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ABSTRACT

This paper presents the effect of temperature on the fatigue life behaviour of aluminium
alloy AA6061, under constant loading conditions, by using an analytical approach. Most
of the moving components in automotive engines are under the combined effects of
fatigue and temperature. Fatigue life predictions by using conventional experimental
methods take a significantly long time. The finite element analysis (FEA) was used for
the prediction of fatigue life and point for fatigue failure in the aluminium alloy AA6061
specimen. The stress-life curves at different levels of elevated temperature (50, 100, 150,
200, 250, and 300°C) were predicted by using a mathematical approach of linear
interpolation. The maximum temperature of 300°C was chosen based on the extreme
temperature on a piston face that can be reached during the operation of the engine. The
results for fatigue life at ambient temperature and at elevated temperature were compared
by the Basquin relation and a decrease of 99% in fatigue life cycles was found at 300°C.
A general mathematical expression was obtained to calculate the fatigue life for
aluminium alloy, AA6061, at elevated temperatures. Therefore, it was concluded that the
mathematical expression used in this study can be used as a good alternative approach for
time consuming experimental methods. Hence, the mathematical expression proposed in
this paper can be used for the early prediction of fatigue life at elevated temperatures
without using much experimental analysis.

Keywords: Aluminium alloy 6061, elevated temperatures, finite element analysis, fatigue
life, linear interpolation.

INTRODUCTION

Light weight, excellent weldability, and better corrosion resistance are some of the
properties of aluminium that result in a rapid increase of aluminium alloys in automotive
structural applications [1, 2]. As a good alternative to steel, aluminium can improve the
fuel consumption of vehicles by making the cars lightweight [3]. However, in automotive
engine components, materials having high fatigue strength at elevated temperatures are
needed [4-7]. Cylinder head, piston, engine oil pan, and heat exchanger are some of the
examples of the high-temperature automotive engine components made of aluminium
alloys [8]. Generally, the fatigue life of a material decreases with increased temperature
[9]. The Finite Element Analysis (FEA) can be used as a good alternative to slow time-
consuming experimental work for fatigue life predictions [10-12]. The mathematical
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approach of linear interpolation is useful for the prediction of data points, which
contribute in decreasing the time for conducting experiments. There is a decrease in
fatigue strength under constant fatigue loading at elevated temperatures as compared to
the ambient temperature [13]. This phenomenon of a decrease in fatigue life at elevated
temperatures can be studied by comparing the stress-life (S-N) curves at different
temperature levels. The stress-life method is a conventional method, but still most widely
used to study the fatigue behaviour of a material. In this method, the fatigue life of a
material is calculated under different levels of applied stress by plotting a curve known
as stress-life or S-N curve. Most of the time, the S-N curve is obtained by experimental
analysis [14]. Advances in information technology have made it possible to predict the
critical areas for fatigue damage through finite element analysis. Hence, the S-N curve
can be obtained using the results from the finite element analysis software [15]. The
fatigue life of aluminium alloy wheels by using the stress-life approach has been predicted
by simulation by a group of researchers. A decrease of 96% in the fatigue life of
aluminium alloy AA6110 has been found experimentally at 250°C (Juijerm &
Altenberger, 2007). A decrease of 80% in fatigue life at the temperature of 250°C for
aluminium alloy AA6061 has been reported [16]. Fatigue at elevated temperatures
produces large strain deformation, assists in the crack-initiation process, and accelerates
the crack propagation rate. Crack initiation occurs earlier at elevated temperatures. The
crack growth rates at elevated temperatures are considerably higher than those at ambient
temperatures [17].

This study presents the effect of temperature on the stress-life behaviour of
aluminium alloy AA6061 under constant loading conditions using a mathematical
approach. A medium strength aluminium alloy AA6061 was selected for this study based
on its practical applications and good mechanical properties, like its ability to be easily
cast, extruded, rolled, machined, etc. This alloy offers good resistance to corrosion. The
increase in temperature significantly decreases the fatigue life of aluminium alloys.
Conventional experimental methods for the fatigue analysis at elevated temperatures are
quite slow. Hence, the FEA approach was used to obtain a stress-life curve at ambient
temperatures to save time for running the experiments. The Basquin equation was used
to obtain stress-life curves. For the prediction of stress-life curves at elevated
temperatures, a mathematical concept of linear interpolation was used. The effect of
temperature on the fatigue life of aluminium alloy AA6061 was studied and it was
expected that it would be possible to obtain a general mathematical expression to predict
the fatigue life of that particular alloy at any elevated temperature, which was the main
objective of this paper.

