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Fatigue strength of aluminium welded joints
by a non-local approach

Paolo Livieri, Roberto Tovo

Department of Engineering, University of Ferrara, Via Saragat, 1, 44122 Ferrara, ltaly

Abstract

In this paper, the numerical implicit gradient approach already validated for steel welded joints is also used
for aluminium joints. Some peculiarities of aluminium joints are discussed and a general fatigue scatter band
for arc welded joints has been proposed. The analysed experimental data taken from the literature range
from the simple butt-welded joints with a thickness of 2 mm up to the extruded I-beam with a length of about
2 meters. The obtained SN behaviour has an inverse slope of 3.7 and, at high cycle fatigue, the strength is

about half that of steel joints.
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Nomenclature

C characteristic length, dimensionally a length
k fatigue curve slope

k; non-dimensional coefficient

Ky notch stress intensity factors (NSIF)

K¢ fatigue strength concentration factors

N cycles to failure




n outward normal

P, Q general points in a continuous domain

n scatter index

R nominal fatigue stress ratio

t thickness

2a weld opening angle

WV weight function in non-local stress definition

s arc length

AGhom reference nominal stress range

Ocff non-local effective stress (implicit gradient
assessment)

AOf max maximum range of non-local effective stress

Oeq equivalent stress

Ts

scatter index




1. Introduction

The design of welded structures not classified in the fatigue design class can only be made by means
of local concepts. There are many local methods in the scientific literature that take into account
the stress in the neighbourhood of the fillet weld which is thought to be a stress raising factor (for
a complete overview see reference [1]). In general, the procedure proposed for steel welded joints
is also adjusted to aluminium alloy by simply modifying the microstructural parameter or master
fatigue curve. Usually, the cycles for nucleation and propagation of a crack up to 1 or 2 millimetres
take up most of the life time of the components [2, 3]. This experimental evidence suggests that the
local stress or strain field, even without modelling any crack or crack-like defect, can describe the
behaviour of the components, under several fatigue loading conditions. Furthermore, another
strong simplification can be introduced by setting the notch tip radius equal to zero [4]. As recently
confirmed by the implicit gradient approach [5], if the notch tip radius is very small, for instance
significantly less than one millimetre, its actual values and its variation can be neglected, since the
geometrical behaviour is comparable to a sharp notch. Conversely, when the notch tip is higher, the
fatigue strength increases by increasing the radius and this justifies the advantage given by several
post-welding treatments as well as the tig dressing and the grinding [6, 7, 8]. For this reason, for
sharp notches the asymptotic Williams’ equations [9] results important for the local stress field
evaluation in the fatigue life assessments. For example, by integrating Williams’ equations, the
average strain energy can be evaluated in a circular sector placed at the weld toe; even the Notch
Stress Intensity Factors (NSIF) are defined and calculated [10, 11] according to sharp notch stress
analysis. With this approach, the fatigue strength of different opening angle can be compared by
assessing the most probable zone of crack initiations [12]. The NSIF procedure is also a sound
theoretical framework for the J-integral approach as proposed in [13] where wide mesh can be used
for the evaluation of the critical fatigue parameters for both steel and aluminium welded joints. The
peach stress method (PSM), proposed in reference [14] can also be used the NSIF assessment at the
weld with a course mesh [15]. Furthermore, the PSM approach is suitable for the fatigue life
estimation of both steel and aluminium welded joints by changing the fatigue reference curve [16].
A simplified approach to the fatigue calculation is given by the fictitious notch rounding that modify

the local geometry by imposing a rounded tip notch [17]. However, when the thickness is small the



notch tip radius must be changed and the reference fatigue curve have to be changed too

accordingly [1, 18, 19, 20].

