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Abstract. The aim of the present research is to investigate the fatigue behaviour of friction stir (FS)
welded tubular joints in aluminium alloy subjected to torsional fatigue loading. To manufacture the
samples which were tested, an MTS I-STIR process development system was equipped with a
retracting tool specifically designed for these tubular welds. Al 6082-T6 FS welded samples were
tested under cyclic torsion with a nominal shear stress ratio equal to -1 and 0. The test data show
that, strictly speaking, the presence of non-zero mean shear stresses has a detrimental effect on the
overall torsional fatigue strength of the FS welded joints. However, the reanalysis discussed in the
present paper suggests that, from a statistical point of view, any detrimental effect is small. This
means that fatigue assessment under torsional fatigue loading of these FS welded tubular
connections can be performed with little loss of accuracy by neglecting the presence of non-zero
mean shear stresses.

Introduction

One of the most difficult technological issues in designing a high-performance mechanical
assembly is achieving efficient and reliable joining of the different parts. Welding is now the most
widely used joining solution, but suffers from a number of issues related to flaws induced during
welding and to the thermal cycle experienced by material local to the weld. Weld design, e.g. to
Eurocode 3 (steel) [1] or Eurocode 9 (aluminium) [2], therefore relies on statistically reliable
although very conservative experimental data together with a fracture mechanics analysis of crack
growth from assumed initial flaws. Weld quality is a very significant variable which is largely left
unspecified in current generation fusion welding codes. FS processes are a fairly recent solid-state
alternative offering high quality, low residual stress welds with high fatigue strength. These
advantages mean that FS welding is a technological process that is already widely applied in the
industrial arena for structures/components where service life is not dominated by dynamic loading.
The major barrier to a wider adoption of aluminium FS welded joints in dynamically loaded
structures is the lack of suitable multiaxial design procedures. As a first step towards progress in
this complex scenario, the present paper summarises experimental results generated by testing Al
6082-T6 FS welded tubular joints under cyclic torsion. The work presented here is part of a larger
programme of work on the issue of multiaxial fatigue design for FW welded tubular structures.

Development of the technological process to FS weld tubular joints

The technology necessary to manufacture the FS welded tubular samples was developed and
optimised at the Nelson Mandela Metropolitan University (NMMU), South Africa. A fourth axis for
a standard FS welding platform was designed, engineered, and developed (Fig. 1). Improving the
weld quality required an ad hoc retracting tool to be designed and manufactured. Control of this
additional fixture was integrated with that of the I-STIR platform and, after an iterative optimisation



process to determine values for the manufacturing process variables, FS welds of high quality could
be made in small diameter aluminium tubes. Figure 2 shows a typical welded Al 6082-T6
aluminium specimen manufactured using this technology. The FS welded tubular samples
employed in the present investigation had outer nominal diameter equal to 38 mm and inner
nominal diameter to 31 mm. Both the static and fatigue results were generated by testing samples in
the as-welded condition.

Static strength under axial and torsional loading

In order to check the reliability and repeatability of mechanical properties of these specimens
(which is an indicator of weld quality) a number of tensile tests were carried out under pure tension
as well as under pure torsion.

. Figures 3a and 3b show two tensile curves generated under
axial and torsional loading, respectively. As expected, failures
were seen to take place at the tip of the undercut resulting from
the FS welding process (see the images in Figure 3). As a further
~, check of the tensile strength, data were also acquired from
. microtensile quasi-flat specimens using a Gatan Microtest
2000EW test stage. This investigation, done at the University of
Plymouth, UK, was in preparation for future electron back-scatter
e S diffraction work on microstructural changes during fatigue crack
Figure 1. Platform specifically growth. The experimental investigations performed in the two
developed to manufacture FS  laboratories resulted in an average value of the ultimate tensile
welded tubular joints. strength for FS welded Al 6082-T6 equal to 152 MPa, the axial
static strength of the parent material being equal to 303 MPa.

-

Fatigue strength under torsional loading

The torsional fatigue tests used a SCHENCK servo-hydraulic
axial/torsional testing machine. The welded specimens were

Figure 2. Al 6082'T6 FS clamped using MTS hydraulic grips and the torsional tests were

welded tubular specimen. carried out under nominal torsional load ratios (R=Tmin/Tmax)
equal to -1 and 0. The failure criterion that was adopted was a 10% torsional stiffness decrease,
equivalent to cracks having a length of about 30 mm. The pictures seen in Figure 4 show the typical
cracking behaviours displayed by the FS welded joints. Irrespective of the applied load ratio, cracks
were seen to initiate mainly at weld undercut, with subsequent propagation occurring on those
planes that experienced the maximum shear stress amplitude (i.e. on planes either parallel or
perpendicular to the specimens’ axis). It is important to highlight that, under torsional loading, the
weld end points (see Figure 2) did not act as preferential locations for crack initiation, with 15 out
of 18 specimens failing due to fatigue cracks that were initiated away from the weld end points.

