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Abstract: Internal combustion engine downsizing and powertrain electrification trends in recent
years have led to higher thermal loads on the cylinder head materials with an increased number of
engine start-stop thermal load cycles. This requires designing cylinder heads that are resilient against
thermomechanical fatigue damage. To reduce the developmental costs, reliable numerical models for
use in computer-aided design approaches are required. Thus, a comprehensive understanding of
the material deformation behaviour under loads mimicking in-service conditions is desired to make
better engineering decisions. This study examines the effect of strain rate on the cyclic deformation
behaviour of the A356-T7 + 0.5% Cu aluminium alloy commonly used in modern internal combustion
engine cylinder heads. Samples extracted from the valve bridge areas of the cylinder heads are tested
in strain-controlled fatigue tests. Samples are tested at strain rates of 1% s~! and 10% s~! at room
temperature, 150 and 200 °C. The material exhibits increased isotropic hardening and softening rates
and an increased number of cycles to failure at 10% s~!. The strain rate has a dramatic influence
on the mean stress development at room temperature. The role of silicon particles in the fracture
mechanism is investigated using electron microscopy techniques.

Keywords: aluminium; cylinder head; mechanical properties; fatigue; strain rate; A356; deformation
behaviour

1. Introduction

Cylinder heads are a crucial part of the internal combustion engines and serve to house the
channels and valves for the gases flowing through the system, besides sealing the combustion chambers.
Owing to their intricate geometry because of the presence of complex flow channels for the engine
coolant, lubricating fluid, and the combustion gas, they are often produced by gravity die-casting
methods [1]. In the last few decades, aluminium has gradually replaced cast iron in engine cylinder
heads. In addition to aluminium cylinder heads being lighter, aluminium alloys in cylinder heads
also offer the advantage of high thermal conductivity and increased corrosion resistance compared to
their cast iron counterparts [1,2]. As the drive to advance the engine efficiency increases, the operating
temperatures have kept increasing with the engine peak temperature reported well above 200 °C
in recent times [3-5]. Cylinder heads undergo thermomechanical fatigue cycles associated with the
engine start-stop cycle, leading to possible failure of thin sections in the cylinder heads that are
exposed to steep thermal gradients such as the valve bridge area [3,6,7]. This problem is further
aggravated with hybrid powertrains, as the number of such engine start-stop thermomechanical cycles
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are considerably increased. Reliable numerical models to predict both the structural deformation and
thermomechanical fatigue durability of cylinder heads are essential to shorten the development times
and reduce developmental costs with the computer-aided engineering (CAE) approach [6,8]. Thus,
to develop a better understanding of the continuum deformation and fatigue behaviour of the alloy;,
it is essential to investigate the effect of strain rate on the deformation and fatigue behaviour. Owing to
the significant plasticity associated with the thermomechanical loads in cylinder heads, a strain-based
approach is often favoured for application in the industry [9,10].

While pure aluminium is soft, it is often alloyed with elements such as magnesium, zinc,
manganese, etc., in various amounts to improve its strength [11]. The castability of the alloy is
improved with additions of silicon [1]. A356 primary aluminium alloy (AlSi7Mg0.3) has been used
for casting engine cylinder heads owing to its high toughness and good fatigue properties. However,
the material exhibits reduced high-temperature strength and creep resistance [12]. Copper additions
have been used in recent years to improve the high-temperature strength and the creep properties
of the A356 alloy [1,13,14]. The A356 + 0.5 wt % Cu alloy is commonly used in recent generations
of cylinder heads [3,4,15]. The alloy is often heat-treated to an over-aged condition (T7) to improve
the microstructural and dimensional stability of the component. Phase transformation can otherwise
induce dimensional changes in the as-cast structure [1,3].

