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Recent legislative and environmental pressures on the automotive industry to produce light-weight
fuel-efficient vehicles with lower emissions have led to a requirement for more efficient engines.
Therefore, combustion pressures of diesel engines have increased up to 200 bar and the more durable
alloys for pistons are thus necessary to increase the thermal and fatigue resistance. The demand for
more efficient engines is resulting in components operating under severe stress and temperature
conditions. During start/stop of engine cycles, low cycle fatigue (LCF) phenomena is generated due
to the thermal transient, also high cycle fatigue (HCF) and creep deformation are occurred under the
steady-state engine temperature during operation of engine. A quantitative study of the effect of
alloying elements on mechanical behavior of Al-12wt%Si casting alloys for piston has been
conducted. In the condition of minimizing casting defects, the influence of compounds features on the
high temperature mechanical performance became more pronounced. Depending on Ni and Cu
content affecting the strength of the matrix, the tensile strength was increased with Ni and Cu content,
whereas the elongation was increased in the reverse case. Also, creep resistance was drastically
increased with Ni and Cu contents mainly due to prevention of deformation owing to the increased
eutectic and precipitation particles. LCF lives were decreased with alloy contents in Coffin-Manson
relation because of the smaller elongation, but the analysis of fatigue lives with hysteresis loop energy
which is consist of both strength and elongation showed that the fatigue lives were normalized
regardless of chemical compositions and test temperature.
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1. Introduction

There have been strong moves in recent years to produce light-weight fuel-efficient vehicles with
lower emissions based upon the legislative and environmental pressures on the automotive industry.
The most effective way for a light-weight car is to apply light-weight materials such as aluminium
alloys. In recent years, the diesel engines are becoming prevalent because of low total emission and
also combustion pressures of diesel engines have increased more and more up to 200 bar. Thus, the
microstructural parameters, i.e., the DAS (dendrite arm spacing), porosity, morphology of silicon and
the second phase particles are clearly very important in the thermal fatigue and creep properties.
Since many components used in automotive engines are subjected to complex loading cycles at high
temperatures [1-4], it is important to understand the loading mechanisms and damage accumulation,
also to increase the fatigue and creep lives at the given situations. The aim of this study is the
improvement of high temperature mechanical properties for piston materials with modifying the
chemical compositions. This paper examined the mechanical properties of aluminium casting alloys
made by a permanent-mold cast and evaluated the effect of alloying elements such as Cu, Mg, Ni and
Fe on fatigue and creep behavior. A series of fatigue and creep tests were conducted to evaluate the
deformation resistance of Al-12wt%Si cast alloys in which chemical compositions of Cu, Ni and Fe
contents are varied. Based on the experimental results, one could know that the durability of
automotive parts can be increased by reinforcement of microstructure with minor change of process
and alloying elements.
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2. Experimental

Three types of Al-Si alloys were casted by permanent mold gravity method. The chemical
composition and the heat treatment schedule of the alloys are shown in Table 1. Cylindrical type
specimens for mechanical tests were machined and subsequently polished longitudinally up to 2000
grit crocus cloth to remove the machining notch effect. Strain controlled uniaxial LCF tests were
conducted with the strain rate of 1x107 sec” at 250 C and 300 C using the dynamic Instron model
8861 machines and also creep tests were carried out under the constant load control at 250 C and
400 C. All the test results were recorded by using a computer data acquisition system and analyzed
from the condition in which the softening and/or hardening were finished to have stable strain and
stress.

