
welds mainly fail from the kinked crack through the upper sheet
thickness and the fracture surface through the nugget under low-
cycle loading conditions.

5.4. Failure mode under high-cycle loading conditions

Figs. 11a and b show optical micrographs of the cross sections
along the symmetry planes of a partially failed 6111 spot friction
weld made by the flat tool at the fatigue life of 1:2� 105 cycles
and a failed 6111 spot friction weld made by the flat tool at the fa-
Fig. 11. Optical micrographs of the cross sections along the symmetry planes of (a) a
1:2� 105 cycles and (b) a failed 6111 spot friction weld made by the flat tool at the fat
tigue life of 1:6� 105 cycles under a load range of 0.85 kN, respec-
tively. The bold arrows in Figs. 11a and b schematically show the
direction of the applied load. In Figs. 11a and b, two fatigue cracks,
marked as crack 10 and crack 20 in each of the figures, appear to
emanate from the original crack tips of the welds and propagate
into the lower and upper sheet thicknesses, respectively. As shown
in Fig. 11a, both fatigue cracks propagate partially into the lower
and upper sheet thicknesses at the fatigue life of 1:2� 105 cycles.
As shown in Fig. 11a, the length of fatigue crack 10 is much larger
than that of fatigue crack 20 at the fatigue life of 1:2� 105 cycles.
As shown in Fig. 11b, both fatigue cracks propagate through the
lower and upper sheet thicknesses at the fatigue life of 1:6� 105

cycles. As shown in Fig. 11b, the length of fatigue crack 10 is slightly
larger than that of fatigue crack 20 at the fatigue life of 1:6� 105 cy-
cles. Note that another crack, marked as crack 30 in Fig. 11b, ap-
pears to emanate from the original crack tip on the left side of
the weld and propagates first a bit along the interfacial surface
and then through the left portion of the nugget. This crack appears
to be initiated near the final stage of the specimen failure since no
similar crack was seen in Fig. 11a.

Under high-cycle loading conditions with higher load ranges,
after propagating through the lower and upper sheet thicknesses,
both fatigue cracks 10 and 20 become circumferential cracks that
propagate along the nugget circumference. Finally, the upper sheet
is torn off. Under high-cycle loading conditions with lower load
ranges, after propagating through the lower and upper sheet thick-
nesses, both fatigue cracks 10 and 20 become transverse through
cracks that propagate in the width direction of the specimen. These
two cracks finally cause the failure of the specimen. As shown in
Figs. 11a and b, both fatigue cracks 10 and 20 can be considered
as kinked cracks emanating from the original crack tips of the
welds. As suggested in Figs. 11a and b, fatigue crack 10 appears to
be the dominant kinked fatigue crack that causes the failure of
the 6111 welds under high-cycle loading conditions. Similarly to
the 5754 welds, the 6111 welds mainly fail from the kinked cracks
partially failed 6111 spot friction weld made by the flat tool at the fatigue life of
igue life of 1:6� 105 cycles under a load range of 0.85 kN.
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through the upper and lower sheet thicknesses under high-cycle
loading conditions.

6. Fatigue life estimation models

In order to develop engineering fatigue life estimation models,
we idealize the three-dimensional spot friction weld problem as
a two-dimensional crack problem as in Newman and Dowling
[22] and Lin et al. [23]. Figs. 12a and b show schematic plots of
the cross sections along the symmetry planes of the 5754 and
6111 spot friction welds, respectively, under a statically equivalent
combined tensile and bending load shown as the bold arrows in
the figures. In Figs. 12a and b, the short dash lines near the notches
represent the unwelded interfacial surfaces and the thin solid lines
represent the fatigue cracks. According to Lin et al. [14,15,23,24],
the global stress intensity factors solutions K I and K II are maximum
at the original crack tips on the cross section along the symmetry
plane of the spot weld in lap-shear specimens. These critical loca-
tions are marked as a and b in Figs. 12a and b (and also in Figs. 4a
and 8a).

6.1. A kinked fatigue crack growth model

As discussed earlier, the fatigue crack growth behaviors of the
5754 spot friction welds made by the concave tool under low-cycle
and high-cycle loading conditions are quite similar, whereas the fi-
nal failure modes of the welds under loading conditions of low-cy-
cle fatigue and high-cycle fatigue are different, as shown in Figs. 6
and 7. As schematically shown in Fig. 12a, two kinked fatigue
cracks, marked as kinked crack 1 and kinked crack 2, are initiated
from the original crack tips of the weld with the kink angles a1 and
a2, respectively. Based on the experimental observations, the fail-
ures of the 5754 spot friction welds made by the concave tool un-
der cyclic loading conditions appear to be dominated by kinked
crack 2 that propagates through the upper sheet thickness (with
a reduced thickness). Note that the kink angle a2 of kinked crack
2 is estimated from Figs. 6 and 7 to be 69� for the 5754 welds under
cyclic loading conditions.