There are numerous works highlighting the effects of strain rate on the cyclic deformation and
fatigue behaviour of different commercially used aluminium alloys in the literature. Pinto et al. [3]
made a comparative study on the fatigue behaviour of three aluminium alloys including AS7GU alloy
(that was similar in composition to the A356 + 0.5 wt % Cu alloy of interest in this study) and observed
that it exhibited a superior ductility and high cycle fatigue behaviour compared to the other tested
aluminium alloys along with a lower scatter in the number of cycles to failure owing to the lower
copper content in the alloy (0.5%). Azadi [16] studied the effect of strain rates and mean strains on the
cyclic deformation behaviour of two different aluminium-silicon-magnesium alloys, A356 and A357.
The author observed that for low cycle fatigue tests at 200 °C and a strain amplitude of 0.4%, the mean
strains had no influence on the number of cycles to failure of the A356 alloy. The study also highlights
the similar number of cycles to failure for high temperature-low cycle fatigue tests and out-of-phase
thermomechanical fatigue tests for similar test strain rates in A357 alloys and suggests isothermal low
cycle fatigue tests as an alternative for the more expensive thermomechanical fatigue tests for use in
cylinder head design. Fan et al. [17] studied the effect of strain rate on the cyclic deformation behaviour
of 333 aluminium alloy (AlSi9Cu3) at room temperature and observed that the cyclic hardening ratio
increased with increasing strain rates up to strain rates of 0.25 min~! and decreased when the strain rate
was increased further. Furthermore, characterization of the dislocation structures by the authors using
a transmission electron microscope indicate the role of differing dislocation structures and mechanisms
in determining the cyclic hardening behaviour of the alloy at various strain rates.

The effect of strain rate on the monotonic deformation behaviour of various alloys has also
been extensively documented. Manish et al. [18] studied the effect of strain rate on the compressive
deformation behaviour of A356 cast aluminium alloy employing strain rates varying from 107 s7! to
4.9 - 103 s71. The authors observed increasing yield strength and a decreasing work hardening rate
with the increase in strain rates. The lower work hardening rates at higher strain rates are attributed to
the higher specimen deformation temperature during the tests associated with the adiabatic nature of
the process. On the contrary, they observed that the fraction of damaged silicon particles and their
average size were insensitive to strain rates and showed similar patterns throughout. Mi et al. [19]
studied the effect of strain rate and temperature on the tensile deformation behaviour of Al-Zn-Mg-Cu
alloy. The material was deformed at 340, 380, 420, and 460 °C with three different strain rates of 0.1,
0.3, and 1% s~!. The authors concluded that the flow stresses decreased with decreasing strain rates
and increasing temperatures. They quote the longer times available for energy accumulation at lower
strain rates and the improved thermal activation of the dislocation motion and annihilation at elevated
temperatures as contributing factors for such behaviour. However, they saw no clear trends on the
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effects of strain rate on the ductility of the material. Korbel et al. [20] studied the effect of strain rate on
the dislocation structures of pure polycrystalline aluminium under monotonic loading and concluded
that increasing the strain rate increased the flow stress and reduced the size of the dislocation cell
structures. This effect was attributed to the reduced thermally activated relaxation processes associated
with the higher strain rates. Consequently, they observed reduced dislocation density at lower test
strain rates, and therefore, lower flow stresses. Numerous studies draw attention to the strain rate
sensitivity of the deformation behaviour of some of the commercially used aluminium alloys [21-23],
highlighting the importance of taking such rate-dependent behaviour into account for developing
reliable numerical models.

While several studies investigate the strain rate effects on the monotonic deformation behaviour
of the A356 family of alloys, there is a dearth of relevant information when it comes to studying the
strain rate effects on the cyclic deformation behaviour of the newer generation of increased copper
containing A356-T7 + 0.5% Cu alloys at both elevated temperatures and with different relevant strain
rates. One expects relatively low deformation rates associated with the thermal load cycles in a
cylinder head and long accumulated dwell times, thus involving the influential role of time-dependent
processes such as creep/relaxation and ageing phenomena in determining the deformation behaviour
of the material [6,24]. This study aims to bridge the knowledge gap by investigating the effect of strain
rate on the cyclic deformation behaviour of the A356-T7 + 0.5% Cu alloy at elevated temperatures, as it
provides crucial material deformation and fatigue life data to make informed engineering decisions to
reliably design a cylinder head using CAE methods. The study employs material extracted directly
from the valve bridge areas of the cylinder heads of internal combustion engines (ICE), offering an
accurate representation of the complex microstructure observed in cylinder heads and that which is
difficult to replicate in custom cast test specimens [24]. However, this study does not consider the effect
of variation in the manufacturing processes and the associated changes in microstructure, which could
in turn affect the deformation and fatigue behaviour of the alloy. Instead, the microstructure from a
constant set of process parameters and manufacturing conditions are considered for investigation to
minimize the influence of microstructural variations on the strain rate effects.