The fatigue assessment of welded structures becomes much more complex when multiaxial loading
is involved. The fatigue life of weld can be predicted also with the use of the modified Wohler curve
method applied along with the theory of critical distances [21]. As highlighted in ref. [22], the fatigue
damage depends on the whole stress distribution damaging and the material in the vicinity of the
crack initiation site uniaxial nominal situations should be treated as simple sub-cases of the more

complex multiaxial fatigue problem.

Specifically, the implicit gradient approach provides a weighted averaged stress, where the
relevance of the stress is more important at a position closer to the tip. Until now, this method has
been suitable for the design of welded joints made of steel, with very different geometry, load

conditions and thickness [23, 24, 25].

The analysis and assessment of fatigue strength in aluminium joints is more difficult due to the
reduced availability of experimental data together with the large variability of geometrical features
and parent materials. For aluminium alloy, there is generally fewer experimental data presentin the
scientific literature than that of steel weldments, moreover, many papers do not report detailed
data concerning the actual local geometry, such as weld toe angle, throat size and so on. However,
in recent years, the role of the so-called local approaches has become increasingly more relevant

and researchers have paid more attention to local geometry investigation in welded joints.

Furthermore, for aluminium alloys, the ageing condition can modify the mechanical proprieties

of the joints and, consequently, this could affect fatigue behaviour even in the welded condition.

This paper focuses on the fatigue strength of fillet and butt welded joints, where the geometrical
effect is assumed to be predominant. Hence, as a first approximation, the same characteristic
strength is applied to all types of aluminium alloys, similarly to steel welded joints, as already applied in
several design standards for the aluminium alloys [26, 27]. As a first approach, the local changes in
mechanical properties due to the welding process are not considered either, or are they considered
in any other local, structural or nominal stress approach to fatigue design of welded joints. However,
this assumption is suitable particularly when geometrical the stress raising effect is dominant.

Otherwise, for instance in friction stir welding, when the geometrical notch effect is reduced, the
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ageing beneficial is no longer negligible and a separate investigation among different aluminium

alloys is more appropriate [28, 29].

The aim of this paper is to investigate the fatigue strength of aluminium welded joints taken from
the literature. The implicit gradient approach is used to estimate the fatigue main curve of
aluminium alloy by considering different geometrical shapes. Many experimental data divided into
test series have been investigated and a different characteristic length relating to the material

proprieties has been proposed for aluminium joints.

2 The non-local implicit gradient approach

The fatigue damage at stress concentrations could be related to an average value of stress as
originally suggested by Neuber [30]. Over the last decade, the idea has been successively revisited
in several papers and contributions, see for instance refs. [31, 32, 33]. The Neuber idea can be
generalised at any point of the structural component by means of a weight function that considers

the nearest points and its stress fields more critical [34, 35, 36].

Actually, the equivalent stress obtained by means of the implicit gradient method applies the
calculation of the average stress at the stress raiser [37, 38]. Usually in welded joints, the cracks
nucleate at the weld toe or root due to fatigue loading. This aspect is checked in all experimental
papers that experimentally analyse the nucleation and the propagation of the crack by means of
failure analysis after the final collapse [39]. However, there are a few exceptions that are related to
the presence of defects in the weld [40] or, in the case of spot welds, that are due to a relevant of

shear loading [24, 41].

By accepting the simplification that the weld can be idealised as a Sharp V-notch, the local stress

field can be mathematically described by means of Williams” asymptotic equations.

Such an elastic stress field is considered here in the analytical form proposed in ref. [42]:

Oy ) S foa (‘9)
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for mode Il, where y; and y; are geometric parameters, 4; Williams’ eigenvalues, f;; harmonic
functions and Ky ; are calculated by applying the definition proposed by Gross and Mendelson [43].
For a generic welded joint characterised by an opening angle 2a, Notch Stress Intensity Factors

(NSIFs) can be obtained from an accurate asymptotic FE analysis [44]:

If the opening angle is larger than 102°, only mode | is singular and if the K 1 is known, the effective

stress, O, relates to the average stress fields generated by a stress raiser and, as well as a sharp V-

notch, it can be analytically estimated by using the implicit gradient method as [45]:

my
Ocffmax = WKN,l (3)

where m, is a non-dimensional parameter that depends only on the opening angle and A, is
Williams’ eigenvalue of mode | (for 2a=0 and 135°, A; assumes values of 0.5 and 0.674, respectively).
The parameter m, is equal to 0.405 for 2a equal to 135° [45], and c is the characteristic length.