As discussed earlier, the fatigue crack growth behavior and the
final failure mode of 6111 spot friction welds made by the flat tool
under low-cycle loading conditions are quite similar to those under
high-cycle loading conditions as shown in Figs. 10 and 11. As sche-
matically shown in Fig. 12b, two kinked fatigue cracks, marked as
kinked crack 1 and kinked crack 2, are initiated from the original
crack tips of the weld with the kink angles a1 and a2, respectively.
Based on the experimental observations, the failure of the 6111
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Fig. 12. (a) A schematic plot of the cross section along the symmetry plane of the 5754
(shown as the bold arrows), (b) a schematic plot of the cross section along the symmetry
and bending load (shown as the bold arrows).
welds made by the flat tool under low-cycle loading conditions ap-
pears to be dominated by kinked crack 2 that propagates through
the upper sheet thickness (with a reduced thickness). Note that
the kink angle a2 of kinked crack 2 is estimated to be 75� from
Fig. 10 for the 6111 welds under low-cycle loading conditions.
However, the failure of the 6111 welds made by the flat tool under
high-cycle loading conditions appears to be dominated by kinked
crack 1 that propagates through the lower sheet thickness. Note
that the kink angle a1 of kinked crack 1 is estimated to be 75� from
Fig. 11 for the 6111 welds under high-cycle loading conditions.

Here, we adopt the kinked fatigue crack growth model with
consideration of the local stress intensity factor solutions for finite
kinked cracks as discussed in details in Lin et al. [12–15]. It should
be emphasized that the theoretical solutions for the global stress
intensity factors K I and K II for the main cracks used in Lin et al.
[12–15] are based on the works of Lin et al. [23] and Zhang [25]
for resistance spot welds in lap-shear specimens, respectively.
Due to the complex geometries of the 5754 and 6111 spot friction
welds, three-dimensional finite element analyses based on the
micrographs of the cross sections along the symmetry planes of
the 5754 and 6111 spot friction welds shown in Figs. 1a and 2a,
respectively, were employed to obtain the accurate global stress
intensity factors along the crack front of the weld nuggets. The glo-
bal stress intensity factors K I and K II solutions at the critical loca-
tions obtained from the finite element analyses are then used to
estimate the fatigue lives of both types of spot friction welds.
The local stress intensity factor solutions kI and kII for the finite
kinked cracks in this investigation are determined as in Lin et al.
[12–15] with consideration of the finite kink length.

6.2. A structural stress model

Radaj [26] and Radaj and Zhang [27–29] established the founda-
tion to use the structural stresses to determine the stress intensity
factors for spot welds under various types of loading conditions.
Zhang [25,30] presented closed-form stress intensity factor solu-
tions at the critical locations of spot welds in various types of spec-
imens based on the analytical stress solutions for a plate with a
rigid inclusion under various types of loading conditions, and cor-
related the solutions with the experimental results. It should be
emphasized that the authors mentioned above used the structural
stresses to estimate the stress intensity factor solutions at the crit-
ical locations of spot welds to correlate with the experimental re-
sults under cyclic loading conditions. In the following, we present a
structural stress model based on the closed-form structural stress
solutions at the critical locations of the welds and the experimental
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Fig. 13. (a) Experimental results and fatigue life estimations for the 5754 spot
friction welds made by the concave tool in lap-shear specimens, (b) experimental
results and fatigue life estimations for the 6111 spot friction welds made by the flat
tool in lap-shear specimens. The symbols represent the experimental results. The
solid and dash lines represent the fatigue life estimations based on the kinked
fatigue crack growth model and the structural stress model, respectively.
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stress-life fatigue data to estimate the fatigue lives of the spot fric-
tion welds in lap-shear specimens.