2. Materials and Methods

2.1. Sample Extraction for Testing

A cylinder has a complex microstructure owing to the variations arising from different cooling rates
at different sections of the cylinder head structure and the differences arising from the industrial cylinder
head production process [24,25]. It is difficult to replicate such complex variations of the microstructure
in lab cast specimens for testing [26]. To study the strain effects on the deformation behaviour of the
A356-T7 + 0.5% Cu alloy used in the cylinder heads with a representative microstructure, samples
for testing are extracted directly from Volvo Cars’ inline VEP4 4-cylinder (Volvo Cars, Gothenburg,
Sweden) petrol engine cylinder heads. The samples for testing are extracted from the valve bridge areas
that are susceptible to thermomechanical fatigue failures [6,27], as illustrated in Figure 1. Four test
specimens are extracted from each cylinder head as the samples are located such that the test volume
corresponds to the central valve bridge areas of the fire deck of the individual cylinders.

2.2. Material and Microstructure

The cylinder head is cast with A356-T7 + 0.5% Cu aluminium alloy, and the average chemical
composition of the alloy from two measurements made employing a modified ASTM E1251 [28]
measurement method is summarized with the most significant alloying elements in Table 1. The method
used an optical emission spectroscopy-based analysis to determine the chemical composition of the
aluminium alloy. The average secondary dendrite arm spacing (SDAS) was measured at 31 um using
the mean linear intercept method on multiple groups of aligned secondary cells. The dendritic nature
of the microstructure of the material can be observed in the optical microscope image presented
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in Figure 2. The variation of the SDAS was within 5%, with the spacing lower in regions closer
to the mould wall where the cooling rates are higher. The phase composition in the alloy can be
broadly classified into primary x-aluminium, the silicon-rich eutectic phase, and the secondary phase
precipitates. A scanning electron micrographic image indicating the different phases in the alloy is
presented in Figure 3.

Figure 1. Illustration of sample extraction from the valve bridge regions of the cylinder heads for
fatigue testing.

Table 1. Chemical composition of the tested A356-T7 + 0.5% Cu aluminium alloy used to cast the
cylinder heads in wt %.

Si Cu Mg Ti Fe Mn B Others Al
68 053 035 012 0.10 0.07 0.0012 <0.05 Bal

Figure 2. Optical micrograph of the A356-T7 + 0.5% Cu alloy showing the dendritic nature of
the microstructure.
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Figure 3. A Scanning Electron Microscopic image revealing the various phases observed in the A356-T7
+ 0.5% Cu alloy. The bright region is the primary aluminium matrix, the darker precipitates are the
silicon particles in the eutectic regions, while the secondary phase precipitates can be seen as bright
“islands” in the microstructure.

3. Test Methods

3.1. Sample Geometry and Test Setup

The samples for testing are machined following the ASTM E606/E606M standard for
strain-controlled fatigue testing [29], and the geometry of the samples used for testing is as shown in
Figure 4. The samples are ground and polished to obtain a mirror surface finish.

87.00
62.00
52.50
34.50
25.00
<o
~
.
S
8 &
0 2
= a

Figure 4. Geometry of test bars for mechanical testing prepared in agreement with ASTM standards.
(All dimensions are in mm).

The strain-controlled fatigue tests were performed using an Instron 8501 servo-hydraulic machine
(Instron, Norwood, MA, USA) equipped with an Instron 3119-407 forced convection-based temperature
chamber. Two K-type thermocouples in the temperature chamber were used together with a Eurotherm
2408 controller to achieve and sustain the target test temperatures. The sample temperature during
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the tests was monitored using an additional K-type thermocouple mounted on the specimen surface.
Before the commencement of the high-temperature isothermal tests, samples were heated to the
target temperatures, and the samples were held at a zero load condition using force control for a
stabilization dwell-time of 3 hours to enable the test setup to reach thermal equilibrium, as illustrated
in Figure 5. This rigorous thermal stabilization procedure allows us to minimize the interference
between the equipment thermal expansion associated with the heat-up procedure and the experimental
measurements. The strain in the test material was measured using an Instron 2620-603 axial clip-on
dynamic extensometer (Instron, Norwood, MA, USA) mounted in the gauge section of the test samples.
Further aspects of the test method and setup are detailed in our previous research work [30].

Test Equipment - Temperature Stabilization

Load Cycles
— = Dwell at 'No Load' Condition for Equipment Stabilization

Total Strain [%)]

1% s < € <10%s™

/ i
\.,/' 3 h Time [

Figure 5. Illustration of the high-temperature thermal stabilization of the test equipment.