In @ more general case, the NSIFs are not known, so the effective stress c.s can be calculated
numerically, point by point, by solving the Helmholtz differential equation in volume V of the

component by imposing Neumann boundary conditions [46]:

22 _ .
C.;—CV O =0, 1N Vv (4)

In Eq. (4) it is assumed that fatigue damage is related to the average value of a physical quantity
evaluated on the whole component. It is usually related to the multiaxial adopted criterion and is
called equivalent stress oeq. V * is the Laplace operator. Neuman boundary conditions are assumed:
Voerr-n=0 (where Vo.sr is the gradient of the effective stress and n is the outward normal to

the boundary). c is the characteristic length assumed constant and related only to the material, in
6



this case an aluminium alloy in as welded condition. The value of effective stress o closely depends
on the value of c. When c is small, the effective stress c.#(P) approaches o, (P), while when ¢
increases, the effective stress becomes less sensible to the stress concentration. For this reason, it
is important to correctly evaluate c for a given material. The value of ¢ can be evaluated on the basis
of experimental result at high cycle fatigue. In the case of sharp V-notches, from Equation (3), by
imposing that the effective stress will be constant independently of the opening angle, it is possible
to evaluate c. In this case it is necessary to have at least two series of experimental data relative to
two different opening angles. In the case of welded joints, a detailed discussion is given in section

4.

Equation (4) can be solved by means of FE analysis, even by using the same mesh utilised for the
previous calculation of o4 related to the Cauchy stress tensor under linear elastic hypothesis of the
material. A non-linear behaviour could be introduced without particular problems as well as a
multiaxial fatigue criterion [47, 48, 49]. Although the equivalent stress can be singular at the notch
tip, the effective stress results in a continuous function and this strongly simplifies the fatigue

assessments of welded structures, and in general, sharp V-notches.

With the implicit gradient approach, by solving Eq. (4) we indirectly evaluate, in a convenient
numerical form, the average stress o,, in each point of the weld. The definition of the average stress
linked to the o is given by [46]:

p fVY(P‘Q) Ueq(Q) av (5)
o =
av( [y av

where: P is the investigated point; Q a generic variable point inside volume V of the Q body and

the equivalent stress o4 @ function of the stress tensor. The weight function ¥ is an isotropic
function of the distance s, which vanishes as the distance between P and Q increases. Figure 1,

proposes the concept of the implicit gradient approach.

Now, by recalling the linear proportionality between the NSIF Ky 1 and the nominal stress g,,om (K

= kq g M Onom ; Where k; is a non-dimensional coefficient, o,,, the range of the remote applied
stress and t the main plate thickness of the joints [4]), the fatigue strength concentration factor K

can be defined in the form

1-2
m, klt 1

Oeffmax = R *Onom = Kf * Onom (6)



Note that K; takes into account both geometrical effect and material sensitivity in a unique non-
dimensional parameter as is usual for the fatigue notch strength reduction factor. Obviously, under

fatigue loading the Eq. (6) can be written in terms of stress range:

1-2
m, klt 1

AO-eff,max = R “Aopom = Kf AV (7)
Equation (6) can also be used when the NSIF is not available. In this case the effective stress can be
evaluated by means of Eq. (4) for a given value of ¢ and applied nominal stress - 0,,,,. Then, after

the numerical calculus of g,¢f max, by assuming that mode I is dominant, k; can be calculated.

