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Abstract

Al-Si-Mg aluminum alloy samples were subjected to solution heat treatment at the temperature of 520 °C for 2 h to attain T42
condition. The heat-treated samples were quenched further in air and water mediums. After quenching, the fatigue life was
analyzed with the total strain amplitude (TSA) of 0.4% at the cyclic frequency of 0.3 Hz using a low cycle fatigue testing
machine. Air quenched sample has higher life with 1286 cycles than heat-treated and water quenched sample, which were having
a fatigue life of 836 cycles and 708 cycles. Tensile mean stress was observed in all samples due to residual stress. Due to fatigue
striation, ripple formation was observed in the air quenched sample, and the ripple having the size of 2-3 wm observed under
SEM fractography. XRD peaks of Mg,Si and Al;Fe precipitates confirm the proper dispersion during the solution heat treatment.
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1 Introduction

Al-Si-Mg aluminum alloy (AA6063) has been utilized widely
in the structural part in the aerospace and automotive indus-
tries. Due to the application circumstance, the material un-
dergoes cyclic deformation, which leads to early failure. The
solution heat treatment of aluminum alloy was done to obtain
optimal mechanical properties. The main objective of heat
treatment is to maximize the effect of precipitates in the alloy
[1, 2]. The final property of the materials depends on the post-
heat treatment process, such as quenching. The rate of cooling
decides the fine dispersion of the precipitates and control the
distortion. So the optimal cooling rate is required to achieve
the desired mechanical properties [3]. Ridhwan et al. observed
an increase in hardness and tensile strength after the solution
heat treatment of Al 6061 at 530 °C, the formation of precip-
itate Mg,Si provides heat treatability to the aluminum 6xxx
alloys [4]. Hamzah et al. defined that the rate of cooling and
quenching medium influences the microstructure and hard-
ness [5]. Roselita et al. concluded that heat treatment of the
spring steel showed a positive effect on fatigue life, thereby
inducing the compressive residual stresses of the steel [6].
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Nasir et al. found 7.2% difference in fatigue life among the
heat treated and, as received aluminum 6061 alloys [7]. In
aluminum alloy 6061, the solution heat treatment followed
by the precipitation heat treatment influenced the fatigue life
of the sample and the increase in the hardness value [8]. Heat
treatment of aluminum alloy influences the grain size and
precipitation structure. Since there is a complex interaction
between the loading and microstructure, the fatigue life of
aluminum alloys got influenced by the above factors
[9].Frodal et al. reported that quenching medium influences
the crack initiation, and air cooled samples experienced slow
crack propagation compared to water quenching [10]. They
also investigated the material behavior in plasticity by using
the nanostructure model and found an interaction between
hard precipitate strengthened regions and precipitate free
zones. Liu et al. found slow cooling of aluminum alloy 7085
leads to higher hardness, and quenching induced the tensile
strength [11]. Additionally, the air cooled aluminum sample
exhibit better mechanical properties than the water quenched
sample.

Kwofie et al. stated that an increase in mean tensile stress
during the low cycle fatigue might increase the fatigue life of
soft materials up to specific cycles and propose a stress life
strategy to correlate the low cycle fatigue life of a sample
under mean stress [12]. Fatigue life dependence on the mean
stress is usually induced by the sensitivity of the direction of
the load [13]. Chris et al. demonstrate that tensile mean stress,
which sustained from the residual stress, can be approximated
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for the number of cycles to failure during LCF [14]. Tensile
pre-strain affect the relaxation in the mean stress and can be
observed only at strain amplitude more than 0.2% [15]. Surajit
et al. illustrated stress-strain hysteresis loop aid to determine
the cyclic yield stress, which directly correlates with the en-
durance limit [16]. In the stress-strain curve, the enclosed area,
which represents dissipated plastic strain energy, influences
fatigue life [17, 18]. Blochwitz et al. discussed plastic strain
amplitude and orientation of grain influence crack initiation
and propagation [19, 20]. Geometrically necessary dislocation
density does not rely on dislocation pattern; rather, it depends
on plastic stain amplitude [21]. Influence of the cyclic fre-
quency fatigue life observed in BCC metals. From various
observations conclude that fatigue strength gets enhanced
with increase in cyclic frequency due to plastic straining act-
ing on the crack nucleation region. Hence alloys were
experiencing low plastic strain at other cyclic frequencies. In
aluminum alloy, there is no significant influence observed
[22]. Prolonged lifetime was observed in high loading fre-
quency with enhanced endurance limit and depended on the
testing environment [23].

