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Abstract
In this research, the corrosion effect has been investigated on the high-cycle fatigue lifetime and the
fracture behavior for the heat-treated aluminum-matrix nano-clay-composite and piston aluminum alloys.
For this objective, after fabricating stir-casted nano-clay-composite, standard samples were machined
and rotary bending fatigue tests were performed. To study the corrosion effect, some specimens were
corroded in in the 0.00235% H2SO4 solution after 200 hours and then, they were tested under cyclic
bending loading. Due to increase in the hardness by adding nano-clay particles and the heat treatment,
higher fatigue strength occurred, compared to the base material. Nano-clay particles shortened the
fatigue lifetime; however, this effect was less in the corrosion-fatigue lifetime. Moreover, the failure
mechanism was the brittle fracture behavior due to the observation of quasi-cleavage and cleavage
marks.

Introduction
Advantages of aluminum-silicon alloys are clear enough for the application in engine and automotive
components. Such these bene�ts are related to the casting behavior, the density, the wear lifetime and the
fatigue lifetime, either at moderate temperatures [1–3]. Therefore, understanding material behaviors
could be important for designers. However, as a problem in diesel engines, components in the
combustion chamber have been exposed to cyclic loadings under environmental effects. These factors
contain high temperatures and corrosive �uids, which decrease the material lifetime. In order to improve
material characteristics, the heat treatment process could be used by engineers as a common solution.
Moreover, based on an innovative approach, nano-particles-reinforced aluminum-matrix composites have
been fabricated in the literature [2–3], by adding nano-particles besides the heat-treatment. These
reinforcements could increase the material lifetime.

In following paragraphs, a literature review could be seen for fatigue properties of aluminum alloys [4–
13] and aluminum-matrix composites [14–17]. In addition, some other articles [18–37] have been
reviewed for corrosion-fatigue properties of aluminum alloys.

Ueno et al. [4] studied fatigue properties of Al-Si-Cu alloys in ambient air and vacuum environments. As
an expectation, the fatigue lifetime in the vacuum were always longer than that the air. Teranishi et al. [5]
indicated that under cyclic loading and in the low-cycle fatigue regime, cracking generally started by the
fracture of Si particles, in the Al-Si-Mg aluminum alloy. That was due to the equivalent plastic strain,
concentrated near Si particles. Azadi [6] demonstrated no signi�cant in�uence on the thermo-mechanical
fatigue lifetime of the A356.0 alloy, using the heat treatment. The reason was due to over-ageing at high
temperatures. Moffat et al. [7] studied the in�uence of the silicon content on the long crack fatigue of
piston aluminum alloys at high temperatures. They found that the Si phase had an inverse effect on the
fatigue strength. Mbuya et al. [8] investigated the fatigue crack growth behavior in as-cast and hot-
pressed aluminum alloys. Their results illustrated that pressing reduced the porosity, which effectively
enhanced the ductility and subsequently, improved the fatigue crack growth resistance.



Page 3/25

Mbuya et al. [9] analyzed the fatigue crack initiation and the stress-lifetime response of cast aluminum
alloys, after over-ageing at 260℃ for 100 hours. They depicted that hipping had no effects on the fatigue
behavior of Al7Si-Sr. However, hipping improved the fatigue resistance of Al0.7Si, due to lower porosity.
Nicoletto et al. [10] checked high-temperature fatigue behaviors of eutectic Al-Si alloys, used in the engine
piston. They found higher fatigue strength at room temperature for the hot forged alloy. By increasing the
temperature, the fatigue strength decreased signi�cantly at 250℃. Mbuya and Reed [11] studied the
short fatigue crack growth behavior in Al-Si alloys. Their results illustrated that intermetallic particles and
eutectic Al-Si regions had an effective role on the crack path and the growth rate. Wang et al. [12]
presented low-cycle fatigue behaviors and the lifetime estimation of the piston aluminum alloy at high
temperatures. They indicated that fatigue cracks usually initiated near Si phases. When the temperature
increased, ductile tearing occurred through micro-cracks. Rezanezhad et al [13] demonstrated the heat
treatment changed the Si distribution and its size. Therefore, the high-cycle bending fatigue lifetime
surprisingly enhanced by the process of heat treating.

