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Abstract 
 
The fatigue behavior of AA6060-T6 friction stir welded butt joints was investigated. The joints were produced by using both a stan-

dard and a threaded tri-flute cylindrical-tool with flat shoulder. The friction stir welding process was carried out using different feed rates. 
Preliminary tensile tests, micrograph analyses and hardness profile measurements across the welds were carried out. Welded and un-
welded fatigue samples were tested under axial loading (R = 0.1) with upper limits of 104 and 105 cycles, using threaded and unthreaded 
(standard) tools at different feed rates. The best tensile and fatigue performance was obtained using the standard tool at low feed rate.   
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1. Introduction 

Friction stir welding (FSW) is a solid-state welding process 
first introduced by TWI in Cambridge (UK) and patented in 
1991 [1, 2]. This welding process is based on a rotating tool 
driven into the material and translated along the interface of 
two or more plates. Friction heats the material which is ex-
truded around the tool and forged by the large pressure pro-
duced by the tool shoulder. FSW may offer several advan-
tages: high quality joints, precise external control and high 
levels of repeatability, no need of special preparation of the 
samples, low energy process requirements and low creation of 
waste or pollution. The technology is also suitable for light 
weight alloys, particularly aluminum, that are often difficult or 
impossible to weld using conventional welding technologies 
(e.g., TIG or laser welding). In addition, friction stir welded 
joints are obtained through the deformation of the material at 
temperatures below the melting point, thus reducing problems 
related to distortions and residual stresses, if compared to tra-
ditional welding techniques.  

So far, the FSW technique has successfully been applied to 
weld aluminum alloys in a number of applications such as 
automotive, aerospace, shipbuilding and railway [3]. This has 
justified the growing research efforts in shedding light on the 
microstructural aspects and the mechanical properties of FS-

welded joints [3-5]. Compared to traditional fusion welding, 
FSW has shown excellent results in terms of structural 
strength in joining similar and even dissimilar aluminum al-
loys [3, 4] or Al-based particulate metal-matrix composites [6, 
7]. The fatigue behavior analyses of FSW components have 
been extensively studied [3-15]; nevertheless further studies 
are needed before FSW can be safely used for high perform-
ance components. Process parameters such as feed rate, rota-
tional speed, tool geometry [16-23] and residual stresses from 
FSW or post-process treatments [24-35] are critical factors, 
being strictly related to the mechanical properties of aluminum 
friction stir welded joints. Of particular interest is the effect of 
residual stresses on the fatigue crack propagation behavior of 
FSW joints [29-33]. Besides the experimental work, models 
accounting for the residual stresses have been developed to 
predict the fatigue crack growth through the welded material 
[34, 35]. 