As an example, Figure 2 shows the effective stress for rectangular hollow section joints when a
remote axial loading o0,om is applied to the chord (AL-27 series [50]). The coloured scale indicates
the most critical point without any further post processing of the data. Furthermore, in order to
quantify the effective stress, a plot of effective stress along the weld toe is suggested. Figure 2
reports the effective stress in dimensionless form along the path ABCD as a function of arc length s
for a ¢ value of 0.15 mm. The maximum value is reached near point C (nominal opening angle

2a=125°). From Eq. (6), k; results as 1.53 with thickness t being equal to 3 mm.

3 The implicit gradient approach in fatigue welded joint assessment

The effective stress at the weld tip can be easily evaluated by means of Eq. (3) if the NSIF of mode |
is known. On the other hand, for complex geometries, the implicit gradient approach can take
advantage of any user-defined partial differential equation solver, for instance the FE numerical
procedure implemented in Comsol Multiphysics FE software. For welded structures subjected
mainly to a mode | loading, a reasonable option is to assume o4 equal to the maximum principal
stress o4, which is evaluated with a conventional finite element investigation for linear elastic
materials [51]. The Helmholtz Eq. (4), is solved by using the same mesh required for the previous FE
analysis where the Cauchy stress tensor is calculated. The mesh refinement does not require any
special rules: the analytical problem only has one finite solution and a simple numerical convergence

analysis is suitable. Generally, near the critical point, an element size close to the size of



characteristic length c is appropriate. An example of an accurate convergence analysis applied to
the implicit gradient application is available in reference [24]. The equivalent stress is calculated all
over the geometry; but, in general, its maximum value is usually at the weld toes or at the weld

roots. The location of the maximum effective value of the equivalent stress defines the critical point.

In comparison with the other local approaches listed in the introduction and presented, for instance,

in reference [1], our method offers some interesting peculiarities such as:
- it is independent of the shape of the joints, load type and main plate thickness;

- it is suitable for both two-dimensional or three-dimensional models by referring to the same SN

curve;

- it does not require any modification of the geometry or CAD three-dimensional model and any

geometrical detail can be considered, including real or assumed defects;

- the crack initiation site is not assumed a priori, but it results from the analysis and, in previous

investigations, it agrees with the experimental evidence;
- it does not require any structured or particular rule for FE mesh creation;

- under multiaxial loading it is possible to implement a consistent procedure that takes into account

the effects of multiaxiality.

On the contrary, a disadvantage is that the method requires the use of multi-physics software that
is able to solve the Helmholtz partial differential equation of second order. Hence two FE analyses
are necessary: the first is a conventional FE structural analysis to evaluate the Cauchy tensor and

the second to solve Equation (4). If useful, the two FE analyses can use the same mesh.

3.1 Steel joints

In previous papers, the authors considered the fatigue strength of welded joints made of steel. More
than one thousand experimental data from past works were considered and the behaviour of

welded joints can be summarised by means of a universal scatter band in terms of maximum range



of effective stress Aces max- IN the case of arc welded joints made of steel, the fatigue scatter band
was evaluated between 10* and 5-10° cycles to failure. The inverse slope turned out to be close to
3 and the T, ratio between the scatter bands related to the mean values plus/minus 2 standard
deviations was 1.9. The scatter band is independent from the geometry of the joints and can be
used to estimate the safety factor of welded joints or to estimate fatigue life in terms of nominal

stress [51, 5].

Figure 3 shows the capability of Aces max. to recap the fatigue strength of about 600 experimental
points of welded joints of very different geometries and main plate thicknesses (from 3 up to 100
mm). The design curve for automatic heat cutting FAT 140 proposed by Eurocode [52] is very close
to the curve of 97.7% survival given by the implicit gradient approach so that the reference curve of
the effective stress is actually the already assessed design strength of the parent material affected

by a thermal process.