Lin and Pan [21] recently derived closed-form structural stress
solutions for spot welds under lap-shear loading conditions based
on the stress function approach and the Kirchoff plate theory for
linear elastic materials. The closed-form structural stress solutions
for spot welds under lap-shear loading conditions were developed
from the analytical closed-form stress solutions for a plate with a
rigid inclusion subjected to a resultant shear load. This resultant
shear load was decomposed into four types of symmetric and
anti-symmetric loads of counter bending, central bending, in-plane
shear and tension. The total structural stress rtotal at the critical
locations of a spot weld in a lap-shear specimen under a resultant
shear load F is presented here as a function of the radius a of the
spot weld (idealized as a rigid inclusion), the relevant sheet thick-
ness t, the half width b of the lap-shear specimen and the Poisson’s
ratio m as

rtotal ¼
�3F

8btXY
½2b2X þ 4Yða4b4 þ b8Þ� þ 3F

2pat
þ F

2pat

þ F
4bt

1
1þ m

� 2
m� 3

� �
ð1Þ

where X and Y are defined as

X ¼ ð�1þ mÞða4 þ b4Þ2 � 4a2b6ð1þ mÞ ð2Þ
Y ¼ a2ð�1þ mÞ � b2ð1þ mÞ ð3Þ

Note that the four terms on the right hand side of Eq. (1) correspond
to the structural stresses at the critical locations for a finite plate
with a rigid inclusion under counter bending, central bending, in-
plane shear and tension loading conditions, respectively. Note also
that Lin and Pan [21] idealized the spot weld nugget as a rigid inclu-
sion and assumed that the inclusion is perfectly bonded to the
neighboring plate material in their theoretical models to derive Eq.
(1). Note that the geometries of the spot friction welds shown in
Figs. 1a and 2a are slightly different but in general similar to those
of resistance spot welds. Note also that the material strength of
the stir zone in the weld nugget of the spot friction weld should
be much larger than that of the base material due to the small grain
size as reported in Lin et al. [5]. As discussed earlier, the dominant
kinked fatigue cracks were initiated at the critical locations a and
b. Therefore, Eq. (1) can be adopted to estimate the structural stress
range at the critical locations a and b of the spot friction welds for a
given load range. By using Eq. (1) for the structural stress range at
the critical locations a and b for the two-dimensional crack model
and the experimental stress-life fatigue data of the aluminum
5754-O and 6111-T4 sheets, we can estimate the fatigue lives of
the 5754 and 6111 spot friction welds in lap-shear specimens,
respectively.

7. Fatigue life estimations

As discussed in Lin et al. [12–15], the spot weld radius a, the rel-
evant sheet thickness t, the half width b of the lap-shear specimen,
the Poisson’s ratio m and the kinked angle a are used to determine
the global and local stress intensity factor solutions for the domi-
nant kinked fatigue crack, and the material constants C and m in
the Paris law are needed to estimate the fatigue lives of the spot
friction welds in lap-shear specimens based on the kinked fatigue
crack growth model. However, due to the complex geometries of
the 5754 and 6111 spot friction welds, three-dimensional finite
element analyses are used to determine the global stress intensity
factors K I and K II solutions at the critical locations of the welds. As
indicated in Eq. (1), the spot weld radius a, the relevant sheet thick-
ness t, the half width b of the lap-shear specimen, the Poisson’s ra-
tio m and the stress-life fatigue data are needed to estimate the
fatigue lives of the spot friction welds in lap-shear specimens
based on the structural stress model. It should be emphasized that
the relevant sheet thickness t is the thickness of the sheet through
which the dominant kinked fatigue crack propagates.

Fig. 13a shows the experimental results and fatigue life estima-
tions based on the kinked fatigue crack growth model and the
structural stress model for the 5754 spot friction welds made by
the concave tool in lap-shear specimens. The fatigue life estima-
tions shown in Fig. 13a were obtained from the reduced thickness
of the upper sheet t ¼ 1:75 mm under the tool shoulder indenta-
tion, the weld nugget radius a ¼ 3:6 mm based on the micrograph
shown in Fig. 1a, the half width b ¼ 12:7 mm of the lap-shear spec-
imen and Poisson’s ratio m ¼ 0:31. For the kinked fatigue crack
growth model, the kink angle a2 ¼ 69�, estimated from the micro-
graphs shown in Figs. 6 and 7, was used to estimate the fatigue
lives of the 5754 welds. Since the material constants for the Paris
law for aluminum 5754-O sheets are not available, the material
constants C ¼ 2:0244� 10�9 mm=cycle

ðMPa
ffiffiffi
m
p
Þm and m ¼ 4:64 for aluminum
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5083-O sheets, determined from Fig. 5.24 in Campbell et al. [31],
were used to estimate the fatigue lives of the 5754 welds. For
the structural stress model, the experimental stress-life fatigue
data of aluminum 5754-O sheets supplied by Friedman [32] were
used. As shown in Fig. 13a, the estimated fatigue lives of the
5754 spot friction welds in lap-shear specimens based on the
kinked fatigue crack growth model and the structural stress model
agree well with the experimental results.