For the second category of the literature review on composites, Myriounis et al. [14] reported the fatigue
behavior of SiCp particulate-reinforced A359 aluminum-matrix composites. Their results illustrated that
the fatigue strength had dependency on the heat treatment. The reason was linked to the microstructure
and good matrix-particulate interfacial properties. Divagar et al. [15] investigated the impact of the nano-
sized particles on the fatigue lifetime of the AA7075-T651 aluminum alloy. They demonstrated that the
nano-composite had higher fatigue strength than that of the base metal. The optimized value for SiC and
Al2O3 nano-particles was 10% and 5% respectively. Raju et al. [16] evaluated the fatigue lifetime of the
nano-composite, fabricated from the Al2024 aluminum alloy and Al2O3 nano-particles, using the stir
casting technique. They revealed that based on the stress-lifetime curve, the nano-composite fatigue
behavior was better than that in the base material. Azadi et al. [17] studied low-cycle fatigue properties at
elevated temperatures in piston aluminum alloys, both with and without reinforcements, the heat
treatment nano-clay particles. They obtained that the reinforcement in�uence was not signi�cant on the
low-temperature fatigue lifetime. Moreover, at 300 ℃, the fatigue lifetime of aluminum alloys decreased
effectively using reinforcements.

In the third category, a literature review was done for corrosion-fatigue tests. Chlistovsky et al. [18]
presented the corrosion-fatigue behavior of the 7075-T651 aluminum alloy under cyclic over-loadings.
However, they showed that the corrosion-fatigue phenomenon did not have a large in�uence on the
fatigue lifetime in the low-cycle fatigue regime (high stress levels. It was depicted from fractographic
evidences that the decrease in the lifetime under high-cycle fatigue regims was due to premature the
crack initiation, which was from corrosion pits, formed on the surface of the sample. Galyon Dorman and
Lee [19] studied the chromate primer effect on the corrosion-fatigue behavior in the AA7075-T651
aluminum alloy. Their tests in the pure water suggested that the ratio of chloride to chromate had
in�uences on the e�cacy of chromate. Mhaede [20] investigated the in�uence of ball-burnishing and shot
peening on fatigue and corrosion-fatigue performances of the AA7075-T73 alloy. Their results illustrated
that the corrosion effectively decreased the fatigue lifetime and such surface treatments enhanced the
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corrosion-fatigue lifetime. Meng et al. [21] measured the corrosion-fatigue crack growth rate behavior in
the 7075 aluminum alloy. They proved that the crack growth rate accelerated when the corrosion solution
concentration increased. Moreover, the crack growth rate enhanced, when the load frequency decreased,
due to the longer corrosion exposure of the specimen. Corrosion pits were responsible for the acceleration
of the crack growth rate. Moreover, around the crack-tip, corrosion pits might act as physical defects and
the stress concentration. Abdulstaar et al. [22] investigated in�uences of bulk and surface severe plastic
deformations on fatigue, corrosion and corrosion-fatigue behaviors of the AA5083 alloy. Their result
demonstrated that the fatigue lifetime was signi�cantly increased by shot peening and ball-burnishing.

Laurino et al. [23] studied the corrosion effect in the NaCl solution on the fatigue lifetime and fracture
mechanisms of 6101 aluminum wires. They claimed that the pre-corrosion heat treatment led to a
decrease in the number of cycles to failure, due to premature the crack initiation on corrosion defects.
Chemin et al. [24] investigated the corrosion-fatigue crack growth of the 7475-T7351 aluminum alloy in
the air and the saline environment. Their results demonstrated that the fatigue crack propagation lifetime
of samples in the saline was longer than ones in the air. Guerin et al. [25] depicted the fatigue behavior of
the 2050 aluminum-copper-lithium alloy in the air for healthy and pre-corroded samples in the 0.7 NaCl
solution. They found that the fatigue lifetime in the air on pre-corroded samples implied an effective
decrease due to the presence of corrosion defects. The T34 metallurgical state had more in�uences on
the corrosion-fatigue behavior based on the increased propagation of the inter-granular corrosion. Hu et
al. [26] presented a continuum damage mechanics technique coupled with the pit evolution model for the
corrosion-fatigue behavior of the aluminum alloy. They showed an evident for the interaction between the
fatigue damage evolution and the pit growth. During loadings, the accumulated fatigue damage
degraded material properties around pits and then, resulted in the stress redistribution. Under higher
stress levels, corrosion-fatigue lives decreased effectively. Wang et al. [27] found a modi�ed Trantina-
Johnson model to predict the corrosion-fatigue crack growth behavior for evaluating residual lives of
aluminum alloys. Their models had a good correlation with experimental results.