Aluminum alloys in the 6xxx series can undergo suitable 
heat treatments to achieve attractive mechanical properties for 
a broad range of applications, including aircraft structures [36] 
and automotive skins [36, 37]. Their relatively high strength-
to-mass ratio makes them profitable for meeting the pressing 
environmental concerns that prompt the automotive industry 
to reduce the weight of components. Thus, a wider use of 
FSW to join 6xxx aluminum sheets or plates could be very 
important. Significant research studies on the microstructure 
[38-40], crystallographic texture [41, 42], mechanical proper-
ties [7, 11-14, 18, 23, 39] and fatigue crack growth behavior 
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[31, 43] of friction stir welded joints on alloys of this series 
have already been undertaken. However, to obtain a reliable 
understanding of the influence of the process parameters on 
the fatigue behavior of FSW joints, a larger amount of fatigue 
data on 6xxx alloys is needed. Up to now, the fatigue behavior 
of FSW butt joints of 6xxx alloys has been investigated main-
ly at fatigue lives longer than 104 load cycles [7, 12, 14, 23] 
and, in a few studies, also in the low cycle fatigue (LCF) re-
gime [11, 13]. In Ref. [6], available fatigue data on FSW of 
aluminum alloys have been reviewed to derive a set of refer-
ence fatigue (S-N) curves through statistical analysis. The 
fatigue strength at 62 10×  cycles and the slope k of the corre-
sponding S-N curve for some alloys of the 6xxx series are 
provided. Kim et al. [11] performed fatigue tests on AA6005-
T5 extruded aluminum alloy sheets welded with FSW and gas 
metal arc welding (GMAW). A sensitivity analysis of FSW 
performances was conducted by varying three design vari-
ables over two levels. The strength of the FSW joints was 
notably better than that of the GMAW ones and the fatigue 
resistance decreased with increasing the tool welding and 
rotating speed and with decreasing the tilt angle. A study of 
the fatigue behavior of FSW and metal inert gas (MIG) butt 
welds of 3 mm thick plates of AA6082-T6 and AA6061-T6 
alloys was carried out by Moreira et al. [13]. The alloys were 
friction stir welded with tools of different dimensions using 
the same welding speed, tilt angle and tool rotating speed. The 
joints produced by MIG welding showed a higher decrease in 
the material mechanical properties than those prepared by 
FSW. Furthermore, the friction stir welded AA6061-T6 sam-
ples exhibited lower fatigue lives than the AA6082-T6 ones 
when tested at values of maximum stress (R = 0.1) lower than 
130 MPa. In Ref. [22], Cirello et al. examined the influence of 
relevant FSW process parameters, the tool rotating speed, the 
feed rate and the tool sinking into the samples, on the fatigue 
resistance of AA6082-T6 butt joints. The variation of the 
process parameters had little influence on the fatigue resis-
tance of the welded joints. The feed rate per unit revolution 
advancing ratio was the most relevant parameter in determin-
ing the mechanical strength of the joints. Feng et al. [10] ob-
served the effects of the welding parameters on the LCF be-
havior and on the microstructure evolution of friction stir 
welded AA6061-T651 alloy. The rotational speed was found 
to have a negligible influence on the mechanical properties of 
the joints, whereas the fatigue life increased with the welding 
speed. FSW samples showed shorter fatigue lives, along with 
stronger cyclic hardening if compared with those of unwelded 
ones. The influence of FSW on the fatigue life of AA6063-T6 
notched samples was investigated in Ref. [12]. A lower notch 
sensitivity of the welded alloy was pointed out. Attempts to 
predict the fatigue life of unwelded and welded samples in 
both the elastic and the plastic region of the strain-life curve 
were made. 

As far as the authors know, the fatigue behavior of FSW 
joints of aluminum alloy AA6060 in the artificially aged con-
dition T6 is still matter of debate. Furthermore, there is a lack 

of studies that compare between the fatigue performances of 
joints stirred with unthreaded and with threaded tools. Aissani 
et al. [16] observed that the use of a conical tri-flute threaded 
pin at very low feed rate allowed to produce AA2024-T4 and 
AA7075-T6 joints with good microstructures and micro-
hardness properties. In Ref. [44], Lakshminarayanan et al. 
found superior tensile strength of AA6061 FSW joints in 
comparison with GMAW and GTAW joints of the same alloy. 
Threaded pins were used in Ref. [18] to apply the Taguchi 
based Grey relational analysis to optimize the tensile and 
elongation properties of friction stir welded AA1050-H22 
aluminum alloy. In this work, AA6060-T6 friction stir welded 
butt joints were cycled under axial loading at R = 0.1 with 
upper limits of 104 and 105 repetitions. The fatigue strength of 
the base material under the same test conditions was also de-
termined. The test samples were cut from groups of plates 
welded at different feed rates –150 or 600 mm/min – and by 
using either an unthreaded or a threaded tri-flute cylindrical-
shouldered tool. Tensile tests and hardness measurements 
across the welds were also performed to gain a more compre-
hensive view of the effects of each welding condition on the 
mechanical properties of the joints. Cross-sectional macro-
graphs were taken to identify the affected zones of the weld 
beads associated with the FSW processes and to highlight the 
changes amongst the different joints. 

