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COMPARISON BETWEEN ISOTHERMAL AND NON-ISOTHERMAL FATIGUE BEHAVIOR
IN A CAST ALUMINUM-SILICON-MAGNESIUM ALLOY

M. Azadi,™' G. Winter,” G. H. Farrahi, UDC 539.4
and W. Eichlseder®

In the present study, the out-of-phase thermomechanical fatigue (OP-TMF) behavior of a cast
aluminum-silicon-magnesium alloy, the A356.0 alloy which has been widely used in diesel engine
cylinder heads, is compared to room-temperature and high-temperature low cycle fatigue (RT-,
HT-LCF) behaviors. For this purpose, strain/temperature-controlled isothermal and non-isothermal
fatigue tests were performed based on realistic loading conditions in cylinder heads. Fatigue tests
results showed that the plastic strain increased during cycles under constant mechanical strain
amplitude, while the specimen failed. Under LCF loadings, the cyclic hardening occurred at low
temperatures for the A356.0 alloy and the cyclic softening occurred at high temperatures, as it was
also observed in TMF tests. The radial and longitudinal temperature gradients during TMF tests
were almost 2 and 3°C, respectively. Comparing stress-strain hysteresis loops, tensile stresses at
minimum temperatures under TMF loadings were more than tensile stresses at LCF cases, due to
the out-of-phase loading condition in TMF tests. In this state, maximum temperatures occurred
within compressive regimes and minimum temperatures occurred at tensile loads. In general, TMF
lifetimes were less than LCF ones due to severe conditions and the temperature deviation in TMF
tests.

Keywords: cast aluminum alloy, isothermal fatigue, non-isothermal fatigue, low cycle fatigue, thermomechanical
fatigue, hysteresis loop, cyclic softening and hardening.

Introduction. Nowadays, cast aluminum-silicon-magnesium alloys, such as A356.0 (AISi7Mg0.3), have
been widely used in diesel engine cylinder heads due to their relatively high strength to weight ratio, low cost, and
providing affordable improvements in the fuel efficiency. As it is known, thermal and mechanical cyclic loadings
were applied on cylinder heads during start-stop operations, and therefore, the non-isothermal fatigue behavior is
become a major concern of automotive industries with regard to the component integrity and its reliability [1-3].

Many researchers have been worked on isothermal and non-isothermal fatigue behaviors of aluminum
alloys. Most of them investigated high cycle fatigue (HCF) [4—13] and low cycle fatigue (LCF) [14—16] at both low
and high temperatures. However, studies on the thermomechanical fatigue (TMF) behavior are still rare and
researches have been continued.

At present, microstructure modeling for high-temperature cyclic behavior of the A319-T6 alloy was
performed by Sehitoglu et al. [17, 18]. Beck et al. [19] performed TMF tests on two aluminum alloys (AlSi10Mg0.3
and AlSi10Mg0.6), un-reinforced and reinforced with 15% discontinuous Al,O; (Saffil) fibers. Luft et al. [20] and
Beck et al. [21] described TMF and superimposed TMF/HCF behaviors of the AlSi7Mg0.3 cast alloy. By
metallographic investigations and scanning electron microscopy studies, they found that the crack initiation generally
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took place at the interface between eutectic silicon particles and the o.-Al matrix. In another research, Beck et al. [22]
studied the out-of-phase TMF material behavior with superimposed HCF loadings on the AlSi6Cu4 alloy. Their
results showed that at the maximum temperature of 300°C, the lifetime for pure TMF loading was about 2000 cycles
for 180 s and 3000 cycles for tests without dwell time and for lower maximum temperature (250°C), this difference
was become almost twice. Thomas et al. [23, 24] presented fatigue lifetime prediction models based on energy and
classical approaches such as Smith—Watson—Topper (SWT) theory for the A356.0 alloy under TMF and LCF (at
different temperatures) conditions.