The Wohler diagram in Figure 5 reports, in terms of nominal shear stress amplitude, t,, the data

generated under a torsional load ratio, R, equal to both -1 and 0. The results of the statistical
reanalysis are summarised in Table 1, where k is the negative inverse slope, T is the amplitude of
the endurance limit extrapolated at NRef=2'1O6 cycles to failure, and T is the scatter ratio of the
amplitude of the endurance limit for 90% and 10% probabilities of survival, Ps. The experimental
results were post-processed under the hypothesis of a log-normal distribution of the number of
cycles to failure for each stress level with a confidence level of 95% [3].
Table 1 shows that the T; ratios obtained for the two series of data (i.e., R=-1 and R=0) approach
the unifying value of 1.5 statistically determined by Haibach [4] by reanalysing a large number of
experimental results obtained under uniaxial fatigue loading from different welded geometries. This
seems to further confirm the statistical significance of the current results.
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Figure 3. FS welded tubes tested under axial (a) and torsional (b) static loading.
17,=58.3 MPa, R=-1 7,=50.0 MPa, R=-1 1,=41.7 MPa, R=-1

Ni= 31,589 cycles to failure N¢= 155 ,896 cycles to failure Nf:1,726,459 cycles to failure

_

17,=50.0 MPa, R=0 1,=37.5 MPa, R=0
Ni= 8,764 cycles to failure N¢= 427,865 cycles to failure N¢= 1,071,840 cycles to failure

Figure 4. Examples of the observed macroscopic cracking behaviour.

The negative inverse slopes (Table 1) are
characterised by larger values than the one

sal:ll; Olf;z S R k A T, recommended by the International Institute of
P [MPa] Welding (IIW) to design conventional

11 -1 10.8 38.9 1.49  aluminium welded joints against torsional

9 0 9.5 32.9 1.52 fatigue (i.e. k=5) [5]. The values for k reported

20 1&0 102 36.1 1.53  inTable 1 are also larger than the unifying value

of 7 suggested by LBF in Darmstadt, Germany
to perform, according to the reference radius
concept, the torsional fatigue assessment of
conventional aluminium welded connections which can be classified as “thin and flexible” [6]. This
seems to indicate that the local stress concentration phenomena due to the undercut occurring
during FS welding has little effect under cyclic torsion, resulting in negative inverse slopes
approaching the values usually displayed by un-welded aluminium alloys [7].

The endurance limits, T4, reported in Table 1 also indicate that the presence of superimposed
static torsional stresses had little detrimental effect on the overall torsional fatigue strength of the
tested FS welded samples. In particular, using R=0 gives a decrease of the endurance limit of only
some 15%. This experimental outcome agrees with observations in un-welded metallic materials
where, according to the classic results due to Sines [8], the presence of non-zero mean shear stresses
can be neglected with little loss of accuracy as long as the maximum shear stress in the cycle is

Table 1. Summary of the experimental results
generated under torsional fatigue loading.



lower than the shear yield stress. Figure 5 shows the results of the statistical reanalysis performed
by grouping together the data generated under both R=-1 and R=0. The values of the parameters
summarising  the  calculated
Wohler curve are also listed in
Table 1. The relatively low value T,
obtained for index T, seems to [MPaj
strongly support the validity of

this classic design assumption. 1001
From a fatigue assessment point o
of view this leads to - L
simplification of the problem as,

in a similar way to conventional
aluminium welded joints [5], the
torsional fatigue strength of FS
welded tubular  joints can
accurately be determined solely in 10 I
terms of amplitude of the nominal 1000 10000 100000 1000000 10000000
shear  stress, provided that Ni[Cyeles to Failure]
appropriate safety factors are Figure 5. Fatigue results generated by testing Al 6082-T6
adopted. FS welded tubular samples under cyclic torsion.
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Conclusions

e The welding process developed in this research project produces high quality FS welds in
aluminium tubular joints. This novel advance in technology is expected to have high
industrial impact in the near future.

e From a design point of view, the torsional fatigue strength of tubular welded joints in
6082-T6 alloy can be accurately estimated by neglecting the presence of non-zero mean
shear stresses, provided that appropriate safety factors are adopted.
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