 
2. Experimental technique  

2.1 Friction stir welding 

The experimental campaign was performed with a CNC 
machine tool. Butt joints were carried out on sheets having a 
thickness equal to 5 mm. An aluminum alloy AA6060 (Al-
Mg-Si-Cu) in the artificially aged condition T6 was consid-
ered for this purpose. The chemical composition of the mate-
rial is reported in Table 1. 

Two different tools were used: a standard and a threaded 
tool. The first tool was a very simple device with a smooth flat 
shoulder and a cylindrical pin fabricated using AISI 1040 steel 

Table 1. Chemical composition of the base material (AA 6060-T6). 
 

Component wt.% 

Aluminum, Al <= 97.8 % 

Chromium, Cr <= 0.050 % 

Copper, Cu <= 0.10 % 

Iron, Fe 0.10 - 0.30 % 

Magnesium, Mg 0.35 - 0.60 % 

Manganese, Mn <= 0.10 % 

Other, each <= 0.050 % 

Other, total <= 0.15 % 

Silicon, Si 0.30 - 0.60 % 

Titanium, Ti <= 0.10 % 

Zinc, Zn <= 0.15 % 
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in the annealed condition; shoulder and pin diameters were, 
respectively, equal to 15 and 5 mm. The second one was a 
more complex tool based on two main components: a tool 
holder, with a flat shoulder, and a threaded probe obtained 
using a commercial M5 thread forming tap (Material: High 
Speed Steel - HSSE, coating: Br-R < 850 N/mm2). Several 
welding operations were carried out by varying the process 
parameters, namely tool rotational speed (S = 2000 rpm) and 
feed rate (f = 150–600 mm/min). The same tilt angle, equal to 
2.5°, was assumed for all the experiments. Fig. 1 shows the 
experimental setup and the tools. 

 
2.2 Sample preparation 

Samples for tensile tests with a minimum cross section of 
about 125 mm2 (width equal to 25 mm) were obtained from 
the welded plates. The samples were prepared to investigate 
the mechanical properties of welded joints along a direction 
orthogonal to the welding path and assuming a tensile 
direction parallel to the rolling direction of the aluminum 
plates. Note that all the samples were extracted in the last part 
of the welded blanks, where steady state conditions can be 
assumed.  

Smooth dogbone FS-welded and unwelded fatigue samples 
were also prepared. The welded ones were formed with the 
load axis transversal to the weld direction and with the weld 
bead in the middle of the gage length (Fig. 2). The work 
region was machined with a large radius of curvature of 40 
mm, obtaining a Kt value less than 1.08, as confirmed by finite 
element analysis. Four series of welded samples were 
prepared according to the combinations of process parameters 

reported in Table 2. The number of samples available for each 
series is included in the same table. Unwelded samples (BM-
samples) were tested under the same conditions of the welded 
ones for comparison (Table 2). 

 
2.3 Mechanical and microstructure analyses 

A universal Galdabini testing machine with a load cell of 50 
kN was used to evaluate the mechanical properties of the FSW 
specimens. All tests were conducted under displacement 
control using a 0.5 kN preload and a speed of 5 mm/min. 

Concerning hardness measurements, a sample was 
extracted from each welded plate by cutting it along the 
orthogonal direction with respect to the welding path. Micro-
Vickers tests were carried out using a load of 5 N and 15 
seconds of load time. In particular, a grid composed of four 
lines of indentations (moving from a distance of 1 mm to a 
distance of 4 mm from the upper surface) was executed on 
each sample. Every measurement campaign was composed of 
144 (36 for each line) micro-Vickers tests, with a 1 mm gap 
between each indentation. Fig. 3 shows an example of the 

 
 
Fig. 1. A schematic diagram of the experimental setup: (a) experimen-
tal setup; (b) standard and threaded tools. 

 

Table 2. FSW fatigue samples: main process parameters.  
 

FSW process parameters 
Series ID No. of 

samples Feed rate 
(mm/min) 

Rotational speed 
(rpm) Tool shape 

U-150 25 150 2000 Unthreaded 

U-600 30 600 2000 Unthreaded 

T-150 30 150 2000 Threaded 

T-600 29 600 2000 Threaded 

BM 30 - - - 

 

 
 
Fig. 2. Details of the FSW fatigue sample showing the nominal 
dimensions. 