3.2. Test Plan

To study the effect of strain rate on the deformation behaviour of the A356-T7 + 0.5% Cu alloy,
two series of tests were run, all at a total strain amplitude of €amp: 0.4% and a strain ratio R, = -1,
with two different strain rates of 1% s~! and 10% s~!. All the tests in this study were run with a “total
strain” control and a constant test frequency calculated to impose the prescribed strain rates. The tests
were run at room temperature (RT), 150 and 200 °C with two replicas at each temperature. The test
plan is summarized in Table 2. A triangular load waveform is used to apply the loads, and the tests are
run to failure. A sample is considered to have failed when the stress amplitude drops below 75% of
the peak stress developed during the 25th strain load cycling when “stabilization” is considered to
have occurred. The results are visualized as averaged stress response between the two replicas using
normalized lifetime, Nj/N¢, where N; is the cycle number and N¢ is the number of cycles to failure.

The tests with the lower strain rate of 1% s~! were run continuously until failure without any
pauses in between. The tests with the higher strain rate of 10% s~! were run with a 120 s pause with a
‘no load’ force control after every 15 strain load cycles to dissipate the heat generation associated with
the high-frequency loading and are illustrated in Figure 6. Previous studies on the alloy have shown
that the effect of dwell times on continued test results is insignificant [31].
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Table 2. Summary of the test plan (RT, room temperature).

Test Series Test Temperatures Load Levels Replicas
Strain rate: 1% s~!  RT, 150 and 200 °C gTO;?mf: 01'4 e 2
&= =
. -1 ° ETotAmp* 0.4%
Strain Rate: 10% s RT, 150 and 200 °C R P 2
e =—

Test Control Set-up for High Frequency Tests (Strain Rate: 10% 5'1)

Number of Load Cycles
Before Dwell: 15

¥

‘ Dwell Time: 120 seconds

Total Strain [%]
o
<

=== High Frequency Strain Controlled Cycling
----- Zero Load Dwell (Force Control) for Heat Dissipation

Time [t]

-1

Figure 6. Strain load cycling with the strain rate 10% s~ with interspersed ‘no load” dwell for

heat dissipation.

4. Results

4.1. Peak and Trough Cyclic Stress Evolution

The effect of strain rate on the tensile and compressive peak stress evolution for the various tested
temperatures and strain rates is presented in Figure 7 using the averaged data from two test replicas.
The material exhibits a peak stress asymmetry between the peak tensile and compressive stress for each
load cycle at all temperatures and strain rates. The peak stresses developed in compression are higher
than the peak tensile stresses for the completely reversed strain-controlled tests except for the higher
strain rate tests at the room temperature. The room temperature tests with the strain rate of 10% s
start with the peak compressive stress being higher than the peak tensile stress for the strain load
cycling. As the load cycling progresses, we observe a gradual increase of the peak tensile stress with
the mean stress moving from compression to tension. This gradual increase of the peak tensile stress
and the corresponding reduction in magnitude of the compressive peak stress is more pronounced
after about 100 strain load cycles. This shift in the peak stress asymmetry continues up until failure of
the test specimen.
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Figure 7. Effect of strain rate on the evolution of peak and trough stress.
4.2. Cyclic Stress Amplitude Evolution

The effect of strain rate and temperature on the true stress amplitude development is presented in
Figure 8 using the averaged data from two test replicas. The material exhibits cyclic hardening at room
temperature and cyclic softening at elevated temperatures. The cyclic softening rate at the elevated
temperatures is stronger with increasing temperatures. While the stress response is higher for lower
strain rates at room temperature, the stress response at the highest tested temperature, 200 °C, shows a
higher stress response at higher strain rates. This could be an effect of stress relaxation in the material
at higher temperatures, which become more significant at lower strain rates.

T
— )
225 r 5
©
0 r\
=
® M —
© ——
2200 [ —
a
£
<
w
w
o
= L 4
Z 175
g = RT, Strain Rate: 1% sec”!
= — RT, Strain Rate: 10% sec!
——T: 150 °C, Strain Rate: 1% sec™’
====T: 150 °C, Strain Rate: 10% sec”
150 + = T: 200 °C, Strain Rate: 1% sec”' B
——T:200 °C, Strain Rate: 10% sec”
1 Il 1 Il
0 0.2 0.4 0.6 0.8 1

Fractional Life [Ni/Nf]

Figure 8. Effect of strain rate on the evolution of true stress amplitude.