3.2 Aluminium welded joints

This section analyses the fatigue behaviour of welded joints made of aluminium alloy by using the
design procedure tuning for steel joints. The experimental data taken from the literature can be
divided into four groups. The first set is reported in Table 1. The welded joints in Table 1 were
previously analysed and qualified by the NSIF of mode |. The opening angle ranges from 135° to
180°. The FE analysis used for the NSIF assessments was of the two-dimensional type (for further
details see reference [12]).

The second, third and the fourth sets of experimental data are newly analysed data and the effective
stress is numerically evaluated by proper numerical integrations of Eq. (4). For these welds, the
numerical analyses are based on three-dimensional models so that the local effect due to the
relationship between the thickness and the transversal size of the weld can be fully considered, as
underlined in reference [25]. Table 2 reports the main characteristic of T-welded joints, butt-welds,
butt-welds with incomplete penetration, and hollow T-joint sections subjected to axial or bending
loadings characterised by a sharp V-notch. Table 3 and 4 summarise other series of fatigue data that
will be used for the confirmation of the scatter band defined by using experimental data from Tables

1and 2.
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The three-dimensional models analysed in Tables 2—4 respect the geometrical size reported in
the original papers. However, in order to define an accurate virtual model, some dimensions are
taken from pictures presents in the same papers.

First of all, Fig. 4 suggests the analysis of all data in terms of nominal stress. Tables 1-4 report the
value of fatigue strength of nominal stress at 5x10° cycles to failure and 50% probability of survival.
The scatter is very high and a rational single synthesis by means of a simple use of the nominal stress
is not possible.

In order to calculate the effective stress, the definition of the characteristic length c is of
fundamental importance. The c value can be evaluated in different ways; but, due to the scatter of
the fatigue behaviour, differences can arise by changing assessment procedure.

For instance, a first possibility is to compute “c” by fitting different reference high cycle fatigue
strength values, usually at 5x10° cycles to failure for 50% probability of survival. It is possible to
consider the fatigue strength of welded joints with an opening angle 2a =135° and the ground butt
welds (20=180°), from data reported in Table 5. By comparing the effective stress from Eq. (3) to

the fatigue limit, c results as:

1
_ m,,-AKN 1—7/11
‘S ( A0nom ) (8)

and from data from Table 5, c turns out to be close to 0.09 mm.

Another possibility is to use all experimental data available in the range of 10* to 107 of cycles to
failure.

For the welded joints of Table 1, o was evaluated by means of Eq. (3), while for the welds of
Table 2, a numerical three-dimensional solution was considered and K; was evaluated for each
series. Then, under the hypothesis of dominant mode | loading, the A, ff mqx can be written in the

former case indicated by Eq. (7) as a function of the c values.

Concerning fatigue life assessment, the analytical model for predicting fatigue life is the classic
linear model in a double logarithm scale (Wohler curve: Aaeff,maxk - N = constant). If we consider
the welded joints in Tables 1 and 2, for a given value of ¢, the scatter index IN can be evaluated in

the form

1= Yd? (9)

11



where d is the difference between the logarithm of experimental cycles to fatigue and the logarithm

of the analytic model.

By so doing, the scatter index I divided by its minimum value M, can be expressed numerically as

a function of c. Figure 5, shows that the minimum of M is close to 0.15 mm.

Figure 6, reports the Ag,rfmax against cycle to fatigue. A scatter band can be defined in a similar
way as welded joints made of steel. The slope is different, 3.7 versus 3.0, and the scatter index T

increases up to 2.3.

In order to confirm the scatter band of Figure 6, the analysis was completed with joints from Tables
3 and 4. In many series in Table 3, the weld toe is rounded. The implicit gradient approach is also
suitable in these cases because the numerical procedure supports the actual geometry and also a
three-dimensional model from a 3D digitising real-world object can be used [23]. The welded joints
in Tables 4 are more complex and the size is greater than the previous one. The beams were
subjected to bending loading. The extruded profiles, | or T beams, were welded to transversal
stiffeners or the plates were welded to the flange profile under positive tensile loading. In this paper,
for the sake of simplicity, the four-point bending, for series 39—-41 and 43, was simulated by means
of a couple of force applied at the end of the beam. Then, the K was evaluated for all the series,

which is reported in Tables 1-4.