Table 1. Chemical compositions and the heat treatment steps of Al-Si piston alloys (wt %).
Cu Si Mg Zn Fe Mn Ni Ti Al
Alloy A 1.00  12.14 0.78 0.049 0.61 0.012 1.20 0.02 Rem
Alloy B 285 11.75 1.01 0.047 034 0.018 2.63 0.12 Rem
Alloy C 489 1221 076 0.033 020 0.110 2.83 0.13 Rem
Heat treatment
Aging : 250 C/5hr — air cooling

3. Results and Discussion

3.1 Microstructures

Fig. 1 shows the optical microstructures of cast Al-12wt%Si matrix with different Cu, Ni and Fe
contents after TS heat treatment. The basic microstructure of the alloys consists of primary Si and
a-Al dendrites with eutectic Si and intermetallic particles distributed between the o and 3 phases to
form a cell pattern periodically repeated across the metallographic surface. As can be seen in Fig. 1,
the increase of Cu and Ni, the microstructure becomes finer mainly due to undercooling effect [5-7].
Also By the decrease of Fe content, the amount of Fe-intermetallics is reduced and their sizes are also
decreased.

(2) (b) (©)

Fig. 1. Optical microscope photographs showing the microstructure after TS5 heat treatment, (a) alloy
A, (b) alloy B, (c) alloy C.

3.2 Physical Properties

Fig. 2 illustrates the high temperature physical properties of Al-12wt%Si casting alloy with the
addition of alloying elements. Particularly Fig. 2-(a) represents thermal expansion coefficient and Fig.
2-(b) does elastic modulus. As the temperature is raised, the thermal expansion coefficient increases,
and at the temperature of more than 350 C, it tends to be saturated. On the other hand, the elastic
modulus decreases almost linearly with its rise. As the increase of the portion of Cu and Ni, thermal
expansion coefficient is reduced significantly at the same temperature and the elastic modulus
increases as much as 5 GPa. This result is thought to be caused by Ni that is the high temperature
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stability content and restricts the thermal expansion and raises the stiffness and Cu that plays the role
of increasing the precipitation of stable CuAl,. The increase of Ni and Cu content is very effective
since the key requirement of piston is keeping high temperature strength and low thermal expansion
characteristics.
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Fig. 2. High temperature physical properties for Al-12Si alloys, (a) thermal expansion coefficient, (b)
elastic modulus.

3.3 Mechanical Properties

1. Hardness
Fig. 3 shows the high temperature hardness experiment result of three alloy sets using micro indenter.
As temperature is raised, hardness tends to be reduced. On the other hand, with the increase of Cu and
Ni content, the hardness grows notably. For alloy A, hardness was reduced over 50 C but for alloy C,
it remained over 150 C. This can be in line with the result depicted in Fig. 2 in a sense that the rise of

Cu and Ni content contributes to high temperature stability.
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Fig. 3. High temperature hardness results for Al-12Si alloys.

2. Tensile property
Tensile tests were conducted to measure the mechanical properties of Al-12Si with different chemical
composition and testing temperatures, and the results are shown in Fig. 4. The yield strength and
ultimate tensile strength of alloy A were 243 MPa and 262 MPa, respectively at room temperature.
However, by varying the Cu, Ni and Fe content of Al-12Si alloy, both yield and tensile strength were
significantly affected. In the alloy C with increased Cu and Ni contents, yield strength was improved
up to 268 MPa, and the tensile strength was 272 MPa shown in Fig. 4. Also, the tensile properties at
high temperatures showed the same tendency compared with room temperature resulting in improved
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strength, especially yield strength. On the other hand elongation was slightly decreased as the rise of
portion of added content. This is thought to be in line with the requirement of piston alloy that is the
low thermal expansion and deformation characteristics.
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Fig. 4. Tensile test results of Al-12Si alloys, (a) yield strength (YS) and ultimate tensile strength
(UTS), (b) elongation (EL).

3. Creep property
To evaluate the high temperature deformation resistance that is the key factor of automotive piston,
creep tests were conducted for three alloys and its results are summarized in Fig. 5. At 250 C and
400 C, the instantanious creep strain and creep strain over time tends to decrease significantly with
the increase of Cu and Ni content. It was 2.8 hr for alloy A to reach the final rupture but 23.8 hr for
alloy C. This conforms the previous physical and tensile properties because of the increase of
precipitation phase and high temperature stability element effect.
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Fig. 5. Creep curves for three Al-12Si alloys, (a) 250 C, 130 MPa, (b) 400 T, 20 MPa.