Metals 2020, 10, 1239 90f19

4.3. Mean Stress Evolution

The effect of the strain rate on the mean stress evolution in cyclic loading for various temperatures
is summarized in Figure 9 using the averaged data from two test replicas. The stress asymmetry is
biased towards compression, giving a compressive mean stress when the cyclic loading commences
for all the temperatures and strain rates. The mean stress evolves towards 0 MPa with subsequent
strain load cycles, indicating a movement towards symmetric tensile and compressive peak stress
development. The mean stress skews towards tension for the room temperature tests for the tested
strain rates. A steep increase in the mean stress by 2 MPa at about 25% of the life of the specimen is
observed for the room temperature tests with the strain rate of 1% s~!, but it stabilizes rapidly and
remains stable below +5 MPa up until specimen fracture. However, the higher tested strain rate of
10% s~! gives a dramatic effect on the evolution of the mean stress at room temperature with the
magnitude of mean stress reaching values above 25 MPa. While this does not affect the number of
cycles to failure of the two tested samples at 10% s~!, more tests are required to draw a definitive
conclusion on the effect of increased tensile cyclic stress on the number of cycles to failure.

30 T T T
25+
20+ — RT, Strain Rate: 1% sec™
ol — RT, Strain Rate: 10% sec™'
% 15t =T: 150 °C, Strain Rate: 1% sec! |
o ——T: 150 °C, Strain Rate: 10% sec™"
2 40k ——T: 200 °C, Strain Rate: 1% sec™’
a_.’; ——T: 200 °C, Strain Rate: 10% sec”'
g 5
|
l_
0
-5
-10

0 0.2 0.4 0.6 0.8 1
Fractional Life [Ni/Nf]

Figure 9. Effect of strain rate on the evolution of cyclic mean stress.
4.4. Cyclic Yield Strength Evolution

The effect of strain rate on the evolution of cyclic tensile yield strength for the various tested
temperatures is summarized in Figure 10 using the averaged data from two test replicas. The yield
strength was determined using a plastic strain offset of 0.02%. The material exhibits cyclic isotropic
hardening at room temperature for both the tested strain rates. The isotropic hardening or softening is
negligible at 150 °C with the change in tensile yield strength limited to +£5 MPa. At the highest tested
temperature of 200 °C, the material exhibits isotropic softening with strain load cycling for both the
tested strain rates. The lower yield at the higher strain rates could partially be attributed to the higher
heat accumulation for the tests with a strain rate of 10% s~! compared to the tests at 1% s~
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Figure 10. Evolution of tensile yield strength (Rpg g22,) with cyclic loading.

4.5. Effect of Strain Rate on Yield Strength Asymmetry

Strain rate is observed to have a profound influence on the nature of the yield strength asymmetry
in A356-T7 + 0.5% Cu aluminium alloys, especially at room temperature, as can be observed in
Figures 11 and 12. The yield strength for all the cyclic loads has been determined using an offset of
0.02% plastic strain. For the tests with a strain rate of 1% s, the yield in compression is higher than
the yield in tension through the number of cycles until failure for all the temperatures. For the room
temperature tests with the strain rate of 10% s71, this characteristic is not observed. Here, the cyclic
yield in tension is higher than in compression through most of the life. Figure 12 presents the yield
strength asymmetry for all the room temperature tests in more detail. It can be observed that for the test
with a strain rate of 10% s~!, initially, the yield in compression is higher than in tension as with all the
other tests. After about 100 strain load cycles, this stress asymmetry gradually changes, with the yield
in tension increasing at a steeper rate and being higher in magnitude than the yield in compression.
However, this effect is not observed at elevated temperatures of the higher strain rate test of 10% s~ .

4.6. Effect of Strain Rate on Cyclic Plastic Strain Evolution

An alternate way to evaluate the isotropic hardening is to consider the plastic strain amplitude
evolution with the cyclic loading. Figure 13 presents the evolution of plastic strain amplitude averaged
between replicas for the tested strain rates and temperatures. Here, the plastic strain amplitude
is estimated to be half the width of the hysteresis loop measured at zero stress. The plastic strain
amplitude decreases with successive strain load cycles at room temperature for both the tested strain
rates. The room temperature tests with a strain rate of 10% s~! exhibit a higher isotropic hardening rate
and do not stabilize after the initial cycles in contrast to the room temperature tests with a strain rate of
1% s~1, which stabilize after about 30% of their lifetime and up until failure. For the tests at 150 °C,
the material exhibits insignificant isotropic hardening for both the tested strain rates, with a mild
hardening observed for the both the tested strain rate and followed subsequently by cyclic softening
up until failure. However, the isotropic softening behaviour is quite apparent for the tests at 200 °C.
The tests at 200 °C with the strain rate of 10% s~ exhibit a significantly higher softening rate compared
to the tests with a strain rate of 1% s~1.
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Figure 11. Effect of strain rate on yield strength (Rpp p9,) asymmetry in cyclic loading.
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Figure 12. Effect of strain rate on yield strength (Rpg gp¢,) asymmetry at room temperature.
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Figure 13. Effect of strain rate on the evolution of plastic strain amplitude.