METHODS AND MATERIALS

Structural or engineering components made of different materials are commonly
subjected to the cyclic or fluctuating stress in service. Most of the running parts of
automotive engines are under the effect of fatigue and high temperature at the same time.
At elevated temperatures, the material behaviour is quite different under cyclic loading
as compared to the behaviour at ambient temperatures [18]. The major methods that can
be used to predict the fatigue life are strain-life, stress-life, and fracture mechanics. The
stress-life curve is useful for providing the fatigue data for the estimation of the number
of cycles to failure of the material at a certain level of applied stress [19]. The stress-life
curve for constant amplitude loading is plotted on a semi-log or log-log scale. The S-N
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curves were developed by curve fitting on the tabular data using the Basquin equation
[14], which can be stated as follows:

o, =AN, ) (1)

where, g, is the stress amplitude, A is the fatigue strength coefficient, Ny is the number
of fatigue cycles, and B is the Basquin exponent.

The Basquin equation was used to obtain a general mathematical relationship to study
the stress-life behaviour at elevated temperatures [9]. The equation can be stated as
follows:

oa= AN, Pre 2

where, T is the absolute temperature in kelvin, and c¢ is the temperature sensitivity
parameter.

Interpolation is a mathematical way of obtaining the value of an unknown data point
based on the values of known surrounding data points. Linear interpolation is a simple
way of interpolation that assumes a straight line (linear) relationship between the known
points. In simple words, it can be described as an average of two rates over the
interpolation period [20]. For a two-dimensional plane with any two points, the
coordinates are (x1,y1) and (x2,y2). Any unknown point x can be obtained for a given value
of y, using the concept of linear interpolation, which can be stated as follows:

y_ylzx_xi (3)
Y= V% X, =X

In this study, the material used was aluminium wrought alloy AA6061. The standard
chemical composition of AA6061 is given in Table 1.

Table 1. Chemical composition of aluminium alloy AA6061 (wt. %) [16].

Mg Si Mn Fe Cr Zn Ti Cu Al.
0.8-1.2 04-08 015 0.7 0.04-035 025 0.15 0.15-040 Bal.

Monotonic tensile tests were performed at room temperature using the Zwick 100 kN
servo hydraulic test system with a computer control. The tests were performed according
to ASTM: standard E08-11, to obtain the mechanical properties such as yield strength,
ultimate tensile strength, and elastic modulus of the material [21]. The specimen for
tensile testing is shown in Figure 1. The finite element analysis was used for the fatigue
analysis. The commercial simulation software was used for analysis. To initiate the finite
element analysis, a 3D CAD model of the specimen was drawn using the commercial
CAD software according to ASTM: E466-07, as shown in Figure 2(a). Thereafter, the
CAD model was exported to the simulation software as a finite element model. In the
software, the required properties such as material properties, applied loading, and
constraint information were assigned. Then, a mesh model was obtained using 10 nodes
tetrahedral meshing. This produces a high-quality meshing for the boundary
representation of the solid model imported from the CAD software [22]. As a result of
meshing 6,810 nodes and 4,073 elements were obtained.
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Figure 1. Specimen for tensile testing: (a) specimen geometry (unit in mm), (b) actual
machined specimen.

The mesh model is shown in Figure 2(b). In the next stage, the load and boundary
conditions were applied. The one end of the specimen was kept fixed as the equipment
used for fatigue testing is uniaxial with one end fixed. On the other end, the load was
applied as shown in Figure 3. The fatigue load was applied as fully reversed using stress
ratio (R =-1). The fatigue load was applied in the CAD model as force starting from 90%
of UTS of AA6061 until the fatigue limit was reached. The mechanical properties used
for the finite element analysis are shown in Table 2.