The fatigue life of aluminum alloy is influenced by the
embrittlement and localized oxidation, which contribute to
crack length and the rate of crack propagation [24]. The clus-
tering of particles at frequent intervals and mobile dislocation
of strengthening precipitates in the matrix caused continuous
deterioration in Al7055-T7751during low cycle fatigue [25].
Strain amplitude and a number of cycles decide dislocation
pattern in 3003 Aluminum alloy [26, 27]. Eswara et al. con-
cluded that every strain amplitude fractography for low cycle
fatigue testing of Al-12Si-CuMgNi exhibited a combination
of ductile fracture with micro dimples and brittle quasi cleav-
age fracture [28]. Ding et al. developed a model for predicting
the crack growth and life during the low cycle fatigue test of
aluminum matrix composite reinforced with short fiber [29].
Fatemi et al. employed the bilinear log-log model to represent
the fatigue data of Aluminum alloys and found significant at
long and short lives during the fatigue test [30]. Zheng et al.
investigated the interaction between the low cycle and high
cycle fatigue, found damages intense due to the plasticity in
the crack tip and crack growth influenced by the LCF interac-
tion persistently. They also proposed a model using the expo-
nential law for the interaction damage with the account of
loading parameters effect [31]. The initiation and propagation
of fatigue crack induced in the region of un-recrystallized and
recrystallized areas due to local stress concentration [32].
Micro additions like Ti, which acts as intermetallic precipi-
tates, to induce a change in morphology in the aluminum
alloy, thereby enhance the fatigue life of Al-7Si-1Cu-0.5 Mg
alloy [33]. Nellessen et al. observed the deformation frequen-
cy of matrix and deformed Al single crystal misorientation
influenced by the single crystal orientation. Al bi-crystals have
some influence over the individual orientation of respective
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grains but instead induced neither the deformation band nor
the local strain amplitude [34]. Haichun et al. obtained recur-
rent Orowan looping dislocation in incoherent precipitates
leads to cyclic softening in over-aged AA6016 alloys cyclic
hardening accompanied in under aged AA6016 due to precip-
itate growth and active precipitation during cyclic deformation
[35].

In aluminum alloy, alloying element silicon influences the
mechanical properties of the alloy. Natrayan et al. investigated
the influence of silicon carbide in aluminum 2024 and found
3 wt% of SiC particulate enhanced the tribological properties
and enhanced the thermal conductivity of the matrix [36].
Senthil et al. reported precipitates to enhance the mechanical
behavior of the AA6061 matrix, which process through the
encapsulating technique [37]. Moffat et al. observed high sil-
icon content in aluminum pistol alloy, attributing to the fatigue
crack propagation at elevated temperature by increasing the
stress concentration factor [38]. The Authors in discussed the
effect of alloying elements in the fatigue behavior of alumi-
num alloy ZL114A. At elevated temperature presence of Si,
Fe, and Cu enhance the fatigue toughness [39]. Gonzalez et al.
reported microstructural refining contributing to the fatigue
behavior of heat treatable Al-Si alloy. The crack propagation
depends on the porosity generated during the casting process
[40]. Ali et al. observed the fatigue cracks initiated from the Si
precipitate in Al-12Si (4047) alloy and in Al-5Si (4043) alloy
crack initiated from the aluminum medium [41]. Literature
focused on silicon in aluminum alloy, whereas the fatigue life
improvement studies using the heat treatment in aluminum
6xxx series are not yet done. This particular work focused
on analyzing the low cycle fatigue behavior of heat treated
Al-Mg-Si alloy and the influence of silicon content in fatigue
life at room temperature.

2 Materials and Methods

The Low cycle fatigue test is conducted for Al-Si-Mg alumi-
num alloy(AA6063) by using BISS Nano Plug n Play fatigue
testing machine with the capacity of +25kN.The elemental
composition of AA 6063 of the specimen was analyzed by
the XPS method, and the percentage of elements is shown in
Table 1.

In this alloy, the significant constituents Silicon (0.426%)
and Magnesium (0.516%) of the total weight percent tend to
disperse in the alloy to improve the mechanical property. AA
6063 alloy rods, with the individual dimensions of 15 mm as
diameter and 100 mm long, were subjected to the solution heat
treatment [42]. In the first phase, samples kept at 520 °C in the
digital controlled muffle furnace with a maximum temperature
range of 1200 °C for 2 h to attain the solution zing tempera-
ture. Following the solution heat treatment, one set of samples
was quenched in the water medium at 27 °C. Then another set
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Table 1 Elemental composition of AA 6063 extruded rod

Elements Wt%  Si Fe Cu Mg Mn Zn Ti Cr Al Other elements
Standard 02-046 035max 0.1 max 04509 O0.Imax O01max 0.1max 0.1 max Balance -

Tested 0.46 0.192 0.051 045 0.048 0.058 0.013 0.020 Remainder  0.050

of samples was air quenched at 27 °C. The samples attain the
T42 temper designation through the above processes. To an-
alyze the proper dispersion, un heat-treated, and heat-treated
samples subjected to the X-ray diffraction analysis.