 

 
 
Fig. 3. Example of the Micro-Vickers indents distribution. 
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Micro-Vickers indents distribution. All the samples were 
analyzed with the advancing side on the left and the retreating 
side on the right.  

A metallographic analysis was carried out to analyze the 
microstructure of the cross section of the joints as a function 
of the process parameters, and to evaluate the grain size in the 
different regions of the welded area. An electrolytic etching 
was performed in the following conditions: Barker’s reagent, 
voltage = 20 V DC, current density = 0.2 A/cm2, permanence 
time = 4 min. The etching procedure adopted for this analysis 
was derived from a common practice protocol, while the 
etching time was optimized for the specific case. 

 
2.4 Fatigue tests 

The fatigue samples were cycled under tension-tension (R = 
0.1) loading using a computer-controlled universal testing 
machine (Instron 1273) at a frequency of 2 Hz in laboratory 
air at room temperature. Each series of samples was divided 
into two halves of fifteen samples, each of which was tested 
with an upper limit of 104 or 105 load cycles (Table 3). The 
staircase method [45-48] was implemented to determine the 
average value of fatigue limit, and all the experimental data 
were treated according to the statistical analysis procedure 
reported in ASTM E 739–91 [49]. The fatigue samples were 
loaded using the ranges reported in Table 3, by applying 
constant load increments between 2.5 and 5 MPa.  

Special grips (Fig. 4(a)) were used to prevent any parasite 
bending moment. Fig. 4(b) shows a cross-sectional view of 
the sample grip assembly, where several ball bearings (two of 
which can support quite high angular misalignments) were 
used to release the rotational degrees of freedom of the grips, 
hence creating two pin connections at the grip areas of the 
specimen.  

 
3. Results and discussion 

3.1 Evaluation of the tensile properties 

The mechanical properties of the base material were: UTS 
= 251.8 MPa, Yield strength = 222.9 MPa. The main results in 
terms of UTS and true strain, as a function of feed rate and 
rotational speed for both threaded and standard tools, are 
reported in Fig. 5. Each histogram represents the average of 
five tests. 

Rupture was normally localized in the heat affected zone 
(HAZ) on the retreating side. With respect to the base material, 
good results in terms of tensile strength and corresponding 
strain were found for both the tool geometries. Regardless of 
the tool shape, the best UTS (156 MPa) was obtained with a 
feed rate equal to 150 mm/min, corresponding to a welding 
efficiency of 62%. The welding efficiency resulting from the 
tensile tests is congruent with the values recommended by the 
standards for other traditional welding techniques (e.g., 0.6 for 
full penetration welds AA6060 T5 or T6 – UNI 8634-1985). 
Nevertheless, in FSW the post-process treatments are a 
significant factor, being strictly related to the mechanical 
properties, and aluminum alloys in the 6xxx series can 
undergo suitable heat treatments to achieve attractive 
mechanical properties for a broad range of industrial 
applications. Feed rate resulted to be the most significant 

Table 3. Loading ranges of the fatigue tests. 
 

Loading range (MPa) Upper limit 
(No. of cycles) U-150 U-600 T-150 T-600 BM 

104 142.5-152.5 142.5-150 122-152 112-137 200-250 

105 140-150 130-145 122-137 77-97 190-230 

 

 
                (a)                           (b) 
 
Fig. 4. Fatigue testing system: (a) picture of the clamping system; (b) 
assembly drawing. 

 

 
(a) 

 

 
(b) 

 
Fig. 5. Mechanical properties of the joints as a function of the process 
parameters: (a) UTS; (b) true strain.   
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parameter affecting the UTS. Tool geometry did not influence 
the UTS, while it played a fundamental role in determining the 
strain at rupture, the threaded tool being detrimental to the 
strain limit. 

