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ABSTRACT

Lightweight alloys are gaining significant interest in light of their high strength-to-weight ratio, which
paves the way to more efficient systems with a direct impact on pollutant emissions, sustainability and
carbon footprint. The results of a High- (HCF) and Low-Cycle-Fatigue (LCF) characterization testing
campaign performed on a 6060-Aluminium alloy are presented. The 6XXX-series aluminium alloys
features Magnesium and Silicon. These alloying elements form Magnesium Silicide (Mg2Si) as
strengthening phase. The two predominant components must maintain perfect proportions to create the
Al-Mg-Si system. 6XXX-series alloys are most frequently used for extrusion, as they provide a good
balance of strength, corrosion resistance, weldability, machinability, and surface finish. Understanding
the exact mechanical behaviour is crucial for its large-scale adoption. A series of cylindrical samples,
manufactured with traditional techniques, was used to determine the High-Cycle-Fatigue properties of
the 6060-alloy exploiting the statistical approach proposed by Dixon. The maximum number of cycles
(run-out) was set to 5000000. The finite-life range was also studied by means of additional tests at
higher stress levels. Regarding the LCF, tests were carried out with a strain-ratio equal to -1. The fatigue
data were studied by means of the Coffin-Manson-equation and the cyclic and static behaviours were
compared. The 6XXX-Aluminum series do not normally exhibit elastic unstable fracture. These alloys
are so tough that fracture toughness is rarely a design criterion. However, the present set of HCF
samples exhibited intergranular fracture. This phenomenon occurs when cracks propagate along the
grain boundaries when these are weakened, typically due to adverse environmental conditions or
sensitization phenomena. In light of this evidence, the results were compared with data from literature.
While the mechanical properties remain within the typical ranges, they are very low. Further analyses
have been conducted to explain such poor mechanical behaviour, through the very unusual fracture
mode that was observed.
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1 INTRODUCTION
The growing demand for increasingly high-performance systems has paved the way for the
large-scale use of lightweight materials. Among these, aluminium is probably the most used,
showing a constant growth throughout the years. Already in year 2000, aluminium alloys had
overtaken plastic in the most-used-material ranking, becoming the third most widespread
material in automobiles manufacturing. The success of aluminium alloys is mostly related to
its extremely efficient production process.

The widespread and effective adoption of a material for new optimized components is
strongly related to a deep knowledge of their properties. Apart from applications where gross
yielding or high ductility fracture represents a limiting failure condition, tensile strength and
yielding are insufficient requirements to design fracture-resistant structures. In addition to
this, a separate chapter could be spent when dynamic loading is considered.

Achieving the project requirements necessitates considering severe stress concentrators,
for which possible failure mechanisms may include high-cycle and low-cycle fatigue, brittle
fracture, or even fracture from some combination of cyclic and static loading.
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The proper alloy selection represents an important means of minimizing premature
fracture in engineering structures but inevitably require a very deep knowledge of the
material properties.

2 THE ALUMINIUM ALLOYS
Similar to other face-centred cubic materials, aluminium alloys usually do not experience a
sudden ductile-to-brittle transition in fracture behaviour as temperatures decrease [1], [2].
Tensile test results show that nearly all aluminium alloys remain insensitive to strain rates
ranging from 10° mm/mm/s to 1 mm/mm/s (<10° MPa/s) at both room and low
temperatures [2]. Consequently, aluminium is well-suited for structural applications across a
wide range of temperatures and loading conditions.

One possible classification of aluminium alloys is based on their strengthening
mechanisms. Some alloys gain strength primarily through strain hardening (H), while others
rely on solution heat treatment and precipitation aging (T). Another widely used
classification, established by The Aluminium Association, identifies the primary alloying
element by the first digit of the alloy designation.

The 1XXX series, for instance, is mostly pure Al, strengthened via cold working. The
2XXX series consists of a combination of Al-Cu-Mg, strengthened via heat treatments. The
3XXX series, is made up of Al-Mn-Mg (cold working), the 4XXX series consists of Al-Mg
or Al-Mg-Mn (cold working), the 6XXX series consists of heat-treated Al-Mg-Si, the 7XXX
series of heat-treated Al-Zn-Mg-(Cu), and the 8 XXX series of heat treated Al-Li [3].

Among these, the 5XXX and 6XXX alloys provide medium-to-relatively high strength,
excellent corrosion resistance, and exceptional toughness, making fracture toughness
considerations generally unnecessary. The 6XXX series, focus of this work, is known for its
good formability and weldability at moderate strengths and is widely applied in conventional
structural projects. The typical range of tensile strength lies between 150 and 380 MPa.