Figure 7 summarises about 600 experimental points analysed in this paper. Specimens with different
geometries and thicknesses ranging from 2 to 25 mm present similar fatigue strength in terms of

effective stress.

Finally, Figure 8 and Table 6 resume the two universal scatter bands for welded structures made of
steel or aluminium alloy. The adopted numerical procedure is always the same regardless of
geometry, size and material. The difference in steel or aluminium alloy is only due to the material ¢

parameter.
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4 Conclusions

The main conclusions of this paper can be summarised as follows:

For aluminium welded joints, many experimental data sets are available in the literature,
however, only a small number has actually been considered since the power of a three-
dimensional approach is only possible when a sound picture or sketch of the actual weld

geometry is given.

A scatter band was obtained in terms of the effective stress range by analysing aluminium
welded joints with the main plate thickness ranging from 2 to 25 mm.

The scatter band allows the designer to predict the fatigue life of aluminium welded joints
without changing the procedure with respect to the algorithm proposed for welded joints made
of steel. The characteristic length for aluminium alloy reduces to 0.15 mm (0.2 mm for steel
joints). However, in relation to the steel joints, the scatter index increases by about 20%.

The soundness of the implicit gradient approach to aluminium welded joints was verified based
on the three-dimensional numerical procedure of about 600 experimental points.

The proposed approach is suitable for fatigue life assessment of welded joints characterised by
different opening angles of the fillet, different sharpness of the weld toe and different

thicknesses.

To reduce the scatter of the fatigue curve, the actual weld geometry must be known. In fact,
with a three-dimensional numerical procedure such as the implicit gradient approach, it is

possible to consider the influence of any weld geometry detail.
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Figure 1. implicit gradient reference geometry

Fig. 2. Effective stress in dimensionless form for the rectangular hollow section joints

under axial loading G0, (chord) of AL-27 series. s is the arc length along the weld toe
with the origin at point A belonging to the longitudinal symmetry axis (c=0.15 mm)

Fig. 3. Scatter band of steel welded joints of about 600 experimental points in terms of
maximum effective stress range (scatter bands related to mean values plus/minus 2
standard deviations; NLC: non-load-carrying joint, LC: load-carrying joint)

Fig. 4. Scatter band for aluminium welded joints in terms of maximum nominal stress
range (scatter bands related to mean values plus/minus 2 standard deviations)

Fig. 5. Scatter index as a function of the c characteristic length

Fig. 6. Scatter band for aluminium welded joints in terms of maximum effective stress
range (scatter bands related to mean values plus/minus 2 standard deviations)

Fig. 7. Scatter band for aluminium welded joints in terms of maximum effective stress range (scatter
bands related to mean values plus/minus 2 standard deviations)

Fig. 8. Scatter bands for steel and aluminium welded joints in terms of maximum
effective stress range (scatter bands related to mean values plus/minus 2 standard
deviations)

Table 1. Geometrical and fatigue strength properties of aluminium welded joints (two-dimensional analysis, for details
see reference [12])

N Oeff,50%
t R AK | 50y,
5-10°
Series  Refs Material [mm] AGnso% O 10° cicli cicli

K¢

14



5-10% MPa mm032% MPa C=0.15

cicli mm

[MPa]
AL-1 Maddox [53] 6061_T6 3 0.1 59.3 103.2 77.6 1.31
AL-2 Maddox [53] 6061-T6 6 0.1 45.3 97.8 73.5 1.62

20=135°

> B T 2 A4 Maddox(53  6061-T6 24 01 291 7.7 73.4 252
\D/ AL-5 Maddox [53] 6061_T6 24 0.1 40.9 105.0 78.9 1.93
C-NLC AL-6 Maddox [53] 6061-T6 12 0.1 38.0 94.1 70.7 1.86