 
3.2 Microhardness and macrostructure 

The typical microhardness distribution obtained on the joint 
section is reported in Fig. 6(a). As it is possible to notice, the 
hardness in the welded region is significantly lower with re-
spect to that of the base material (79 µHV, represented by the 
horizontal dashed line). The width of the softened region and 
the microhardness values recorded in the same area resulted to 
be influenced by the welding process parameters. 

In particular, the width of the softened area increases with 
decreasing values of feed rate. Fig. 6(b) shows the graphical 
plot of microhardness distribution at the different feed rates 
(150 and 600 mm/min) and for both the tool geometries. 

The micrograph pictures regarding the electrolytic etching 
are shown in Fig. 7 (S2000 f150 (a) threaded and (b) un-
threaded tool) and Fig. 8 (S2000 f600 (a) threaded and (b) 

 
(a) 

 

 
(b) 

 
Fig. 7. Micrograph details: (a) S2000 f150 threaded tool; (b) S2000 
f150 unthreaded tool.  

 
 

 
(a) 

 

 
(b) 

 
Fig. 8. Micrograph details: (a) S2000 f600 threaded tool; (b) S2000 
f600 unthreaded tool. 

 

 
(a) 

 

 
(b) 

 
Fig. 6. Microhardnes properties of the joints: (a) typical microhardness 
distribution measured on the joint section (S = 2000 rpm, f = 150 
mm/min); (b) graphical plot of microhardness distribution observed for 
different welding conditions. 

 



872 S. Baragetti and G. D’Urso / Journal of Mechanical Science and Technology 28 (3) (2014) 867~877 
 

 

unthreaded tool). 
A standard method for the grain counting, defined in Ref. 

[50], was applied on all the samples, and the grain size was 
evaluated within all the representative regions of the joint: 
nugget, thermomechanical affected zone (TMAZ), HAZ. Con-
cerning HAZ and TMAZ, both the advancing and the retreat-
ing sides were taken into account. The grain size was evaluated 
in terms of both length and width of the grains, as shown in Fig. 

9. The results of the analysis are reported in Fig. 10. 
As a general remark, the average grain size in the nugget 

area is always smaller when the threaded tool is used. Consid-
ering the HAZ, the average grain size of the retreating side, 
where the failure occurred, is usually larger than the advanc-
ing one. 

This is a qualitative consideration since the grain counting 
method takes into account a representative number of grains 
but not the entire amount of grains of each investigated region. 
In the other regions no systematic behavior is exhibited by 
varying the welding conditions. 

 
3.3 Fatigue behaviour 

Figs. 11 and 12 report the results of the fatigue tests on both 
the FSW and the unwelded samples, as well as the average 
fatigue limits obtained from the staircase method and the lin-
ear regression of the S-N diagram. Aluminum alloys do not 
have a defined fatigue limit [51]: for this reason we decided to 
do tests at 104 and 105 load cycles and, with an appropriate 
statistical analysis (according to international standards) it was 
possible to forecast the trend of the fatigue resistance of this 
alloy for a number of cycles varying between 103 and 106 
(90% confidence). The fatigue limits at 104 load cycles of the 
unwelded, U-150, U-600, T-150 and T-600 samples were, 
respectively, equal to 239 ± 5 MPa, 149 ± 1 MPa, 146 ± 1 
MPa, 134 ± 6 MPa and 126 ± 9 MPa. The fatigue limits at 105 

 
 
Fig. 9. Dimensions (length and width) of a representative grain. 

 

 

 
Fig. 10. Grain size (μm) in the welding regions as a function of the 
process parameters. 

 

 
 
Fig. 11. S-N diagram relative to the U-150, U-600 and T-600 sets of 
FSW specimens with 90% confidence curves. Fatigue limits and run-
out values – identified by { } R.O. marks – are sometimes shifted from 
the nominal 104 or 105 values for better readability. 
 

 

 
 
Fig. 12. Applied stress vs. number of cycles to failure diagram of the 
unwelded and the FS-welded samples. 
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load cycles were, in the same order, equal to: 202 ± 4 MPa, 
144 ± 2 MPa, 138 ± 2 MPa, 129 ± 3 MPa and 88 ± 5 MPa. 