3 6060-T6
This study focuses on a 6060 alloy (ISO designation AIMgSi). The EN-573-3:1994 foresee
specific ranges for the alloying elements for the 6060 alloy. In particular, Si should be
between 0.3 and 0.6, Fe between 0.1 and 0.3, Cu, Mn and Ti between 0 and 0.1, Mg between
0.35 and 0.6, Cr between 0 and 0.05 and Zn between 0 and 0.15.

For this specific alloy, limited data are available in literature. It usually undergoes a T6
heat treatment that foresees a heating process at very high temperatures (around 535°C),
followed by a cooling step. The quenching is made in a liquid solution bath (usually water or
glycol) at a temperature between 65°C and 100°C. After quenching, the castings are aged in
a furnace, heated to 175°C for several hours and then allowed to cool naturally.

It has been shown that the T6 state increases the fatigue strength by approximately 30%
compared to the T4 state [4]. Pisapia et al. [5] tested the 6060 aluminium alloy under different
heat treatments under LCF loading and found that the 6060-T6 alloys exhibited high cyclic
hardening behaviour. Hopperstad et al. [6] studied the uniaxial cyclic behaviour of the
aluminium alloy 6060 in tempers T4 and T6. In the latter condition, the material exhibits
cyclic softening. Comparison of corresponding hysteresis loops, shows that the effect of prior
history is not very significant for temper T6. The scholars reported indications of the
Bauschinger effect and the cyclic hardening in the form of the Chaboche model. Jha et al. [7]
reported the properties of the 6060 aluminium alloy. The material was found to have high
tensile strength (UTS = 374 MPa), yield strength (ov = 303 MPa) and hardness. However, it
is characterized by relatively low ductility.
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In contrast, Fernandes et al. [8] reported quite low mechanical properties for the 6060-T6
alloy (oy =150 MPa, UTS = 190 MPa).

Despite these outliers, most of the records report values around 210 + 230 MPa for what
concerns the yielding and around 230 + 250 MPa for that concern UTS.

Hockauf et al. [9] tested a 6060 alloy with different heat treatments. For its standard T6
version, the scholars reported a tensile strength of 233 MPa, and a yield strength of 208 MPa.
Hockauf et al. reported also the high cycle fatigue properties in the form of Basquin
coefficients (b = —0.0787, of = 354 MPa). The scholars stated also that the crack growth
threshold AKy lies at 1.5 MPa-m*2. Moreover, Hockauf et al. [10] determined the influence
of initial deformation on fatigue life and the effect of aging before cyclic fatigue. The proper
fatigue tests were performed with the control of plastic strain amplitudes in the range
£api = 1-107% + 5-10°3, In addition to the determined fatigue characteristics in the stress—strain
system, the resulting fatigue fractures were subjected to fractographic analysis.

Borrego et al. [11] performed LCF tests on 6060-T6 alloys subjected to strain ranges
between 0.32% and 4%. They report a tensile strength of 240 MPa, and a yield strength of
215 MPa. The scholars include in their publication also the cyclic properties in the form of
the Ramberg-Osgood (RO) coefficients (k' = 267.3, n' = 0.38). The tested alloy shows a brief
initial cyclic hardening stage followed by long-term cyclic softening. Beside this, also the
fatigue characteristics were presented in the form of Basquin—-Coffin-Manson (BCM)
coefficients (b = —0.084, of = 376.5 MPa, ¢ = —0.537, & = 0.157).

The static characteristics were measured also by Corre et al. [12] (oy = 229 + 235 MPa,
UTS = 251 + 259 MPa). The scholars observed both transgranular ductile fracture with
dimples, as expected for an aluminium alloy at room temperature, and intergranular ductile
fracture, which is less common. Other scholars have already reported this type of fracture
surfaces for aluminium alloys with a mixed mode failure [13], especially in Al-Mg-Si alloys
[14]. In their study, the scholars observed a homogeneous fracture surface with no distinct
features, consistent with the smaller amount of main precipitates (MgSi hardening particles)
and the complete absence of dispersoid phase. The observed nearly ideal Masing behaviour
is coherent with the low level of precipitates and compatible with the Christ and Mughrabi
hypothesis [15] (i.e. an important requirement for Masing-type behaviour in multiple-phase
materials is that the particle/dislocation interaction is of minor importance for plastic
deformation compared to dislocation interactions).

Kowalski et al. [16], [17] carried out a fractographic analysis of fatigue fracture surfaces
of aluminium alloys after cyclic bending and torsion tests. Crack propagation occurs mainly
by connecting successive cracks that are formed at adjacent grain boundaries. It was found
that the microstructure, type, and size of cyclic loads determine the share of trans-crystalline,
quasi-split, and ductile cracks, thus determining the fractography of fatigue samples.