Priet et al. [28] investigated the effect of usual hydrothermal sealing and presented an innovating sealing
process on fatigue properties of the anodized AA2024 alloy in the air, for both as-prepared and pre-
corroded specimens, by the salt-spray or continuous immersions. The fatigue lifetime in the air on pre-
corroded samples revealed that anodized samples had a decrease than anodized and sealed specimens
due to lower corrosion resistance. Chen et al. [29] studied the effect of the pre-deformation on pre-
corrosion multiaxial fatigue behaviors of the 2024-T4 aluminum alloy. With the same pre-deformation
level, the pre-corrosion multiaxial fatigue lifetime decreased, when the pre-corrosion time increased, due
to pitting on the surface of specimens. Leon and Aghion [30] presented the effect of the surface
roughness on the corrosion-fatigue performance of the AlSi10Mg alloy, fabricated by the selective laser
melting. The obtained results indicated that the corrosion resistance and corrosion-fatigue lifetime
improved after the polishing process, comparing to that of the unpolished specimen, due to cavities and
other surface defects. Chen et al. [31] found multiaxial fatigue behaviors of the 2024-T4 aluminum alloy
under different corrosion conditions in the NaCl solution. They demonstrated that when the pre-corrosion
time increased, the multiaxial fatigue lifetime decreased due to corrosion pits. Increasing the pre-
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corrosion time led to have higher number and larger size of pits. Arunachalam et al. [32] depicted the
effect of electrical discharge machining on corrosion and corrosion-fatigue phenomena aluminum alloys.
They revealed that the corrosion potential of the process was greater, compared to milled surface of the
material, due to act as a galvanic couple to an adjacent bulk surface.

Ye et al. [33] studied the effect of combined shot peening and the plasma electrolytic oxidation on the
fatigue behavior of the 7A85 aluminum alloy in air and 3.5% NaCl solutions. Their results indicated that
one surface treatment reduced the corrosion-fatigue lifetime. However, the corrosion-fatigue performance
improved by both treatments due to the residual compressive stress �eld induced by the shot peening
process. Chen et al. [34] investigated the in�uence of alternate corrosion factors on the multiaxial low-
cycle fatigue lifetime of the 2024-T4 aluminum alloy. They illustrated a reduction tendency of the lifetime
by increasing of the corrosion time, the temperature and the corrosion solution �ow rate, as also the
decrease of the pH value. Rodriguez et al. [35] founded corrosion effects on the fatigue behavior of
dissimilar friction stir welding of high-strength AA6061-to-AA7050 aluminum alloys. Their results showed
a localized corrosion damage in the thermo-mechanically affected and heat-affected zones due to pitting,
pit clustering, and the exfoliation. Then, they observed a decrease in the fatigue lifetime with the evidence
of the crack initiation at corrosion defects. Moreover, they claimed that the lifetime was nearly
independent of the exposure time due to the incubation time. Mishra [36] investigated the pre-corrosion
in�uence on mechanical properties and the fatigue lifetime of the 8011 aluminum alloy. They showed
that due to corrosion pits on the surface, the ultimate tensile strength properties decreased but not
effectively. However, the fatigue strength decreased signi�cantly. Huang et al. [37] presented the
equivalent crack size model for the pre-corrosion-fatigue lifetime prediction of the 7075-T6 aluminum
alloy. They correlated parameters between equivalent cracks and corrosion pits, using the Pearson
correlation analysis.