The mean and the population standard deviation, as well as 
the sample standard deviation, were reconstructed from the 
staircase data, following the procedure reported in Ref. [46], 
and reported in Tables 4 and 5. A 90% confidence interval 
(k90% = 1.645) was adopted from the normal distribution to 
determine the scatter around fatigue limits, defined as and 
presented in the aforementioned values as well as in Figs. 9 
and 10. A maximum scatter of 9 MPa was found for the 
threaded tool welded samples, for the 104 load cycles fatigue 
limit. Furthermore, a relatively low data dispersion resulted, 
even if the U-150 series presented only 10 specimens, instead 
of 15: the maximum scatter relative to this series resulted to be 
slightly inferior to 2 MPa. 

By looking at Figs. 11 and 12, it is possible to state that the 
series of samples welded with the lower feed rate of 150 
mm/min and the unthreaded tool exhibited the best fatigue 
behavior. Inferior fatigue strength was shown, from the best to 
the worst, by the U-600, T-150 and T-600 samples. Compared 
with the fatigue limits of the U-150 samples, a drop of, respec-
tively, 2 %, 10% and 15% at 104 load cycles and of 4%, 11% 
and 39% at 105 load cycles resulted. 

Therefore, the use of the threaded tool produced worse re-
sults than those obtained with the unthreaded one and the per-
formances of the joints welded with the latter were only 
slightly influenced by the feed rates, as shown by the limited 
decrease in the fatigue resistance that followed by using a feed 
rate of 600 mm/min instead of 150 mm/min on an unthreaded 
tool. In fact, even if the relatively large standard deviations 
related to the threaded measurements at the 104 fatigue life 
limit do not allow to have full confidence in the results, the 
lower fatigue strength of the T-150 and T-600 series at the 105 
limit, showing, respectively, a 11% and a 39% drop if com-
pared to the U-150 samples, with relatively limited data dis-
persion, clarifies unambiguously that the performance of the 

joints obtained with the threaded tool was worse. 
As a matter of fact, the use of the present threaded tool is 

more sensitive to the feed rate increase and would require an 
accurate selection of optimized values of this parameter. 

The fatigue life S-N diagrams of the FS-welded specimens 
are presented in Fig. 11, and they have been obtained from the 
least squares linear regression procedure presented in ASTM 
E 739–91 standard [49], using as the independent variable X 
and log10 N as the dependent variable Y. A least squares linear 
regression fit of the form: 

 
 (1) 

 
has been adopted, estimating A and B coefficients by mini-
mizing the squared distance from the measured points: 

 

 
(2)

 
 (3) 

 
where 10logY N=  and ,X s=  k being the number of sam-
ples. The sample estimate of the variance is defined as: 

 

 
(4)

 
 

where ˆˆ ˆ
i iY A BX= + . The 90% hyperbolic confidence bands 

can be then obtained from the equation: 
 

 
 (5) 
 

where F90% is the F-test parameter for 90% confidence, with 
degrees of freedom n1 = 2 and n2 = k-2, following the nomen-
clature of the ASTM standard. Values for the regression 
analysis were taken from experimental data, remembering to 
exclude from the analysis the samples with not reported values 
of N, as well as run-out tests, according to the ASTM standard. 
The curve from the T-150 dataset is not presented since, due 
to the high number of run-outs at 104 cycles, which caused a 
low availability of samples, moreover concentrated only at N 
values around 105 cycles, it was not possible to extract a satis-
factory trend, and the resulting determination coefficient R2 
was excessively low, with a value of 0.13. 

Fig. 12 presents a comparison of the welded specimens S-N 
curves with the unwelded specimens BM series S-N curve, 
obtained with the same methodology. The superior fatigue 
behavior of the unwelded material is quite clear. In fact, a drop 
of 38% and 29% was experienced by the best welded samples, 
i.e. the U-150 ones, with an upper limit of, respectively, 104 
and 105 load cycles. However, it is interesting to note that, for 
the unthreaded series, the reduction of fatigue strength is lim-
ited at the higher number of cycles since the gradient of the S-

Table 4. Fatigue tests results with an upper limit of 10,000 load cycles. 
 