4.7. Effect of Strain Rate on the Number of Cycles to Failure

The number of cycles to failure for the tested replicas at various strain rates and temperatures is
summarized in Figure 14. On average, the number of cycles is higher for the tests with the higher strain

rate of 10% s~!. The lower number of cycles to failure at the lower strain rate at the different tested
temperatures exhibits a correlation to the increased plastic strains for the corresponding tests, as can be
observed in Figure 13. The difference in the number of cycles to failure is lower at room temperature
than at the highest tested temperature of 200 °C, where the samples show a marked difference in the
durability of the material with the change in strain rates.

Test Condition

Number of Cycles to Failure [N(]

T: RT, SR: 1%/s, S01

1 771

T:RT, SR: 1%/s, S02

] 892
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] 755
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] 1484
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Figure 14. Effect of strain rate on fatigue life, camp: 0.4%, Re = —1.



Metals 2020, 10, 1239 13 of 19

4.8. Fractography

Electron microscope images of the fracture for the various tested strain rates at room temperature
(RT) and at 200 °C are presented in Figure 15. The images were taken from the “unstable’ crack
growth regions of the fracture surface away from the crack initiation point and the fatigue striations.
No significant differences in the fracture morphology were observed when comparing the extremes
regarding tested temperatures and the strain rates. The rapid crack growth region exhibited the typical
ductile type fracture morphology, as can be observed in the presented figures below.

(©) (d)

Figure 15. Scanning electron microscope images of the fracture surface taken from regions of unstable
crack growth for various test temperatures and strain rates: (a) Room temperature, 1% s~1; (b) Room
temperature, 10% sl (c) 200 °C, 1% s71; (d) 200 °C, 10% sL.

5. Discussion

The variation in the amount of heat dissipation associated with the deformation of the material at
various strain rates can play a meaningful role in influencing the flow stresses in the material [9,32].
The overall temperature variation during testing was measured using a K-type thermocouple and was
observed to be within the limits of the error of the measuring thermocouple (+2.5 °C) with respect to
the target test temperature for the low strain rate tests (1% s~!), and the temperature deviation was
measured to a maximum of +5 °C of the target temperature for the higher strain rate tests (10% s™1).
At higher strain rates, there is insufficient time for the heat generated to dissipate, leading to an
adiabatic thermal state during the strain cycling, which leads to an increase in the temperature of the
test volume and can be viewed as a minor source of error.
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The strain rate has a profound influence on the cyclic stress response of the A356-T7 + 0.5% Cu
aluminium alloy at room temperature. The most notable effect is the material exhibiting a significant
increase in the mean stress development through the life of the component for a higher strain rate of
10% s~! at room temperature. Begum et al. [33] observe a similar phenomenon in AZ31 magnesium
alloy samples that were extruded, but with the alloy having a hexagonal close packed (HCP) crystal
structure unlike the tested A356 aluminium alloy. The AZ31 alloy exhibited a rapid increase in the
mean stress development at higher strain rates of 8 - 1072 s™! and 1 - 1072 s7! in comparison with the
lower tested strain rate of 1- 1073 s71. The authors observed that the differences in both the mean stress
development rate and magnitude were large in the initial phases of the strain load cycling at between
10% and 20% of the total life of the respective samples. Upon further cyclic loading, the mean stress
development rate stabilized for all tested strain rates, all the while retaining the differences in the mean
stress magnitudes. A similar phenomenon is observed here with the tested A356-T7 + 0.5% Cu alloy
where the mean stress development rate is higher at higher strain rates in the initial phases of the strain
load cycling, but stabilization is observed after about 40% of the recorded life for both the lower and
higher strain rates while retaining the differences in the magnitudes of the mean stress development
through the life of the samples. A more detailed electron microscopic investigation is needed to
understand the changes in the microstructure or dislocation structure that induce such behaviour.
The strain rate also has an effect on the isotropic hardening/softening behaviour, with the material
exhibiting a higher isotropic hardening rate at room temperature and a higher isotropic softening rate
at 200 °C for the tests with a strain rate of 10% s~!, as can be observed from the change in plastic strain
amplitudes with cyclic loading as presented in Figure 13. High-temperature fatigue tests of A356 alloy
at 200 °C by Azadi [16] indicated a similar increased softening behaviour of the alloy for the completely
reversed tests. At 150 °C, the material exhibits insignificant isotropic hardening at both tested strain
rates. Manish et al. [18] observe in their studies the higher flow stresses in A356 aluminium alloy with
lower strain rates. This behaviour is associated with the higher rate of dislocation generation at lower
strain rates. However, reduced yield strength is observed at lower strain rates. Although similarly
higher flow stresses are observed in the A356-T7 + 0.5% Cu alloy tested at lower strain rates, the cyclic
yield strength at higher strain rates is not necessarily higher in magnitude than the corresponding
lower strain rate tests, as can be observed in Figures 8 and 10.