4 EXPERIMENTAL SETUP
High-cycle-fatigue (HCF) tests were conducted on cylindrical specimens (Fig. 1 (left))
designed following the ASTM E466 standard [18]. The experiments were carried out using
a STEPLab-UDO04 fatigue testing machine, which can apply loads of up to 5 kN at a
maximum frequency of 35 Hz. It was used for previous studies on aluminium alloys [19]-
[21] as well as other materials [22], [23].

Alongside the HCF tests, quasi-static tensile characterization was performed. The
geometry of the specimens used in these tests is depicted in Fig. 1 (left). Tensile testing was
conducted at room temperature (20°C) with a crosshead speed of 0.1 mm/min. The fractured
specimens exhibited a cone-cup shaped fracture surface, which is characteristic of ductile
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Figure 1:  Standard specimen for quasi-static and HFC (left), according to ASTM E466
and LCF (right) tests according to ASTM E606.

failure. Additionally, plastic deformation was confirmed by the presence of a fibrous and

irregular necking region.
Preliminary static tests were also carried out to determine the yield point (Fig. 2). The data
obtained were subsequently used to calibrate the Basquin parameters, as detailed in the

following sections.
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Figure 2: Quasi-static curve for the Al 6060.
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4.1 HCF

HCEF tests followed the ASTM E466 standard [18], and the fatigue limit was estimated using
the short stair-case method [24]-[28]. Specifically, multiple tests were performed at varying
load levels. This approach involves defining a force increment, which directly influences
results accuracy. In this study, the increment was set at 50 N, corresponding to a stress
interval (40) of approximately 10.2 MPa.

If the initial test, conducted at a given force level, reached the run-out condition (5 million
cycles without failure), the subsequent test was performed at a higher force level, increased
by the defined increment. Conversely, if the specimen failed, the subsequent test was
conducted at a lower force level, reduced by the same increment.

Fig. 3 illustrates the short stair-case sequences (five tests — the suggested value
recommended by Dixon [24]) for the Al 6060 series. Unlike the conventional stair-case
method, Dixon’s statistical approach accounts not only for the number of failures (X) and
run-outs (O) but also for the sequence order. A statistical correction coefficient ensures the
reliability of the results.

Stair-case series AIG060

155 .
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Figure 3: Results of the stair-case testing.
The fatigue limit was determined using the following equation:
op =Xy + k- Ao, Q

where o represents the fatigue limit at 50% probability, x; denotes the stress level of the
final test (ID = 5 in Fig. 3), and k is a sequence-dependent coefficient. The test sequence
followed the order O-X-O-X-X, with a corresponding factor of —0.878. Based on this, the
calculated fatigue limit was 143.8 MPa.
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4.2 LCF

Low-cycle fatigue (LCF) tests were conducted on cylindrical specimens with standard
dimensions in accordance with ASTM E606 [29], as depicted in Fig. 1 (right). Strain-
controlled fatigue experiments were carried out using the STEPLab UDO04 testing machine
following the guidelines outlined in ASTM E606 [29]. The tests were performed at a
specified strain ratio, with the testing frequency set at 0.1 Hz which represents the lowest
frequency recommended by ASTM EG606. This frequency remained constant throughout the
tests, as increasing it could influence the results by slightly raising the sample temperature
and altering its mechanical properties. The stabilized cycles for each deformation level were
interpolated using the RO equation (eqn (2)) to derive the stabilized curves (Fig. 4).

1

Eq = Ege T Eqp = % + (%)" 2

In this equation, &, denotes the total strain amplitude, while &4, and &, represent the
elastic and plastic components, respectively. The stress amplitude is indicated by a,, and E
corresponds to the elastic modulus. The constants K’ and n' are material-dependent
parameters [30]. It is important to note that these constants differ from those typically
associated with the Hollomon equation [31]. The RO equation parameters are provided in
Table 1.
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Figure 4: Cyclic vs. quasi-static curve (detail view on the right).

Table 1: RO parameters.

K’ n’
233.0807 | 0.0338

The Al 6060 exhibits softening behaviour. Even after stabilization, testing continued until
sample failure to obtain data for fatigue curves, commonly referred to as BCM diagrams (eqn

®):

£a =5 =L (@2N)" + g (2N)°. 3)
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In this equation, oy, b, &¢ and c represent four material-specific constants that need to be
determined, namely the fatigue strength coefficient, the fatigue strength exponent, the fatigue
ductility coefficient and the fatigue ductility exponent, respectively. Fig. 5 presents the
experimental data obtained, along with the fitted curve using the BCM equation. The
calculation process initially involves determining the Basquin coefficients based on the yield
stress and high-cycle fatigue limit through linear interpolation. The Basquin equation, which
describes the correlation between elastic deformation and the number of cycles, allows for
the separation of plastic deformation from the total strain.