 U-150 U-600 T-150 T-600 BM 

σFAa,10
4  

(MPa) 148.8 145.9 133.8 126.2 239.0 

m (MPa) 1.5 13 12.8 18.2 5.3 

m̂ (MPa) 0.7 0.6 3.6 5.3 2.9 

NR = Value not recorded 

 
Table 5. Fatigue tests results with an upper limit of 100000 load cycles. 
 

 U-150 U-600 T-150 T-600 BM 

σFAa,10
5 

(MPa) 143.8 137.5 128.7 87.5 201.7 

m (MPa) 2.1 2.9 4.1 8.7 5.3 

m̂ (MPa) 1.1 1.4 1.7 3.1 2.7 

NR = value not recorded 
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N curves of the unthreaded series of the welded samples is 
less steep than that of the unwelded ones. Therefore, the decay 
of the fatigue properties after the FSW process tends to be-
come less important as the reference number of load cycles 
increases, at least if we are considering the samples welded 
with the unthreaded tool.  

On the other hand, the T-600 series shows the same slope, 
i.e., exponent of Wöhler’s diagram or decay rate of the BM. 
T-600 has an exponent log( 5

10s )-log( 4
10s ) that is close to 

those reported in the Eurocode 9 for some structural details. In 
the case of U-series, the values are close to tensile strength, 
hence there must have been a very high cyclic plastic strain, 
which can produce dynamic recrystallization ending up in 
dislocation cells, altering microstructure.  

Some analyses were carried out on the broken samples. The 
images reported in Fig. 13 show the detail of a cracking surface 
of a specimen tested at 104 and 105 cycles, respectively. All the 
fatigue cracks are localized outside of the joint line, in the heat 
affected zone. In the case of specimens broken at 104 cycles, 
the fracture surface is rough and wrinkled (Fig. 13(a)). On the 
opposite, the specimens broken at 105 cycles (Fig. 13(b)) show 
a clear separation between the area of stable defect propagation 
and the area subjected to the final rupture. The beach marks, 
typical of the fatigue crack region, can be noticed in the area 
characterized by a smooth and bright surface.  

Table 6 reports both the tensile and the fatigue efficiencies 
of the tested joints with respect to the strength of the base 
material. Efficiencies between 71% and 43% were found at 
the fatigue life limit of 105 load cycles. This means that the 
FS-welded AA6060-T6 alloy showed an efficiency drop of 
only 3%, from 71% to 68%, by increasing the feed rate by 
400%, i.e., from 150 mm/min to 600 mm/min, and using the 
unthreaded tool. Furthermore, apart from when the higher feed 
rate was used, the efficiency of 64% of the joints welded with 

the threaded tool is comparable with those of the U-series. 
Therefore, if the samples of the U-150, U-600 and T-150 se-
ries are taken into account, the variation of the feed rate and 
tool shape did not give rise to remarkably different results. 
Analogously, in Ref. [22] Cirello et al. found that the influ-
ence of the variation of the FSW process parameters on the 
fatigue behavior of AA6082-T6 butt joints was quite low. The 
investigated feed rate range was between 71 and 215 mm/min, 
which falls around the lower speed value used in the present 
study, and the efficiency of the joints at the best condition was 
60%. Compared with these results, those of the present study 
can be significant, particularly if the trend of the fatigue resis-
tance of the best three series of the welded joints analyzed was 
confirmed at fatigue lives longer than 105 cycles. Furthermore, 
it is important to stress that, at least with the adopted process 
parameters, no beneficial effects on the fatigue strength can be 
obtained if a threaded tri-flute tool is used instead of a cylin-
drical standard one. Even though the adopted parameters are 
in line with the literature, the rotational speed was kept con-
stant in this study and only the effect of feed rate was investi-
gated. It is not possible to exclude different effects in terms of 
fatigue strength due to the use of other values of rotational 
speed. 