For most of the solid materials, it has been shown that the steady state creep rate £ is related to the
applied stress and temperature by [8],

. n Q”PP

E=Ao" exp( RT) (1)
where O, is the apparent activation energy for creep, R is the gas constant (=8.314 J/mol K), 7'is the
absolute temperature, and 4 and » are the structure factor and the creep exponent, respectively. So if
dislocation creep is considered, the strong dependence of creep rate on the applied stress is observed
and is very important from an engineering point of view. Fig. 6-(a) denotes the stress dependency of
creep deformation at 400 C. As the stress is increased, the minimum creep rate decreases. We can
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also see the value of n is between 5.3 and 6.6, which is coincident with the result that the value of n for
alloy should be larger considering the value of n for pure Al is 5. On the other hand, the content of
added element increased, the minimum creep rate was reduced significantly at the same stress and the
value of n gradually decreased to 5 that is the value of pure Al. Fig. 6-(b) shows the temperature
dependency of creep rate at constant stress. The apparent activation energy was larger than 150
kJmole™ that is that of pure Al, and as the contents of Cu and Ni were increased, activation energy
grew continuously up to 311 kJmole. Since it denotes the increase of creep resistance with the
addition of alloying elements, we may use this effectively for the increase of durability at high
temperatures.
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Fig. 6. Creep properties of Al-12Si alloys, (a) stress dependence creep rate, n, (b) temperature
dependence creep rate, Q.

4. Fatigue property
Fig. 7 illustrates the change of hysteresis loop according to the cyclic deformation at the condition of
250 C, Ae =+0.3%. We analyzed the change of loop at the start and the half of fatigue life (Ny). In the
case of alloy A, we can find the obvious cyclic softening behavior that the tension and compression
peak stress is gradually decreasing as the progress of cyclic deformation. For alloy B and C, we can
see that the degree of cyclic softening is greatly declining and the strength is not affected by the
repeated deformation at the high temperature.
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Fig. 7. Cyclic stress-strain behavior for Al-12Si alloys, (a) alloy A, (b) alloy B, (c) alloy C.

Fig. 8 demonstrates the low cycle fatigue results of three alloys over multiple sets of temperature and
strain ranges. When we are concerned with Coffin-Manson relation in which the fatigue life is
evaluated as plastic strain range, the higher temperate and larger elongation, the longer fatigue lifes as
can be seen in Fig. 8-(a). If we evaluate the fatigue life only as plastic strain range, the fatigue life may
be distorted as a result of considering the increase of elongation due to the rise of temperature with
neglecting the strength of material. Therefore, when we evaluate the fatigue life as hysteresis loop
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energy that considers the strength as well as plasic strain of materials at the given condition, we can
have almost similar low cycle fatigue life without the increase of fatigue life due to the increase of
temperature as shown in Fig. 8-(b). Also low cycle fatigue of alloys A showed almost similar life with
the increase of alloy content. Conclusively, this denotes that other high temperature mechanical
characteristics can be improved without deteriorating the fatigue feature.
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Fig. 8. Low cycle fatigue results of Al-12Si alloys, (a) Coffin-Manson relation, (b) hysteresis loop
energy.

4. Conclusions

(1) The increase of Cu and Ni content, the finer microstructure and uniform precipitation were
resulted.

(2) The thermal expansion coefficient was reduced and the elastic modulus, hardness and tensile
strength were increased with Cu and Ni content at high temperature.

(3) Creep test results showed that the creep properties were significantly improved as the alloying
elements were increased.

(4)High temperature fatigue results showed that the cyclic softening behavior was reduced by
increasing the portion of added contents. When the low cycle fatigue lives are expressed as
hysteresis loop energy that is the amount of energy consumed over a cycle, they shows the
resonable fatigue life evaluation.
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