The effect of different casting processes on isothermal (at low and high temperatures) and non-isothermal
fatigue behaviors of aluminum-silicon alloys was studied by Bose-Filho et al. [25]. Riedler et al. [26, 27] presented a
special modified energy method, “unified energy approach” and compared to conventional approaches for the
AlSi7MgCu0.5 alloy by using TMF tests results. Takahashi and Sasaki [28] checked the effect of artificial ageing on
the TMF lifetime of the A356.0-T6 alloy. They found that the ageing time was so effective for the loop-end stress
amplitude change rate. The change rate could be expressed as a state of the stress relaxation and there was a
significant correlation (a reverse relation) between the change rate and the fatigue lifetime. Grieb et al. [29]
performed TMF tests on cast aluminum alloys by using near-component-similar samples (such a valve bridge in
cylinder heads) and derived an ageing model from experimental results.

Azadi et al. [30] presented a failure analysis on a gasoline engine cylinder head, made of aluminum alloy.
Their results showed that there were many casting pores due to poor quality of casting in the failed cylinder head,
which had certainly played a crucial role in initiating the crack. In another article, Azadi and Shirazabad [31]
investigated the heat treatment effect on the A356.0 alloy under out-of-phase thermomechanical fatigue and low
cycle fatigue (at different temperatures) loadings. Experimental fatigue results showed that the heat treatment process
had a considerable influence on mechanical and low cycle fatigue behaviors, especially at low temperatures.
However, its effect on thermomechanical fatigue lifetime was not significant. Azadi [32] presented effects of the
strain rate and the mean strain on the cyclic behavior and the lifetime of aluminum-silicon alloys. He found that the
strain ratio effect on high-temperature LCF behavior of the A357.0 alloy was more significant than that of the A356
alloy. He illustrated that increasing the strain rate increased the high-temperature LCF lifetime in the A357 alloy. No
change could be observed in the out-of-phase TMF lifetime when the strain ratio increased. Azadi et al. [33] studied
the effect of various parameters on out-of-phase TMF lifetime of the A356.0 cast aluminum alloy. Scanning electron
microscopy images revealed that the A356.0 alloy had a ductile behavior. The cyclic softening phenomenon was also
observed during stress-strain hysteresis loops. TMF tests results demonstrated that the dwell time had no significant
effect upon the lifetime.

Farrahi et al. [34] proposed a novel fatigue lifetime prediction model for the A356.0 alloy. This model was
based on the plastic strain energy density per cycle including two correction factors, in order to consider the effect of
the mean stress and the maximum temperature. In another article, Farrahi et al. [35] simulated a cylinder head, made
from the A356.0 alloy, by the finite element method to obtain elasto-visco-plastic stresses. Farrahi et al. [36]
presented numerical simulations of cyclic behaviors in light alloys under isothermal and thermomechanical fatigue
loadings. For this purpose, an aluminum alloy (A356) a magnesium alloy (AZ91) were considered to study their
stress-strain hysteresis loops by using two plasticity approaches including the Chaboche hardening model and the
Nagode spring-slider model. Their results demonstrated a good agreement with experimental data at the mid-life
cycle of fatigue tests. Tabibian et al. [37, 38] investigated lost foam casting) process affects on the microstructure,
mechanical properties, damage mechanisms and the fatigue failure of aluminum alloys (A356.0 and A319.0).
Besides, they observed a good agreement between predicted fatigue lifetimes and experimental results, obtained from
different TMF and LCF loading conditions. Charkaluk et al. [39] proposed a novel method to establish and identify a
probability density function, characterizing the fatigue lifetime. The method was initiated with a quantitative analysis
of the microstructure of aluminum alloys. They showed that estimated lifetimes using the novel technique had a good
agreement with experimental data.

In the present article, high-temperature fatigue behaviors of the A356.0 aluminum alloy have been
investigated. According to this objective, TMF and LCF tests were conducted under various conditions (different
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Fig. 1. TMF equipments with related accessories including induction heating and air jet cooling systems.
Fig. 2. LCF equipments with related accessories including induction heating system.

temperatures and strain amplitudes). Isothermal and non-isothermal fatigue test results have been presented in figures
to compare LCF and TMF behaviors of the material.

1. Materials and Experiments. The considered material in this research is a cast aluminum-silicon-
magnesium alloy, entitled as A356.0 (AlSi7Mg0.3), which has been utilized in diesel engine cylinder heads. The
element composition was measured as 7.06% Si, 0.37% Mg, 0.15% Fe, 0.01% Cu, 0.02% Mn, 0.13% Ti and Al was
remainder. The production process of this alloy was performed in permanent molds by the gravity casting method.