After the solution heat treatment, samples machined to the
proper dimension, which was mentioned in Fig. la by
adopting the ASTM E606 standard. Unheat-treated and heat-
treated samples were subjected to the low cycle fatigue test
with the total strain amplitude of 0.4% at the frequency of
0.3 Hz at room temperature in the fatigue machine, which is
shown in Fig. 1b. The samples quenched in the water and air
were compared with the results of a mean stress, stress-strain
hysteresis loop, S N curve, and unheat-treated samples.

Fractography of the aluminum alloys taken using the scan-
ning electron microscope (TESCAN, Japan) to illustrate the
different fracture regions, crack propagation, and fatigue stria-
tion. In the following sections, the samples in the given format
unheat-treated sample as WHT, heat-treated and air quenched
as HTA, and heat-treated and water quenched as HTW.

3 Results and Discussion

Figure 2 illustrates the cyclic stress response for WHT, HTA,
and HTW Al-Si-Mg aluminum alloy samples for TSA of
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0.5%. WHT lasted upto 836 cycles until the failure; the stress
amplitude starts with the range of 200 MPa and gradually
decreased with the fluctuation. This decreasing trend indicates
that the cyclic softening happened throughout life, the same
kind of phenomenon described for under aged AA6063 at a
strain amplitude of 0.5% [8].

This cyclic softening is happening because of the alteration
of boundary orientation and minimalizing the defect density,
stated with the previous fatigue property study of ultra-fine
grained copper [43]. After the solution heat treatment, the
HTA sample withstood about 1286 cycles, and interestingly
the stress amplitude kept increasing up to 980 cycles, i.e., until
the crack initiation. The same trend followed by the HTW
sample, which lasted up to 708 cycles. The cyclic hardening
effect in the LCF reported for heat treated Aluminum alloy
samples8. In parallel, the air quenched sample sustained a
higher number of cycles than water quenched because
quenching of aluminum at a faster rate leads to increased
distortion [44]. So the optimized quenching rate will be re-
quired for the aluminum alloys depend on the circumstance.

In low cycle fatigue, the mean stress plays a vital role in
assessing the life of the material. The tensile and compressive
mean stress showed in positive and negative regions. It de-
fines the behaviour of the sample. Both phenomena may nar-
row the allowing stress [45]. Figure 3a showed the mean stress
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Fig. 1 a Dimension of the AA 6063 samples subjected to the low cycle fatigue test. b Low cycle fatigue machine
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Fig. 2 Cyclic stress response of AA6063 samples with TSA of 0.4% at a
cyclic frequency of 0.3 Hz

of'the WHT sample starts with the mean stress (o,,,) of -5 MPa
then it attained the positive value around o, =5 MPa and
sustain with the same value until the failure. Though the pos-
itive mean stress, due to the domination of the tensile part,
cyclic softening happened until the failure. The phenomenon
is reported on modified 9Cr-1Mo steel during the LCF test
[46]. For the heat treated samples, HTA was shown in Fig. 3b
and HTW, which is shown in Fig. 3c. The mean stress starts at
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0, =5 MPa, and after the stabilization, the mean stress
persisted zero, which caused the cyclic hardening [47].
Despite fatigue life, the quenching medium did not directly
affect the mean stress, which can be observed through the
graph plots (Fig. 3a-c). This cyclic hardening is due to the
proper dispersion of the hardening elements after the solution
heat treatment in the alloy [44].

Stress-strain hysteresis curve for the WHT, HTA, and
HTW obtained similarly to FCC metals due to the deforma-
tion dominated by the slip dislocation [48]. Along with that,
the unsymmetrical curvature shape of the loops indicated the
differentiation in the tensile and compressive yield stress,
which can be defined as the Bauschinger effect [49, 50]. The
Basuchinger effect is confirmed by the increase in the yield
strength in the plastic flow direction as the metal experiencing
the plastic deformation [51].