Fig. 13b shows the experimental results and fatigue life estima-
tions based on the kinked fatigue crack growth model and the
structural stress model for the 6111 spot friction welds made by
the flat tool in lap-shear specimens. The fatigue life estimations
shown in Fig. 13b were obtained from the weld nugget radius
a ¼ 3:35 mm based on the micrograph shown in Fig. 2a, the half
width b ¼ 12:7 mm of the lap-shear specimen and the Poisson’s ra-
tio m ¼ 0:31. For the 6111 welds, the dominant kinked fatigue crack
propagates through the upper sheet thickness (with a reduced
thickness) under low-cycle loading conditions and through the
lower sheet thickness under high-cycle loading conditions as dis-
cussed earlier. The reduced thickness of the upper sheet of
t ¼ 0:85 mm under the tool shoulder indentation and the thickness
of the lower sheet t ¼ 1:04 mm were therefore used as the relevant
sheet thickness t in both fatigue life estimation models for the
6111 welds under low-cycle and high-cycle loading conditions,
respectively. For the kinked fatigue crack growth model, the kink
angles a2 ¼ a1 ¼ 75�, estimated from the micrographs shown in
Figs. 10 and 11, for the 6111 welds under low-cycle and high-cycle
loading conditions, respectively, were used to estimate the fatigue
lives of the 6111 welds. Since the material constants for the Paris
law for aluminum 6111-T4 sheets are not available, the material
constants C ¼ 1:35� 10�7 mm=cycle

ðMPa
ffiffiffi
m
p
Þm and m ¼ 2:55 for aluminum

6014-T4 sheets [33] were used to estimate the fatigue lives of
the 6111 spot friction welds as in Lin et al. [12–15]. For the struc-
tural stress model, the experimental stress-life fatigue data of
baked aluminum 6111-T4 sheets supplied by Friedman [32] were
used. It should be noted that the fatigue life estimations in
Fig. 13b are plotted as thin lines and thick lines that correspond
to the estimated fatigue lives of the 6111 welds under low-cycle
and high-cycle loading conditions, respectively, due to the differ-
ent values of the relevant sheet thickness t. Note that the load
range for the transition of the failure mode from low-cycle fatigue
to high-cycle fatigue is about 1.99 kN as shown in Figs. 3c and 13b.
As shown in Fig. 13b the estimated fatigue lives of the 6111 spot
friction welds based on the kinked fatigue crack growth model
and the structural stress model agree well with the experimental
results.
Fig. 14. An optical micrograph of the cross section along the symmetry plane of a parti
3.38 kN at the fatigue life of 3:6� 102 cycles which is 90% of the fatigue life of 4:0� 10
8. Discussions

Fig. 14 shows an optical micrograph of the cross section along
the symmetry plane of a partially failed 5754 spot friction weld
made by the concave tool under a load range of 3.38 kN at the fa-
tigue life of 3:6� 102 cycles which is 90% of the fatigue life of
4:0� 102 cycles of another failed weld under the same load range.
Note that this spot friction weld was not separated. It should be
noted that the specimen with this partially failed weld was tested
under the applied load range with a maximum load of 4.225 kN,
which is about 97% of the average failure load of the 5754 lap-
shear specimens under quasi-static loading conditions. As shown
in Fig. 14, fatigue cracks, marked as crack 1 and crack 2, appear
to emanate from the original crack tips of the weld.

Two local kinked cracks, marked as crack 2a and crack 2b, ap-
pear to emanate from kinked fatigue crack 2 after fatigue crack 2
propagates partially into the upper sheet thickness. As shown in
the figure, crack 2a has a tendency to propagate through the right
portion of the nugget while crack 2b has a tendency to propagate
into the upper sheet thickness (with a reduced thickness). Under
this very high applied load range, during the final stage of the spec-
imen failure, crack 2a can grow faster than crack 2b and the weld
can be separated in the failure mode with the nearly flat fracture
surface through the nugget (similar to the failure mode shown in
Fig. 5), or crack 2b can grow faster than crack 2a and the weld
can be separated in the failure mode with the fracture surfaces
through the upper sheet thickness and the nugget (similar to the
failure mode shown in Fig. 6b). Therefore, this load range and this
fatigue life can be considered as the load range and the fatigue life
corresponding to the transition of the failure mode from the failure
mode with the nearly flat fracture surface through the nugget to
the failure mode with the fracture surfaces through the upper
sheet thickness and the nugget for the 5754 welds. A micrograph
indicating the similar transition of the failure mode was also ob-
served for the 6111 welds and is not discussed here. Note that
the load ranges and the fatigue lives for the transitions of the fail-
ure mode from the failure mode with the fracture surfaces through
the upper sheet thickness and the nugget under low-cycle loading
conditions to the failure mode with the fracture surfaces through
the upper and lower sheet thicknesses under high-cycle loading
conditions for the 5754 and 6111 welds are presented in Fig. 3c.