Strain/temperature-controlled isothermal and non-isothermal fatigue tests were conducted including out-of-
phase TMF, room-temperature LCF and high-temperature LCF tests under various conditions. Related equipments of
testing can be seen in Figs. 1 and 2. The strain was measured by a high-temperature extensometer during cycles. The
temperature was measured by K-type thermocouples. The induction system was used for heating the specimen and
the compressed air jet was used for cooling the specimen.

It is noteworthy that, in LCF tests, the temperature was constant during cycles, within a variation interval of
+2°C. Since LCF tests had isothermal conditions, based on ASTM-E606 standard (a standard practice for
strain-controlled fatigue testing, 1992). However, in TMF tests, besides the mechanical strain, the temperature
changed between the minimum value and maximum values, based on COP-EUR22281EN standard (a validated
code-of-practice for strain-controlled thermomechanical fatigue testing, 2006). The strain rate was 60%/min in LCF
tests. In TMF tests, heating/cooling rate was constant as 10°C/s. As an initial condition, tests began with 0.03% of the
mechanical strain, compared to initial cylinder head loadings. This load is comparable to initial bolts forces and valve
seat insert effects. Thus, the strain ratio (the ratio of minimum to maximum strains), was almost equal to minus
infinity. TMF tests started at a minimum temperature, which was constant as 50°C. However, maximum temperatures
were variable in tests (constant in a test) as 200 and 250°C, according to operation conditions of cylinder heads. The
constraint factor (or the thermomechanical loading factor) has been defined as the ratio of the mechanical strain
amplitude to the thermal strain amplitude, which was considered as the thermal expansion coefficient multiplied to
the temperature range. This constraint factor was constant during a TMF test and applied as 125% for all tests.
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Fig. 3. Loading conditions during a TMF test and specimen geometry and dimensions in mm.

In the case of out-of-phase loading conditions, when the temperature reached its maximum value, the
mechanical strain had the maximum compressive values and vice versa, which has been comparable to real
conditions in cylinder heads. The out-of-phase loading condition during a TMF test (considering 225°C for the
maximum temperature, 150% for the strain constraint and 60 s for the dwell time), as well as the geometry of used
specimens are shown in Fig. 3. As it can be seen, an axial hole with 1.5 mm diameter in the middle of specimens was
drilled to measure and control the temperature by the thermocouple.

Before each LCF test, the elastic modulus of the material was measured to check the obtained value with
references. Before each TMF test, a zero-force test was performed to find the thermal strain of the material at
different temperatures. In this case, firstly, the heating/cooling rate was considered as 2°C/s under a zero mechanical
stress level (including one cycle). The allowable value for stresses is less than 4 MPa due to COP-EUR22281EN
standard. This low heating/cooling rate was due to the absence of transient temperature behavior and to find the
thermal expansion coefficient of the material. Then, the test was repeated at 10°C/s (including one cycle) to find the
real material behavior and measure the correction factor for the thermal strain. This process, which was temperature-
based, is shown in Fig. 4, including the thermal strain, the correction factor and stress values during the zero-force
test. As it can be seen, the stress was less than 2 MPa, which showed an agreement with the standard.

In brief, the configuration of out-of-phase TMF tests is listed as follows:

(i) initial strain: 0.03%;

(i1) start temperature: 50°C;

(iil)) minimum temperature: 50°C;

(iv) maximum temperature: 200 and 250°C;

(v) constraint factor: 125%;

(vi) dwell time (at the maximum temperature): 5 s;

(vii) heating/cooling rate: 10°C/s.
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Fig. 5. Radial and axial temperature gradients during a TMF test with a dwell time.

Meanwhile, the configuration of room-temperature and high-temperature LCF tests was as follows:

(i) temperature: 25, 200, and 250°C;

(i1) strain rate: 60%/min;

(ii1) strain amplitude: 0.20 and 0.30% (measured from the mid-life cycle of TMF tests results);

(iv) strain ratio: —12.3 and —19.0 (measured from the mid-life cycle of TMF tests results).