180

(b)

Figure 2. Specimen for fatigue simulation: (a) 3D CAD model, and specimen,
dimensions in millimetres (mm); (b) model after meshing.
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The fatigue analysis was performed using the stress-life approach by the commercial
simulation software. Using the simulation results, the stress-life curve was obtained at
ambient temperature. An experimental fatigue analysis was performed using a 100 kN
servo-hydraulic fatigue testing machine, according to the ASTM: E466-07 standard. The
tests were conducted using the same parameters as the FEA analysis.

Figure 3. Constraints and boundary conditions: (a) fixed end, (b) application of force.

Table 2. Mechanical properties of aluminium alloy 6061 (Wong, 1984) used in FEA.

Mechanical properties AA6061
Monotonic properties

Ultimate tensile strength, ou(MPa) 283
Yield strength, o,, (MPa) 265
Modulus of elasticity, E (GPa) 64
Strength coefficient, K (MPa) 416
Strain hardening exponent, n 0.079
Cyclic and Fatigue properties

Fatigue strength exponent, B -0.092
Fatigue ductility coefficient, &; 1.34
Fatigue ductility exponent, ¢ -0.83
Cyclic strength coefficient, K’ 426
Cyclic strain hardening exponent, n 0.062

RESULTS AND DISCUSSION

The tensile tests of aluminium alloy AA6061 specimen show a tensile strength of 283
MPa, the yield strength of 265 MPa, and an elastic modulus of 64 GPa. The values for
these mechanical properties are slightly lower but quite close to the standard values [23].
There is a difference of 8.7% in tensile strength, 3.6% in yield strength, and 7.2% in
elastic modulus between the standard and experimental values. These properties were
compared with the standard as shown in Table 3. This difference can be attributed to the
differences in production and manufacturing processes [24]. These properties were useful
for the determination of material characteristics, alloy development, and design under
certain conditions. The stress-strain curve obtained for the aluminium alloy AA 6061 is
shown in Figure 4. The fatigue analysis by using the stress-life approach in the finite
element analysis software was used to obtain the number of cycles to failure and fatigue
damage values at different levels of applied stress. The point for maximum fatigue
damage was obtained and it is shown in Figure 5(a).
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Table 3. Mechanical properties obtained from monotonic tensile testing.

Aluminium Tensile strength Yield strength Elastic modulus
AA6061 ou (MPa) oy (MPa) E (GPa)
Experimental 283 265 64

values

Standard values 310 275 69

Difference (%) 8.7 3.6 7.2
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Figure 4. Stress strain (o¢) curve for AA 6061 obtained from the tensile testing.
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Figure 5. Point for fatigue failure in AA6061 specimen: (a) predicted by FEA analysis;
(b) obtained from experiment.
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The point for fatigue damage that was predicted by the finite element analysis
software is helpful to obtain the most critical points in the aluminium alloy AA6061
specimen [16]. The same point for fatigue failure was obtained from the experimental
fatigue analysis as predicted by the FEA analysis and shown in Figure 4(b). The number
of cycles to failure was obtained by the finite element analysis at ambient temperature.
The results were plotted on a log-log scale to obtain a stress-life curve at ambient
temperature as represented by Equation (4) below:

o, =651.8(N, | 4)
where o, is the applied stress and Ny is the number of cycles to failure. This equation

shows the value of 651.8 MPa and -0.092 MPa for the fatigue strength coefficient A and
Basquin exponent B, respectively.
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Figure 6. Comparison between the simulated and standard stress-life curves for
AAB061.

The previous study shows that the values for fatigue strength coefficient A and
Basquin exponent B are 535 MPa and -0.082, respectively [25]. There is a difference of
17% in fatigue strength coefficient and 11% in Basquin exponent. This difference is
mainly due to the difference in mechanical properties of the alloy used for simulation and
those used for the previous experimental study. There was a difference of 7-10% in the
monotonic tensile properties. The comparison between the stress-life curves obtained
from the finite element analysis, calculated based on the values obtained from the
previous study, is shown in Figure 6. The value of fatigue strength coefficient at room
temperature was of great importance [14]. Fatigue strength coefficient is a material
constant, but it changes with temperature [9]. A decrease of 28% in the fatigue strength
coefficient of aluminium AA 6061 at a temperature of 250°C has been found
experimentally [26]. Assuming the similar trend in fatigue strength coefficient, its value
at different levels of elevated temperatures (50, 100, 150, 200, 300 °C) were obtained by
using a mathematical approach of linear interpolation, as shown in Equation (3). The
linear interpolation was used due to the lack of ability of most of the commercial FEA
simulation software to perform the fatigue analysis at elevated temperatures. The
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predicted stress-life curves at different levels of elevated temperatures are shown in
Figure 7. There is no study in the authour’s knowlodge in which the effect of temperature
on the fatigue life of AA6061 has been studied until the elevated temperature range of
300°C .