Based on the mentioned literature review, the research on corrosion-fatigue properties of heat-treated
aluminum-matrix nano-composites has been so limited or non-existed until now. Moreover, the corrosive
environment (the acid type) for the combustion engine applications was not investigated by researchers
for the evaluation of fatigue properties. Therefore, in this article, the corrosion effect on the high-cycle
fatigue lifetime and the fracture behavior for the heat-treated aluminum-matrix nano-composite was
studied and then also compared to the base material. For this target, rotary bending fatigue testing was
done on machined standard samples, fabricated from piston aluminum-silicon alloys, with and without
nano-clay particles, both for as-prepared and pre-corroded samples.

Experimental Works
In this research, the studied material was aluminum-silicon (AlSi12CuNiMg) alloy. The application of this
material is in combustion engine pistons in the automotive industry. The chemical composition of the
initial material depicts in Table 1. Then, to reinforce the material, nano-clay particles (type:
montmorillonite K10) were used in the aluminum-matrix. The weight percent of nano-clay particles was
considered as 1% based on the literature [17, 38]. Moreover, the chemical composition of nano-clay
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particles shows in Table 2. Based on the literature [3], pre-heating of nano-particles caused to a superior
wetting in the aluminum-silicon melt than that which made by the ball-milling process. To fabricate initial
materials, nano-clay particles were �rstly pre-heated at 400℃ [39] and then, were added into the
aluminum melt by the stir, with the amount of 2 gr. This work was done to have a better melt quality and
also to eliminate any gas accumulations in the aluminum melt [17, 40].

Table 1
The aluminum alloy chemical composition

Element Al Si Fe Cu Mg Ni Zn Mn

Amount (%) Base 12.70 0.56 1.16 1.00 0.80 0.16 0.12

 
Table 2

The nano-clay chemical composition
Element SiO2 Al2O3 LOI Fe2O3 MgO CaO Na2O K2O TiO2

Amount (%) 50.95 19.60 15.45 5.62 3.29 1.97 0.97 0.86 0.62

 
The fabrication technique for the piston aluminum-silicon alloy for fatigue testing was the gravity casting
approach. The production method for the aluminum-matrix nano-composite was the stir-casting method.
For the objective of fabricating standard cylindrical samples, aluminum ingots were �rstly melted. Then,
the aluminum melt was held for 2 hours at 700℃. The casting process of all initial samples was about 5
min, one by one. After waiting for 20 min, nano-clay particles were added the melt. Moreover, all initial
specimens were air-quenched. Then, fatigue standard samples were machined from casted initial
specimens. The geometry depicts in Fig. 1. After machining, nano-clay-composite samples were also
heat-treated at 500°C for 1 hour, water-quenched and aged at 200°C for 5 hours [41].

Based on the literature [13], the heat treatment could change the Si distribution and the Si size in the
aluminum-matrix in aluminum-silicon alloy. Then also, the hardness increases effectively and
consequently, the stress-controlled fatigue lifetime increases. Sasaki and Takahashi [42] showed that
precipitation hardening occurred after T6 heat treating, which was higher than T4, T5, T7, T8 and T9 heat
treatments.

Fatigue testing including cyclic bending was carried out under the fully-reversed condition (R = − 1), based
on the ISO-1143 standard [43]. This experiment was done by the rotary bending fatigue testing equipment
(SFT-600 from SANTAM Company). During cyclic bending loading, the stress value was controlled.
Therefore, in each test, the stress amplitude was constant in the regime of the high-cycle fatigue.
However, each stress level was tested for at least 3 times for the repeatability of testing. The loading
frequency was 100 (Hz) at the room temperature. Such a loading case could be found during working
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conditions of the vehicle engine. In addition, the fatigue lifetime of the run-out sample was limited to 2 ×
106 cycles [44].

For the stress-lifetime curve, the following formulation could be utilized [13],

For corrosion-fatigue tests, the samples were pre-corroded at 0.00235% H2SO4, which was selected based
on the maximum sulfur content in the gasoline fuel in diesel engines. The time duration for the corrosion
was about 200 hours [41]. The specimens after the pre-corrosion could be seen in Figure 1.