2. Results and Discussion. In TMF tests, the temperature was controlled according to the demanded
temperature. The difference between demanded and real temperatures was measured as 4.7°C at the maximum
temperature. This temperature difference should be less than 5°C according to COP-EUR22281EN standard. The
longitudinal temperature gradient within 12 mm of the gauge length was almost 3°C and the radial temperature
gradient was 2°C. These temperature gradients are shown in Fig. 5. These gradients were also in a good agreement
with the standard.

Before analyzing the results obtained for hysteresis loops at different cycles, it should be noted that the
specimen failure was defined as the first drop in the history of the maximum stress versus the time. This definition
shows the fatigue lifetime of the specimen. Stress-strain and stress-temperature hysteresis loops at different cycles
are shown in Fig. 6 for a TMF test. In this experiment, the maximum temperature was 225°C. The enhancement of
the plastic strain could be observed during cycles and therefore, the cyclic softening behavior occurred in the A356.0
alloy. According to [40-42], if the ultimate tensile strength to the 0.2% offset yield strength is greater than 1.4, the
cyclic hardening behavior will occur and if this ratio is smaller than 1.2, the cyclic softening behavior will occur in
the material. It is noteworthy that the ratio of ultimate stresses to yield ones was measured as 1.1 for the A356.0 alloy
according to tensile tests at high temperatures (between 150 to 250°C). Hysteresis loops for room-temperature and
high-temperature LCF tests are shown in Fig. 7. Obtained results demonstrated that the cyclic hardening behavior at
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Fig. 7. Stress-strain hysteresis loops for different cycles in LCF tests at room temperature and 250°C.

the room temperature and the cyclic softening behavior at high temperatures (250°C) for the A356.0 aluminum-
silicon-magnesium alloy. In the case of the cyclic hardening behavior, the stress increased and the plastic strain
decreased during cycles. However, in the case of the cyclic softening behavior, the stress decreased and the plastic
strain increased during cycling.

The maximum and minimum stresses, the stress amplitude and the mean stress are depicted in Fig. 8 for both
TMF and high-temperature LCF tests versus the fatigue lifetime (in a logarithmic scale). In addition, the total
mechanical strain and the plastic strain versus the fatigue lifetime (in a logarithmic scale) and also stress-strain
hysteresis loops are shown in Fig. 9. It should be mentioned that plastic strain was calculated by the fatness of the
hysteresis loop, where the mean stress was zero. Then, the elastic part was calculated as the difference between the
total mechanical strain and the plastic strain.

Figures 8 and 9 (including stress and strain histories) show the cyclic softening behavior of the A356.0 alloy
under TMF and high-temperature LCF loadings, as also illustrated in Figs. 6 and 7. Moreover, the maximum stress at
TMF tests was more than that one at high-temperature LCF tests. The reason was due to the time when the minimum
temperature occurred at the tensile stress under the out-of-phase loading condition. At the minimum temperature, the
stress had almost the same value in both TMF and LCF tests (Fig. 9). Although in LCF tests, the temperature was
constant according to isothermal conditions, but the LCF lifetime was higher than the TMF one. This was due to
have transient temperatures and severe conditions in non-isothermal TMF tests in comparison to isothermal LCF
tests. It should be mentioned that we attempted to compare TMF and LCF behaviors of the A356.0 alloy for the same
value of the mechanical strain. However, small differences existed in results of the total mechanical strain amplitude,
which could be negligible for comparing TMF and LCF lives. In the LCF test at 250°C, the strain amplitude was
somewhat higher, but the lifetime also exceeded the TMF one. The plastic strain in this case was higher in the LCF
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test, in comparison to that in the TMF test, but at lower temperatures (200°C), the respective plastic strains were
almost identical.

Conclusions. High-temperature fatigue behaviors of the A356.0 alloy has been studied by considering
different test types including TMF and LCF conditions. Isothermal fatigue test results showed that the cyclic
softening behavior occurred for the A356.0 alloy at high temperatures and the cyclic hardening behavior occurred at
the room temperature. Besides, for non-isothermal fatigue tests, the cyclic softening behavior occurred for the
A356.0 alloy. In addition, the TMF lifetime was less than the high-temperature LCF lifetime at the same condition
for the A356.0 alloy. This is attributed to severe non-isothermal loadings conditions (transient temperatures) in TMF
tests.
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