It should be noted that for the kinked fatigue crack growth
model, we used the global stress intensity factor solutions obtained
from the finite element analyses for the 5754 and 6111 welds
based on the micrographs shown in Figs. 1a and 2a, respectively.
In general, finite element computations are also needed to
ally failed 5754 spot friction weld made by the concave tool under a load range of
2 cycles of another failed weld under the same load range.
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determine the accurate local stress intensity factor solutions for
the kinked cracks emanating from the original crack tips of the
welds with the exact weld geometries and loading conditions.
However, the computational effort is quite extensive since the
computations are three-dimensional in nature and the number of
the cases for the weld geometries and the loading conditions are
quite large. Therefore, the local stress intensity factor solutions kI

and kII for finite kinked cracks in this investigation were deter-
mined as in Lin et al. [12–15] with consideration of the finite kink
length. This model is therefore approximate in nature by consider-
ing that the geometry of the spot friction welds is different from
that of the resistance spot welds. Note also that no effort is at-
tempted to select the material constants C and m in the Paris law
to fit the experimental results. Since the material constants C
and m of aluminum 5754-O and 6111-T4 sheets are not available,
the material constants C and m of aluminum 5083-O and 6014-T4
sheets were used to estimate the fatigue lives of the 5754 and 6111
welds, respectively. When the material constants of aluminum
5754-O and 6111-T4 sheets are available, it will be straightforward
to estimate the fatigue lives of these welds.

It should be emphasized that the closed-form structural stress
solutions used in the structural stress model were obtained from
a linear elastic analysis. Under high-cycle loading conditions, the
estimated structural stress ranges based on Eq. (1) are smaller than
2r00 for both types of welds where r00 represents the initial cyclic
yield strength of the corresponding sheet materials. The cyclic
behavior of materials at the critical locations a and b of the welds
can be therefore considered as linear elastic under high-cycle load-
ing conditions. Under low-cycle loading conditions, the estimated
structural stress ranges based on Eq. (1) can be as high as 2:65r00
and 2:53r00 for the 5754 and 6111 welds, respectively. Neuber’s
type of life estimation methods can be used to improve the life
estimations since the life estimations are based on the experimen-
tal stress-life fatigue data here. As shown in Figs. 13a and b, the
structural stress model appears to give good estimations of the fa-
tigue lives of both types of spot friction welds in lap-shear speci-
mens without detailed information on the initiation and
propagation of the kinked cracks emanating from the original crack
tips of the welds under cyclic loading conditions. Note also that the
structural stress was used to estimate the stress intensity factor
solutions at the critical locations of the spot welds to correlate with
the experimental results under cyclic loading conditions (Zhang
[25,30]). The effects of the mean stress intensity factors on the fa-
tigue lives of the welds may not be significant. Therefore, the mean
structural stress has not been considered in the structural stress
model. Further investigation is needed to fully investigate the ef-
fects of the mean stress in the structural stress model.
9. Conclusions

Fatigue behavior of aluminum 5754-O and 6111-T4 spot fric-
tion welds in lap-shear specimens is investigated based on exper-
imental observations and two fatigue life estimation models.
Optical micrographs of the 5754 and 6111 welds made by a con-
cave tool and a flat tool, respectively, before and after failure under
quasi-static and cyclic loading conditions are examined. The
micrographs show that the failure modes of the 5754 and 6111
welds under quasi-static and cyclic loading conditions are quite
different. Under quasi-static loading conditions, both types of
welds mainly fail from the nearly flat fracture surface through
the nugget. Under low-cycle loading conditions, both types of
welds mainly fail from the kinked crack through the upper sheet
thickness and the fracture surface through the nugget. Under
high-cycle loading conditions, both types of welds mainly fail from
the kinked cracks through the upper and lower sheet thicknesses. A
kinked fatigue crack growth model based on the stress intensity
factor solutions for finite kinked cracks and a structural stress
model based on the closed-form structural stress solutions at the
critical locations of the welds are adopted to estimate the fatigue
lives of both types of welds. The fatigue life estimations based on
the kinked fatigue crack growth model and the structural stress
model appear to agree well with the experimental results for both
types of welds.
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