To study the fracture surface and to �nd failure mechanisms during cyclic loadings, the �eld-emission
scanning electron microscopy (FE-SEM) was used based on the MIRA TESCAN model, in the secondary
mode. In addition, the energy dispersive X-ray spectroscopy (EDS) map was utilized to indicate the
material chemical composition on the fracture surface od samples. For this objective, the back-scattered
mode of FE-SEM images were taken. Moreover, the other objective of the back-scattered FE-SEM image
was to �nd the distribution of nano-clay particles in the aluminum matrix. Then also, to �nd the effect of
the heat treatment and nano-clay particles, before testing, microstructures were examined by the optical
microscopy (OM), using the Olympus model. For such objective, a polishing process was �rstly performed
on specimens and then, a Keller etchant (solution including 1.5 ml HCL, 2.5 ml HNO3, 1.0 ml HF and 95 ml
H2O) was utilized [1,3,38,45]. 

For a better presentation of obtained results, an explanation of the abbreviations used for the materials is
given in Table 3 for samples and testing types. The last experiment was the harness test, which was
performed by the Brinell method and the macro-hardness type. For this objective, a bullet with a diameter
of 2.5 mm and an applied force of 31.25 kilograms Force was used. In addition, the duration of the force
was 10-15 seconds.
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Table 3
The explanation of the abbreviations used for the materials

Abbreviations Explanation

AlSi_N0_T0 Aluminum-silicon alloy

AlSi_N1_T0 Aluminum-silicon alloy, reinforced with nano-particles

AlSi_N1_T6 Aluminum-silicon alloy, reinforced with nano-particles and the heat-treatment

PF Pure bending fatigue testing

CF Corrosion-fatigue testing

Results And Discussions
As the �rst result, hardness test results are given. A comparative diagram of the hardness test results with
the deviation standard is shown in Fig. 2. As it could be seen, the hardness of the AlSi_N0_T0, AlSi_N1_T0
and AlSi_N1_T6 was 86, 121 and 122 BH, respectively. It could be concluded that by adding nano-clay
particles, the hardness increased signi�cantly as 40.6%, and also by reinforcing with nano-clay particles
and also the heat treatment, the hardness increased as 41.8%.

According to the literature [13, 40], which was performed on aluminum-silicon piston alloys, by applying
the heat treatment process and adding nano-silica particles, the hardness of the alloy increased by 36%
and 18%, respectively, compared to the base alloy. Jang et al. [39] also reinforced aluminum alloys using
nano-alumina particles. They found that the hardness of the aluminum alloy increased by 20.7% with the
addition of nano-particles. These results could con�rm the results of this study.

As the second result, the OM images of aluminum-silicon alloys, unreinforced and reinforced with nano-
particles and also reinforced with nano-particles and the heat treatment, before fatigue testing, could be
seen in Fig. 3. All specimens contained the same phases; however, the size and the morphology of
phases were different. These different phases included the main phase, which was α-Al as the matrix with
the light-gray color. Moreover, the second phase was Si, with two morphologies. One of the shapes was a
blocky form, including polyhedral crystals, and the other one was a �aky or needle-like morphology that
was homogeneously distributed in the matrix. Zainon et al. [46] reported that there were two Si phase
types, including the �ake-like form and also the coarse primary phase of Si particles. The black-colored
area in the matrix was (Al,Ni) intermetallic phase. Another intermetallic phase was also (Al,Cu) precipitate
which was seen in the brown-color area. Such obtained results were also seen in the literature [1, 3, 47–
49].

As shown in Fig. 3, the heat treatment caused an insigni�cant increase in the amount of the (Al,Ni)
intermetallic phase in the aluminum-matrix. Such phenomena could enhance and improve the strength of
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the material [38]. In addition, the shape of the Si phase changed after the heat treatment. It seemed that
the thickness of Si precipitates increased.