Eap = €a ~ €ae = gjrf(ZN)c- (4)
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Figure 5: BCM curve.

To estimate the maximum likelihood parameters for b and ¢ in accordance with egn (4),
the ASTM 739 standard [32] was considered. The equation for a best-fit line based on
experimental data is expressed as follows:

log(N) = A + Blog(&gp). 5)

The maximum likelihood estimators for parameters A and B are given by A =Y — BX
5 _ 2(xi—X)(yi=Y)
and B = =5
(log(£4p)) and independent variable y; (log( N)).
Eqn (5) can be reformulated as follows:

, where X and Y represent the average values of the independent x;

ey = 105 G)% (2N)5. 6)

Thus, the maximum likelihood estimators for the Coffin—-Manson coefficients, ¢ and s,i can
be expressed as:

Ok 0
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c=1/B (8)
The final computed values are provided in Table 2.

Table 2: BCM coefficients.

ar (MPa) b gf c
351.9 -0.076 | 0.121 | -0.657

5 EXPERIMENTAL SETUP
Some samples were cut from the tested specimens to observe the microstructural
characteristics. After the standard metallographic preparation by mounting the specimens in
a cold-setting resin and by mirror polishing, the samples were observed after the chemical
etching (Keller’s and Weck’s reagents).

Fig. 6 shows the observed microstructure by light optical and scanning electron
microscopes (LOM and SEM, respectively). Polygonal grains were clearly visible in both the
LOM and SEM images. The average grain size is about 43 pum. The particles remarked in
Fig. 6(d) were analysed by EDS probe. They are Fe-rich phases as reported in Table 3.

(d)

Figure 6:  Metallographic analysis of the investigated samples. (a) Transversal HCF
section, LOM; (b) Longitudinal HCF section, LOM; (c) Longitudinal HCF
section, SEM; (d) Magnification of (c).
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Table 3: EDS analyses on the particles remarked in Fig. 7(a).

Mg (%) | Si (%) Fe (%)
A 0.65 3.10 6.60
B 0.50 4.63 12.39
C 0.35 3.09 4.36

6 ANALYSIS OF THE FRACTURE SURFACES

Figs 7 and 8 show the fracture surfaces of some of the tested HCF and LCF specimens. In
the nucleation zone, an intergranular fracture can be seen. It is an infrequent mechanism that
can be related to the precipitation of Mg-Si rich particles at grain boundary. Li et al. [33]
reported that such kind of failure can occur in ductile metals only under particular conditions
of temperature, strain rate and interstitial atoms content. As confirmed by other authors [34]-
[37], it is believed that fatigue cracking can be generated at grain boundaries when persistent
slip bands (PSBs) are blocked by grain boundaries creating a stress concentration. Moreover,
the presence of intermetallic phases such as Mg-Si precipitates can enhance the formation of
the first micro-voids.

B R e o

Figure 7:  Fracture surface of one HCF specimen. Zone A represents the nucleation zone.
The crack propagates downward across zones B and C. Pictures (b), (c) and (d)

are magnifications of Zones A, B and C respectively.
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Figure 8:  Fracture surface of one LCF specimen. Zone A represents the nucleation zone.
The crack propagates downward across zones B. (b) and (c) are magnifications
of Zones A and B, respectively.

The intergranular characteristic is less visible in Zone B and disappear in Zone C. In zones
B and C dimples and some striations can be observed as well.

The LCF fracture surfaces are more complicated to be studied since some damages are
present probably because of the higher loads and of the load ratio (R = —1). No intergranular
feature can be seen, but it can be hidden by the local deformations visible in Fig. 8.
Nevertheless, striations are clearly visible in Fig. 8(c).

7 CONCLUSIONS
In this work an Al 6060 alloy was tested under static and dynamic loadings.

The quasi-static test allows the determination of the elastic modulus and the ultimate
tensile stress (69 GPa and 219 MPa, respectively). These values are aligned with the findings
of other scholars.

Fatigue tests were performed under both low-cycle and high-cycle-fatigue conditions. The
cyclic behaviour was modelled via the RO model showing a marked softening behaviour.
The high-cycle-fatigue limit was determined exploiting the short stair-case approach
proposed by Dixon, resulting in 143.8 MPa. The strain—cycle curve was interpolated using
the BCM model. The results are aligned with the finding of other scholars.

The peculiarity of this research is in the observed fracture mechanism. In particular, an
intergranular fracture was observed. It is an occasional mechanism related to the precipitation
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of Mg-Si rich particles at grain boundary that can occur in ductile metals only under particular
conditions of temperature, strain rate and interstitial atoms content.
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