Additionally, the non-linear elastic behavior of the WHT,
HTA, and HTW in every phase was exhibited, as those were
originated from the twining and reversible movement of dis-
location [52]. The stress-strain curve for WHT sample under
the total strain amplitude is given in Fig. 4a, in which the
tensile yield stress value getting decreased with an increase
in cycles. For cycle 1, stress value about 0 =201 MPa,
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Fig. 3 Mean stress response of the AA 6063 with TSA of 0.4%. a Unheat-treated sample, b Air quenched sample, ¢ Water quenched sample
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190 MPa, and 185 MPa for cycle 400 and 600, respectively.
For HTA, as shown in the Fig. 4b, due to the heat treatment
and proper cooling rate, the stress value increased, i.e., for
cycle 1, the stress is 0 =65 MPa, and for the cycle 500 and
600 stress value reached 145 MPa and 155 MPa respectively.
When HTA specimen experiencing the tensile and compres-
sive load cyclically, the plastic flow of the material
influenced and lead to cyclic hardening. Thus the tensile
yield stress of HTA sample increased with an increase
in the cycle. This phenomenon is known as the
Bauschinger effect [50]. Figure 4c, the initial cycle
stress value as 75 MPa and stress at cycle 250 as 145 MPa,
the HTW sample also exhibits cyclic hardening, this harden-
ing is also found among the heat treated Mg alloy under the
low cycle fatigue [53].

Plastic strain amplitude is also having a significant influ-
ence on fatigue life as it initiates internal cracks by influencing
the grain [49]. Figure 5a-c shows the trend of plastic strain
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amplitude for WHT, HTA, and HTQ samples for 0.4% strain
amplitude. For the unheat-treated, WHT sample, the plastic
strain amplitude value started with AE;/2=0.062%, then
maintained throughout the entire cycle, shown in Fig. 5a.
HTA sample starts with the value of ASP/Z =0.159%, as
shown in fig. 5b. Furthermore, the HTW sample starts with
the value of A€p/2 =0.256%, as shown in Fig. 5c. Then both
HTA and HTW samples reached A€E,/2=0.05% and
remained constant throughout the entire life. The zone of tran-
sition occurred in the range of 30-60 cycles, afterward the
slope decreased and sustained at nominal AE,/2 value
throughout the fatigue life. However, there is only less varia-
tion among the plastic strain amplitude trend among WHT,
HTA, and HTW for 0.4% total strain amplitude because the
AE,/2 value relies on the change in total strain amplitude
[54-56].

The variation in the elastic modulus is linked with the
shape of the stress-strain loops, which reported by sommer
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Fig. 4 Stress-strain hysteresis loop AA 6063 with TSA of 0.4%. a Unheat-treated sample, b Air quenched sample, ¢ Water quenched sample
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et al. for the roller bearing steel [57]. Figure 6a-c shows the
unloading modulus of the samples for 0.4%TSA. The rigidity
dominates the WHT sample because of its age hardening.
Figure 6a shows that the unloading modulus of the material
almost remains constant as the elastic strain retains it.

Thus the symmetries among the stress-strain loop can be
obtained in Fig. 4a. Due to the cyclic hardening effect, the
unloading modulus of heat treated samples kept changing.
Figure 6b shows that the HTA sample started from 13 GPa,
and due to an increase in rigidity, the modulus value kept in an
increasing trend until the crack initiation. HTW also started
with an unloading modulus of 20GPa, followed by HTA,
shown in Fig. 6¢. The effect of water quenching provides
increased rigidity for the HTW sample due to the, so the value
of unloading modulus reached unsymmetrical stress-strain
curves24, which can be obtained from Fig. 4b and c.

The fractured surface of the AA 6063 samples was ana-
lyzed using the scanning electron microscope (SEM), shown
in Figs. 7, 8 and 9. The macroscopic view of the fractured

surface of the WHT sample is shown in Fig. 7a, in which
the HTA sample exhibits both dimple rupture and cleavage
fracture on the surface. The crack initiated from the weakest
region of the specimen, which shown in Fig. 7b. Gall et al.
[58] analyzed that casting defects may affect the fatigue life of
the material by weakening a specific section.

Figure 7c secondary cracks obtained in union with the fa-
tigue striation, which is observable in higher strain amplitude
[59]. Figure 7d indicates the presence of two distinct fracture
components, at the initial stage cleavage fracture, then
transited to dimple rupture as the final fracture zone, the same
observed for AA2017 alloy [60]. In Fig. 7e, micro voids are
focused on the final fracture zone, which originated from the
second phase particles [56].

The macroscopic view of the fractured surface of the air-
quenched sample is shown in Fig. 8a, in which the HTA
sample exhibits both dimple and tears ridges in the surface,
so it accounted as a quasi-cleavage fracture [56]. Three
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Fig.5 The plastic strain amplitude response of AA6063 with TSA of 0.4%. a Unheat-treated sample, b Air quenched sample, ¢ Water quenched sample
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features of fatigue fracture, namely initiation of crack, crack
growth, and ultimate fracture, can be observed in Fig. 8b.