Adding nano-particles to the aluminum-matrix changed the morphology of the (Al,Ni) intermetallic phase,
into the �aky shape, as shown in Fig. 3. Besides, the size of the Si phase decreased by presence of nano-
particles. As a result, the ratio of the diameter to the length for intermetallic phases and the Si phase
decreased signi�cantly. Similar results were reported in the literature [12, 49]. In addition, Issa et al. [50]
found a decrease in the grain size, when brittle ceramic nano-particles reinforced the matrix. More details
of these microstructures including FE-SEM images were found in previous studies [1, 3]. Azadi et al. [17,
38] and Shari� et al. [53] showed that by the presence of the reinforcement (nano-particles plus the heat
treatment), the change in the Si morphology was signi�cant and seemed to be the needle-shape and also
the block shape. Due to the reinforcement, the Si phase percentage enhanced as 8%. The root cause was
the nano-clay chemical composition, including about 50% SiO2. Moreover, the Si phase area enhanced as
9% by the reinforcement. Such changes in the material microstructure could shorten the fatigue lifetime
and also decrease mechanical properties, as also reported in [17, 42, 51–52]. Besides, a decrease could
be observed in the intermetallic percentage and the intermetallic area, as 21% and 15% respectively, in the
reinforced material [17].

Obtained results from fatigue and corrosion-fatigue testing as the stress-lifetime (S-N) curve for piston
aluminum alloys could be seen in Figs. 4 and 5. In Fig. 4, the curves were compared to different type of
materials and in Fig. 5, fatigue and corrosion-fatigue lifetimes of different alloys were compared.
Moreover, the S-N curve included the stress amplitude versus the high-cycle fatigue lifetime. According to
these �gures, all experimental data were presented plus curve �tting. In addition, averaged experimental
data points were also drawn in a logarithmic scale for the fatigue lifetime at each stress level. Based on
these results and also curve �tting, fatigue and corrosion-fatigue properties of studied materials were
obtained and are shown in Table 4.
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Due to higher hardness of AlSi_N1_T6 compared to the base piston alloy, it could be concluded that the
fatigue strength of the material increased. In addition, according to Fig. 4, it could be seen that the
corrosion-fatigue lifetime of aluminum-silicon alloys reinforced with nano-particles and the heat
treatment also increased, compared to the aluminum-silicon alloy, under high stress levels. However, at
low stress levels, this behavior was not observed and the fatigue lifetimes were almost similar for
different types of the material. Such a result was shown by Rezanezhad et al. [13]. They indicated an
improvement in the high-cycle fatigue lifetime, using the heat treatment, which was lower under the
lowest stress level than that under the highest stress level.

Based on Fig. 4, the use of nano-particles alone, under high and low stress ranges reduced both the
fatigue lifetime and the corrosion-fatigue lifetime of the material. Based on averaged values, the fatigue
lifetime increased by the heat treatment and the nano-particles reinforcement as 128% under 210 MPa
and through the low-cycle fatigue regime. This value for the corrosion-fatigue phenomenon was 114%. In
other words, the corrosion phenomenon reduced such an improvement. The reduction of the fatigue
lifetime and the corrosion-fatigue lifetime under 210 MPa was 81% and 76% respectively, by adding nano-
clay particles. It means that nano-particles decreased the negative in�uence on the fatigue lifetime in the
corrosive environment. However, in general, the effect of the nano-particles reinforcement was negative
on the fatigue properties of the material. These fatigue and corrosion-fatigue behaviors under 120 MPa or
within the high-cycle fatigue regime were similar for various materials.

Myriounis et al. [14] investigated the fatigue properties in SiC-particulate-reinforced A359 aluminum-
matrix composites. They implied increases in the fatigue strength due to the use of these particles. And
also, they showed the fatigue strength strongly depended on the heat treatment. Such a result could be
also seen in this report and the effect of the heat treatment was higher than the reinforcement in�uence.
For the effect of nano-particles, Divagar et al. [15] introduced a metal matrix nano-composite, consisting
of AA7075-T651 + SiC-10%+Al2O3-5%, which exhibited 12% higher fatigue performance than the base
material and also other composites. Raju et al. [16] observed that the fatigue properties of the composite
(Al2024/Al2O3), which was slightly better than that of the base metal. Azadi et al. [17] showed that the
nano-clay particles reinforcement had no signi�cant effect on the low-cycle fatigue lifetime of aluminum-
silicon alloys. These slight improvements or no in�uences of nano-particles on the fatigue lifetime could
be also seen in this article, which indicated an agreement.