AL-7  Meneghetti 5083-H3 1201 431 89.7 67.4 1.56

2a:1 350 [54] . . . .
G G
T-NLC
[ ] 2a=135°
Gn :| F } G, AL-9 Ribeiro [55] 6061-T651 12 0.1 28.0 108.8 81.8 2.92
< t \ / > AL-10 Jacoby [56] Al Zn Mg 1 12 0.1 27.4 127.5 95.9 3.50
c-Le |
AL-14  Ohno [57] 5083-0 4 0 86 - 86 1
AL-15  Person [58] 5052-H32 48 O 92 - 92 1

O, AL-16 Person[58]  5083-H113 9.5 o0 100 - 100 1

Gn
< n_
izl ¢ t x = 100 100 1

» AL-17  Person [58] 5083-H113 9.5 0

:6061-T6
G-BW AL-18  Person [58] 5086-H32 95 o 107 - 107 1
AL-19  Person [58] 7039-T61 95 o 102 - 102 1

Key:

Type of joint: C-NLC = cruciform joint with non-load carrying fillet weld; C-LC = cruciform joint with load-carrying fillet weld;
T-NLC =T-joint with non-load carrying fillet weld; G-BW = ground butt weld
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Table 2. Geometrical and fatigue strength properties of aluminium welded joints (sharp V-notch)

Type of joint
Type of loading

Opening angle

Ks

Acnlso% C=O.

. 15
. 5-10
Material cci mMm
Refs Series 3D model Load ratio [mm] [MPa]
Sidhometal. AL-20 T-joint

[59]

Four-point bending
124°
5083 H11

0.1

10 42.0 2.15

Morgenstern AL-21
et al. [60]

T-joint
Tensile loading
130°
AW-6082 T6

0

5 73.7 1.34

Haagensen et AL-22
al. [61]

Longitudinal
stiffeners

Tensile loading
135°
AA 5083
0.1

8 28.7 2.75

Haagensen et AL-23
al. [61]

Lap joint
Tensile loading
135°
AA 5083
0.1

6 16.3 5.90
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Haagensen et AL-24
al. [61]

Lap joint
Tensile loading
135° 8 10.8 6.41
AA 5083
0.1

Butt joint with
R28,09 incomplete

penetration

Brandtetal. AL-25
[62]

Tensile loading

25 21.7 641
00

~ AA 5083 Stress-relief
annealed

0

Macdonald  AL-26 T}
et al. [63] Rectangular hollow

section joints

4.24%4.24 g | Pure bending of the

chord member 3 316 2.36

135°

6082.26-T5
0.1

Macdonald  AL-27 m\w ] Rectangular hollow
et al. [50] \\ |‘||” section joints
Axial loading, chord
3 35.4 2.06
125°

6060.35-T5

0.1

17



Macdonald  AL-28 m\ﬂ “i Rectangular hollow
et al. [50] \ section joints

Four-point bending

chord 3 385 2.51

125°
6060.35-T5

0.1

Macdonald  AL-29 SR i Rectangular hollow
et al. [50] \} |||”‘ section joints

In-plane bending

brangg 3 13.8 8.80

125°
6060.35-T5

0.1
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Table 3. Geometrical and fatigue strength properties of aluminium welded joints (others series)

Type of joint,

Type of loading

. Ks
Opening angle Th|ckn(?ss AGy, 50%
of main 5. 106 C=0.15
Series Material plate cidli mm
Refs (partition) 3D model Load ratio [mm] [MPa]
Brandt et al. Butt weld
[62]
Axial loading
162°
AL-30 25 54.2 1.38
(1/8) AA5083 (stress-
relief annealed)
0
Brandt et Butt weld
/x\i?
al. [62] - {/‘ e Axial loading
i R S
[, 8 148°
AL-31 \\\,\\ " 5 43.2 1.36
(1/8) \\ \\ - AA5083 (stress-
AN ™~
e /\ i relief annealed)
N
> 0
McDowell R 3461 Butt weld
[64]
i Axial loading
3! t‘\g\\ ‘\\\\ J:OO S%
R | T ha ) o
AL-32 2 N L © 147 19.05 48.7 2.11
1/8 W e
(1/8) 00 L A 5456-H117
Ny a0
- - ~O
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McDowell R46,14 Butt weld
[64] o N
el g//\\ S2y) Axial loading