The fracture surface microscopic examination revealed typical dimpled features away from the
crack initiation points, where unstable crack growth is expected. Fan et al. [17] observe a similar dimple
morphology in the fatigue fracture surface of 333 aluminium alloys. Tucker et al. [34] observed that the
number of such void features increased with the increasing strain rate while examining the fracture
surface of A356-T6 alloy that was deformed monotonically with strain rates ranging from 0.1% s
to 1-10°% s~!. The authors also report a reduction in ductility of the A356-T6 aluminium alloy with
increasing strain rates. However, for the tested A356-17 + 0.5% Cu alloy under cyclic loading, we do
not observe any significant differences in the fracture morphology for the strain rates tested (1% s~! to
10% s~1).

5.1. Effect on Number of Cycles to Failure

Studies by Azadi [16] showed that for A356 cast aluminium alloys, the strain ratio had no
significant influence on the low cycle fatigue (LCF) lifetime of the alloy. For completely reversed
fatigue tests at 200 °C, the material had an LCF lifetime of 2317 + 663 cycles at a loading frequency
of 1% s~!. For the A356-T7 + 0.5% Cu alloy investigated in this study, at the identical temperature,
strain amplitude, strain ratio (R, = —1), and strain rate (1% s~!), we get an average fatigue life of
984 + 84, and when the strain rate is increased to 10% s1, we get an increased number of cycles to
failure, with a fatigue life of 1672 + 78 cycles. The number of cycles to failure of each sample for
the tested conditions is summarized in Figure 14. The tested material exhibits a clear increase in the
number of cycles to failure at higher strain rates for identical load and test temperature conditions.
The study by Azadi [16] showed an increase in the fatigue lifetime of A357 alloy with increasing strain
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rates owing to reduced cyclic plastic strain amplitudes. A similar behaviour is observed for the tested
A356-T7 + 0.5% Cu alloy, as we observe higher plastic strain amplitudes at lower strain rates, as can be
observed in Figure 13. The reduced plastic strains and the amplified heat generation in the test volume
at the higher strain rates could potentially explain the increased number of cycles to failure exhibited
by the tested A356-T7 + 0.5% Cu alloy at the higher test strain rates.

5.2. Fractography—Role of Shrinkage Porosity and Cleaved Silicon Particles in Fatigue Crack Initiation

Fatigue cracks in cast aluminium alloys often tend to initiate from shrinkage or gas porosities [17,35].
Furthermore, the damage evolution in cast aluminium alloys such as A356 is also dictated by the size
and shape of the silicon particles and secondary phase precipitates [36]. In such cases, the damage
process is often strongly governed by the fracture and debonding of the complexly shaped silicon
precipitates in the alloy [37-39]. Silicon particles fracture, and voids form and grow around these
fractured Si particles; when they subsequently coalesce, cracks form and propagate, leading to eventual
material failure under deformation [36]. Fan et al. [17] observed that fatigue cracks often initiated
from pores, cracked silicon particles, or iron-based intermetallics, causing fatigue failure in 333
aluminium alloys. The role of porosities in fatigue crack initiation in the tested A356-T7 + 0.5% Cu cast
aluminium alloy is highlighted in our prior research work [35]. In this study, the role of cracked silicon
and intermetallic particles, in cases where the fatigue fracture process does not visibly initiate from
such pores, is investigated in detail to highlight the potential role that such cracking of silicon and
intermetallic particles could play in the fatigue crack initiation process. A scanning electron microscope
image of the fracture surface, taken near a potential crack initiation point of a test at room temperature
conducted with a strain rate of 10% s~! is shown in Figure 16a, and the corresponding energy dispersive
X-ray spectrometer (EDS) map showing the distribution of silicon in the alloy system is presented
in Figure 16b. Further examination of the fracture surfaces indicates that the crack originated from
either the shrinkage porosities or, in some cases, from cleaved, large silicon particles, highlighting
the importance of refining the silicon particle size and minimizing the shrinkage porosity in the cast
structure. Further investigations of crack networks from sections perpendicular to potential crack
initiation sites are highlighted in Figure 17 below.