To compare fatigue and corrosion-fatigue lifetimes in Fig. 5, it is inferred that the corrosion-fatigue
lifetime of all three alloys was less than the fatigue lifetime. In other words, the corrosion phenomenon
reduced the fatigue lifetime of all samples. This was due to the surface defects (such as pits) caused by
corrosion reactions. Similar result was presented by Guerin et al. [25] for the 2050 aluminum-copper-
lithium alloy, which was pre-corroded in the 0.7 NaCl solution. The fatigue lifetime of pre-corroded
specimens revealed a signi�cant decrease compared to other samples, due to the presence of corrosion
defects. This reduction could be observed as a shift in the curve-�tted lines. In other words, the fatigue
strength coe�cient reduced as 39%, 20% and 39% respectively for AlSi_N0_T0, AlSi_N1_T0 and
AlSi_N1_T6 specimens. Chen et al. [29] illustrated that for the 2024-T4 aluminum alloy, the pre-corrosion
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process decreased the fatigue lifetime. Mishra [36] reported that the pre-corrosion phenomenon created
corrosion pits on the surface of the 8011 aluminum alloy after the 100 hours. This led to initiate the crack
and also to decrease the fatigue lifetime. He demonstrated when the bending stress was 120 MPa, the
lifetime of the un-corroded specimen was twice of the corroded specimen. In this research, after 200
hours pre-corrosion, at the same value of the bending stress, the fatigue lifetime of the un-corroded
specimen was almost 2.8 times higher than the corroded ones. It should be noted that the arrangement of
weight losses after 200 hours of the corrosion time was AlSi_N1_T0, AlSi_N0_T0 and AlSi_N1_T6
samples [41].

To �nd the failure mechanism, FE-SEM images of the fracture surface for aluminum-silicon alloys under
150 MPa stress are shown in Fig. 6. As a �rst statement, the brittle fracture was seen according to the
presence of cleavage and quasi-cleavage marks in all specimens under fatigue and corrosion-fatigue
tests. Moreover, tear ridges, micro-cracks, and also broken intermetallics phases were also observed on
the fracture surface of specimens, as also represented in the literature [13, 53–54]. As Zhang et al. [55]
reported, when there was a brittle facture behavior in the material, the fatigue fracture of the piston
aluminum alloy happened in a perpendicular direction to the force axis. In addition, at the specimen
surface, the crack initiated usually near intermetallic phases.

Figure 6(b) indicated that the brittle region of the fractured surface was larger for specimens after the 200
hours corrosion than other specimens. It is believed that the reduced fatigue lifetime in corrosion-fatigue
tests was due primarily to the formation of corrosion pits [18]. In addition, more defects including
corrosion products such as hydrated aluminum oxides were found on the fracture surface. Such defects
caused a reduction in the fatigue lifetime.

Based on OM and FESEM images, the small size of the silicon phase in the matrix caused longer fatigue
lifetime, since these precipitates could be the sites for the stress concentration. In addition, when the size
of the silicon phase or other intermetallic precipitates was small in the matrix, less corrosion attacks
would be performed due to fewer micro-galvanic effect [56]. Therefore, in the sample reinforced with
nano-clay particles and the heat treatment, the fatigue and corrosion-fatigue lifetimes were longer than
other samples.

As shown in Fig. 6(a), the morphology of the cavities created in samples was different. The cavities were
observed in a shallow-form in the specimen with nano-particles and also the heat treatment. As a note,
similar results were mentioned in the reference [57], where was performed on the 6061 aluminum alloy,
the morphology of the cavity was affected by the addition of silicon carbide particles into the 6061
aluminum alloy matrix. In this system, irregular holes were expanded in the composite, while much
smaller circular holes were formed in the aluminum alloy [57].