St 1
AL-33 \ R s 147° 25.4 715 2.6

1/8 - TR =
(1/8) Lo 1 5456-H117
i

ny,
b ~0

Shahani et I
al. [65] 1

Butt weld

Axial loading

AL-34 ™ 110° 5 39.5 1.77

1/8 SN s |
(1/8) N Al5456-H38

0 . 0 . 0 1

Shahani et o2
al. [65] Butt weld

Axial loading
AL-35
(1/8)

110° 2 59.8 1.30
Al5456-H38

0.01

Viespoli et
al. [66]

Butt weld
Axial loading
AL-36

(1/8)

148° 5 65 1.39

AA6082 - T6

0

Viespoli et -
al. [66] gl | /¢ Butt weld

—y S\
g’\ . Axial loading
R36,40 SN o
AL-37 SR 148 20 476 170
1/8 e N =
(1/8) ) RN TRe. Ty AA6082 - T6

0
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Covghiin . non-load carrying
cruciform joint

etal.
67] Axial loading
AL'38 1350 9'5 47.7 2.07
(1/8)
6061-T651
0.1
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Table 4. Geometrical properties of aluminium welded joints (extruded beams)

Type of joint

Type of loading K
. f
Opening angle Th|ckn(?ss AGy 0%
of main 5. 106 C=0.15
Material plate cidli mm
Refs Series 3D model Load ratio [mm] [MPa]
James et T
< 75 3x3
al. [68] R Extruded I-beams
q SIS 9
Tl RN Four-point bending
\\;}\ SN
AL-39 SN N S, 135° 4.2 35.0 2.81
b b T ™ i 1
g ‘ \\\\\\\ 8\"\ rll-‘
A S T 6261-T6
%5 e
I 0.1
James et Extruded |-beams
al. [68] . .
Four-point bending
AL-40 < 135° 4.2 37.5 2.98
6261-T6
0.1
James et Extruded |-beams
al. [68]
Four-point bending
AL-41 % 135° 4.2 37.6 2.70
6261-T6
0.1
- ‘I
Tveiten et Tsection 50(10)x88(5)  F/2 Extruded T-beams
al. [69] o M g
B s T‘?@O,}L\,‘_‘D Three-point bending
AL-42 145x140x12 ¢ | | / R 135° 10 26.6 3.82
\ (@) L1 N, . °
\ - T+ s detail B
AL, )%)3‘ 6082-T6
7 B al98xa.95
F/2¢ 7 A95x495 % 2T 0.1
1200x300x6
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Hirt et al.
[70]

AL-43

23

Extruded I-beams
Four-point bending

135°
11 231

6082 (Anticorodal
112-T6)

0.1

4.32



Table 5. Notch Stress Intensity Factors and nominal stress range related to a 50% probability of
survival at N=5-10° cycles, for a nominal load ratio R ~ 0 in as-welded state (for details see Ref. [12])

steel aluminium alloy
20 0° 135° 135° 180°
AKNJ = 180 MPa AKN,I =211 MPa AKNJ =99 MPa AGnom =96 MPa
mm?©3 mm 9326 mm?9-326

24



Table 6. Reference value of the effective stress of the two fatigue scatter bands at 5-10° cycles to failure

97.70% 50% 2.30%

Weld type [MPa] [MPa] [MPa] k
steel 111 156 219 3.0
aluminium 53.4 80.1 121 3.7
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