Figure 8b-d depicts that the fractured surface constitutes
planar and granular regions in the zone of crack propagation.
These two distinct regions related to the altered grains and
orientation changes in the grain boundary, which similarly
observed for the fatigue fractured surface of AA2017 alloy
[60]. Figure 8b shows beach marks on the surface, which
indicates the steady propagation of the crack. From Fig. 8c,
many striated plateaus in the planar fracture region can be
traced for the direction of propagation of the crack.
Figure 8d depicts the granular fracture region, which shows
the transition phase of crack formation from the dimple rup-
ture to quasi cleavage fracture. Figure 8e exposed the partic-
ular region from the planar fracture region to find the fatigue
striation, which caused the ripple formation. This analysis
implies that crack propagated in a ductile manner incorporated
with the retardation and blunting of the propagated cracks
[60].

The fractured surface of the water quenched sample is
shown in Fig. 9a in which the HTW sample exhibits quasi-
cleavage fracture since it exhibits both dimple rupture and
cleavage around the periphery [56]. In some regions for the
strain amplitude of 0.4%, the fracture depicts ductile
transgranular regions in the granular fracture region, which
is shown in Fig. 9b. In the same region obtained for
AAT7150, the transgranular regions are featureless, and cracks
propagated along the boundaries, parallel to the direction of
loading [61]. Water quenching of aluminum alloy induces
hydrogen embrittlement [62], leading to early failure in fa-
tigue testing [24].The precipitates were found in the granular
fracture region, which resulted in the non-homogeneous de-
formation since it caused dislocation pileups, which showed in
Fig. 9c. Srivatsan et al. stated that the contribution of the
precipitates is negotiable, but in parallel, they influence the
cyclic straining behavior [61]. Figure 9d planar fracture region
with the fatigue striation which faces in the direction of crack
propagation, reveals that the intermediated stage followed the
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Fig. 8 Scanning electron microscopic image of air quenched sample fracture surface for TSA of 0.4%
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Fig. 9 Scanning electron
microscopic image water
quenched sample fracture surface
for the total strain amplitude of
0.4%

SEM MAG: 1.00 kx
SEM HV: 5.0 kV.
View field: 208 ym _ Date(midly): 01/08/20

brittle fracture, and Fig. 9e shows the micro void coalescence
formed during the final stage of the failure. This phenomenon
imitated at the precipitates, and then voids grow, and finally,
the final failure happened [56].
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Fig. 10 XRD analysis of AA6063 samples before and after heat
treatment

SEMMAG: 1.00kx | WD: 2.
SEM HV: 5.0kV. Det: SE
View field: 208 ym _ Date(midly): 01/08120.

Dispersion of precipitates after the solution heat treatment
has inveterate through the XRD analysis. The peaks for WHT,
HTA, and HTW have shown in Fig. 10. The peaks detected
for Mg,Si and Al;Fe in the heat-treated samples ensure the
proper dispersion of precipitates during solution heat treat-
ment [63]. The presence of precipitates Mg,Si and Al;Fe have
influenced the fatigue behavior since precipitates act as a bar-
rier for crack propagation in WHT and HTA samples [64]. So
the fatigue life of HTA and WHT were higher than the water
quenched sample.

4 Conclusion

Low cycle fatigue tests taken for the unheat treated and heat-
treated Al-Si-Mg aluminum alloy, cyclic deformation charac-
teristic such as unloading modulus along with the mode of
fracture of the Al alloy were investigated, and the following
inferences have drawn:

The fatigue life of heat-treated and air-quenched sample
implies that fatigue life can be improved by the heat treatment
and depends on the rate of cooling and quenching medium.
The fatigue life of water quenched sample influenced by hy-
drogen embrittlement. From the test data, the fatigue life of
AA6063 denoted in the order:

Air quenched AA 6063 sample > Unheat treated AA 6063
sample > Water quenched AA6063 sample.

Cyclic softening witnessed in the unheat-treated sample
due to the twinning effect until the crack initiation and cycle
hardening were observed in the heat-treated samples, which
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confirms the Bauschinger effect. It is observed that the sym-
metrical property of the stress-strain curve and unloading
modulus effects are directly related.

From the fractography, the direction of crack propagation
identified through the striated plains and the retardation and
blunting of the cracks confirms the cyclic hardening effect on
the air-quenched sample. Precipitates were found in the heat-
treated samples, as they influence the cyclic straining of the
material. XRD analysis confirmed the proper dispersion of
precipitates after the heat treatment.
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