Based on the results of Figs. 6 (b), the amount of cavities and their interconnections for the sample with
nano-particles increased, compared to the sample without nano-particles. This indicated an increase in
the corrosion rate. It is noteworthy that after increasing the immersion time, the effect of the presence of
the micro-galvanic effect decreased. Therefore, this may be the reason for the change in the corrosion
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rate behavior of the sample with and without nano-particles over the time. Such a result represented in
the literature [41].

According to Fig. 6, in the sample with shorter fatigue lifetime, more and large cracks were seen on the
slip plates. However, in the sample with longer fatigue lifetime, more holes were seen, which illustrated
that in the sample with shorter fatigue lifetime, a more brittle fracture behavior occurred.

The EDX map after fatigue and corrosion-fatigue testing are shown in Figs. 7 and 8. As a result from
Figs. 7 and 8, the failure mechanism included Si and intermetallics phases in all studied materials. This
was due to this fact that these precipitates could cause the site for the micro-cracks initiation. Li et al. [58]
illustrated that cracks and also the �nal fracture were near Si phases and intermetallics phases. In other
words, the aluminum-matrix was not a potential region for cracking. According to Figs. 7and 8, the
amount of the oxygen element in corrosion-fatigue samples was more than that of the fatigue
specimens. This could be due to corrosion reactions and the formation of holes on the surface. In this
situation, the corrosive solution penetrated through the cavities and the corrosion products would be
created.

Conclusions
In this article, the corrosion in�uence on the high-cycle fatigue lifetime and the fracture behavior for the
heat-treated aluminum-matrix nano-composite was compared to the base material and highlighted
results could be shortened as follows,

The hardness increased signi�cantly in the piston aluminum alloy, by the addition of both nano-clay
particles and the heat treatment. Moreover, the heat treatment effect was signi�cant and changed
the microstructure of the material, specially the (Al,Ni) intermetallic phase. In addition, nano-clay
particles changed the morphology of this phase into the �aky shape. The Si phase size reduced by
nano-particles.

Higher hardness of heat-treated nano-composite led to higher fatigue strength, compared to the base
material, especially through the low-cycle fatigue regime. However, the nano-particles effect was
negative and the fatigue lifetime decreased.

The corrosion effect in the 00235% H2SO4 solution after 200 hours, as expected, was negative on the
fatigue lifetime of all specimens, due to surface defects and pits. This decrease was a shift in both
low-cycle and high-cycle fatigue regimes.

To �nd the failure mechanism, cleavage and quasi-cleavage marks were observed in all samples
under fatigue and corrosion-fatigue tests, which showed the brittle fracture. The precipitates in the
aluminum matrix were sites for the crack initiation.
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Figures

Figure 1

The specimen of fatigue testing including (a) the specimen geometry (b) the specimen before and after
the pre-corrosion process
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Figure 2

Comparative results of the hardness test
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Figure 3

The material microstructure before fatigue testing, including (a) the aluminum-silicon alloy, (b) the nano-
composite and (c) the heat-treated nano-composite
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Figure 4

Stress-lifetime curves for all studied materials for (a) all fatigue data, (b) averaged fatigue data points, (c)
all corrosion-fatigue data and (d) averaged corrosion-fatigue data
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Figure 5

Stress-lifetime curves for fatigue and corrosion-fatigue data for (a) the piston aluminum-silicon alloy, (b)
the nano-clay-composite and (c) the heat-treated nano-clay-composite



Page 23/25

Figure 6

The FE-SEM image of the fracture surface after fatigue testing for piston aluminum alloys with and
without reinforcements under (a) fatigue and (b) corrosion-fatigue loadings
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Figure 7

The EDX map of the fracture surface after fatigue testing including (a) the piston aluminum alloy (b), the
piston aluminum alloy reinforced with nano-particles, and (c) the piston aluminum alloy reinforced with
both nano-particles and the heat-treatment
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Figure 8

The EDX map of the fracture surface after corrosion-fatigue testing including (a) the piston aluminum
alloy (b), the piston aluminum alloy reinforced with nano-particles, and (c) the piston aluminum alloy
reinforced with both nano-particles and the heat-treatment