Cleaved silicon particle observed near a
potential fatigue crack initiation site.

MapiData 1

@ (b)

Figure 16. Analysis of an area near a potential crack initiation site with: (a) A scanning electron
microscope image showing a cleaved silicon particle; (b) The corresponding energy dispersive X ray
spectroscopy (EDS) map showing the distribution of silicon in the area.
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Figure 17. Scanning electron microscope images from perpendicularly sectioned material near a
potential crack initiation site showing: (a) Cracked silicon particles; (b) Coalescence of cracks along the
silicon rich particles in the eutectic region.

Similar observations are made by Manish et al. [18] in their study, where they observe the crucial
role that the size of the silicon particles plays in the fracture process. The study also demonstrates
the strain rate insensitivity of the damage initiation mechanisms, where the cracks invariably initiate
from large silicon particles in the microstructure under deformation. Identical behaviour in the tested
A356-T7 + 0.5% Cu alloy with the presence of a number of such cracked “large” silicon particles
can be observed in Figure 17a, a scanning electron microscope (SEM) image taken from a vertically
sectioned test volume near the fracture surface of a room temperature test with the strain rate of
10% s~!. This cracking of silicon particles is often attributed to the deformation incompatibility of the
plastically deforming «-Al phase and the hard, brittle silicon and other intermetallic phases in the
microstructure. Often, a decohesion of the interface between the silicon phases and the soft matrix
material was also observed in 333 aluminum alloys that, in addition, led to the creation of microcracks.
These microcracks from different sources that are adjacent to each other coalesce with continued
loading and accumulate damage in the plastically loaded material section [17]. A similar behaviour is
observed upon the fractographic examination of the tested A356-T7 + 0.5% Cu alloy, indicating the
prevalence of similar mechanisms even at lower silicon and copper contents. Figure 17b shows an
additional SEM image from a polished cross-section close to a potential crack initiation point observed
in the fracture surface and sliced perpendicular to the loading direction, showing the coalescence of
the micro-cracks around the eutectic silicon network and secondary phase precipitates of the tested
A356-T7 + 0.5% Cu alloy at room temperature test with a strain rate of 1% s~'.

6. Conclusions

The effect of strain rate at various temperatures on the cyclic strain-controlled fatigue tests of
A356-T7 + 0.5% Cu alloy used in internal combustion engine cylinder heads was studied, and the
following conclusions can be drawn:

e  The influence of the strain rate on the cyclic peak stress development is minimal and exhibits no
specific pattern at the tested temperatures and strain rates.

e  The strain rate has a significant influence on the development of cyclic mean stress, especially at
room temperature, with the mean stress changing by over 30 MPa, moving from compression
initially to tension with subsequent cycling for the tests at 10% s~ .

e  The higher strain rate has a similar influence on the yield strength asymmetry, with the yield in
tension showing an increase over the yield in compression at room temperature. For all the other
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tested temperatures, the yield in compression is higher than the yield in tension for both the tested
strain rates of 1% s~ and 10% s~_.

e  The material exhibits steeper isotropic hardening changes at higher strain rates, with the material
hardening at room temperature and softening isotropically at 200 °C. The material exhibits
insignificant changes to its yield surface at 150 °C for both the tested strain rates.

e  The material exhibits an increased number of cycles to failure at higher strain rates, which could
be explained partially by the adiabatic nature of the high strain rate tests and the associated higher
heat accumulation in the material during deformation.

e  Fractographic investigation of the fracture cross-section highlights the potential role of eutectic
silicon particles and hard intermetallic phases on the crack initiation process besides the porosities,
which tend to play a more dominant role in fatigue crack initiation in cast aluminium alloys [35].
The larger precipitates are preferentially cracked, highlighting the importance of refining the
silicon particles and minimizing the shrinkage porosity.
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