The effect of the variation of the feed rate within a very 
similar range to that of interest on the LCF behavior of 
6061Al-T651 friction stir welded joints was studied by Feng 
et al. in Ref. [10]. Despite the different fatigue regime ac-
counted for, it is worth underlining that they found the fatigue 
lifetime to slightly decrease with increasing welding speed 
from 200 mm/min to 600 mm/min, that is, from a macro-
scopic point of view, coherent with what has been observed in 
the present AA6060-T6 joints. As far as the high cycle fatigue 
regime is concerned, the results collected meet those by Kim 
et al. [11], who observed that the fatigue resistance, with an 
upper limit of 62 10×  cycles, of FS-welded joints of A6005-
T5 extruded aluminum alloy sheets decreased with the in-
crease of feed rate from 300 mm/min to 650 mm/min. 

Furthermore, by comparing the micrographic analyses (Fig. 
10) and the fatigue results, the fatigue samples failed in the 
heat affected zone, where the grain size is larger. As expected, 
the samples series having the largest grain dimension (T-600) 
showed the worst fatigue behavior. 

 
4. Conclusions 

The tensile and fatigue behavior of AA6060-T6 friction stir 
welded butt joints was investigated in this work. Micrographic 
and microhardness analyses across the joint region were also 
carried out. Generally good results in terms of welding effi-
ciency were observed in almost all cases. Feed rate resulted to 
be a parameter affecting the UTS; in particular, the UTS in-
creased for decreasing values of the feed rate. The tool geome-
try only influenced the strain at rupture and the threaded tool 
resulted in being detrimental to the strain limit. The width of 
the softened region and the microhardness values recorded in 

Table 6. Tensile and fatigue strength efficiency and rate of fatigue 
strength decay of the samples. 
 

Fatigue strength Series ID Tensile strength efficiency 
104 LC 105 LC 

BM - - - 
U-150 62% 62% 71% 
U-600 59% 61% 68% 
T-150 62% 56% 64% 
T-600 59% 53% 43% 

 

 
               (a)                        (b) 
 
Fig. 13. Fracture surface of specimens: (a) 104 cycles failure; (b) 105 
cycles failure. 
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the joining area resulted in being influenced by the feed rate; 
in particular, the width of the softened area increased with 
decreasing values of this parameter. In this case, the thermal 
contribution can be considered as the most significant factor 
affecting the softening effect: the higher the thermal contribu-
tion, the wider the softening width. As a general remark, the 
average grain size in the nugget area is always smaller when 
the threaded tool is used, thereby confirming a higher remix-
ing effect due to its complex shape. Considering the HAZ, a 
certain correlation between the mechanical properties of the 
joints and the grain size can be observed: the average grain 
size of the retreating side, where the failure occurred, is usu-
ally larger than the advancing one. With regards to the joints 
fatigue properties, the samples welded with the lower feed rate 
and the unthreaded tool exhibited the best fatigue behavior. 
The use of the threaded tool gave rise to worst results, particu-
larly at the higher feed rate and at the longer fatigue life. Fur-
thermore, the performance of the joints welded with the stan-
dard tool was only slightly influenced by the feed rate. 
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Nomenclature------------------------------------------------------------------------ 

N : Number of load cycles to failure 
maxs   : Maximum applied stress over the fatigue cycle 

(MPa) 
4,10FAa

s   : Mean value of fatigue limit at 104 load cycles 
(MPa) 

5,10FAa
s  : Mean value of fatigue limit at 105 load cycles 

(MPa) 
{ } . .R O  : Run-out value, not included in linear regression, 

used with the staircase method 
μ : Population standard deviation of the fatigue limit 

(MPa) 
m̂   : Sample mean standard deviation of the average 

fatigue limit (MPa) 
Y   : Mean value of the Y variable 
Ŷ   : Estimated value of the Y variable 

iY   : i-th measure of the Y variable 
90%k   : 90% confidence factor 

S : Tool rotational speed (rpm) 
F : Feed rate (mm/min) 
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