Table 4. Value of fatigue strength coefficient A at different temperatures.

Temperature (°C) 27 50 100 150 200 250 300

Fatigue strength 651.8 632.87 591.73 550.60 509.44 468.3 427.93
coefficient, A(MPa)

300 -
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o

g ®at 27 oc
% W at 50 oc
2 at 100 oc
E— X at 150 oc
I X at 200 oc
g at 250 oc
o

® 5o at 300 oc

0 T T T 1
1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07

Number of cycles to failure, Nf

Figure 7 . Stress- life curves at different levels of elevated temperature.

These curves show a decrease in fatigue life with the increase in temperature for
aluminium alloy AA6061. There is a considerable decrease in fatigue life with the
increase in temperature. The main factors that account for this decrease are the increase
in the rate of oxidation at elevated temperatures and the decline in monotonic mechanical
properties with temperature [16].

Figure 8 shows the decrease in the number of cycles to failure with the increase in
temperature. Many factors caused a decrease in fatigue life with an increase in
temperature. Out of these, the main factor is that the temperature increase can accelerate
the rate of oxidation, causing the irreversibility of cyclic slip, and as a result, it damages
the microstructure. The variation of temperature also affects the material properties like
elastic modulus and shear modulus [27]. There is a considerable decrease in the strength
of the material with an increase in temperature, which can be found by tensile tests at
increased temperatures [17]. Therefore, both the microstructural and mechanical
behaviours in materials contribute significantly in crack initiation and propagation, which
ultimately affects the total fatigue life [14].

N, =170624e %" ®)
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Equation (2) is applied to obtain a mathematical relationship for the stress-life
behaviour of aluminium alloy AA 6061 at elevated temperatures. The temperature
sensitivity parameter, c, in Equation (2) is obtained by substituting the values of A and B
acquired from Equation (4), Ny from Equation (5) at different values of elevated
temperatures, and absolute temperature in kelvin.

350000 -
§ .
5] 300000 -
>
(&)
o 250000 -
=}
D 200000 -
P
S
— 150000 -
o
5 100000 -
o]
S 50000 -
=
0
0 50 100 150 200 250 300

Temperature, °c
Figure 8. The effect of temperature on the fatigue life of aluminium alloy AA6061.

Absolute temperature, T (K}
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o
£

Figure 9. The relationship between temperature sensitivity parameter and the absolute
temperature of the aluminum alloy AA6061.

¢ =-0.0003T +0.0805 (6)

Equation (6) shows a linear relationship between the temperature sensitivity
parameter, ¢ and the absolute temperature, T. A mathematical relationship was obtained
to find the number of cycles to failure at any level of applied stress at 300°C as shown

by Eq. (7):
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1
70.092
N, =| 22 7
f (427.93] ()

A mathematical relationship was obtained to calculate the number of fatigue
cycles at any level of applied stress and at any temperature as stated in Eq. (8):

1
o. ) o0%2
= -2 8
N (651.8T°j ®)

By using Eq. (8), the number of fatigue cycles for any stress level at any value of elevated
temperatures can be calculated. For example, at ambient temperature, the fatigue life at
the stress amplitude of 200 MPa was calculated to be 377,770 cycles, which were reduced
to approximately 3,900 cycles at the temperature of 300°C. Hence, a decline of 99% was
observed. A decrease of 80% in fatigue life has been experimentally observed at the
temperature of 250°C for the aluminium alloy AA6061.

CONCLUSIONS

In this paper, an analytical approach was used to study the effect of temperature on the
fatigue life behaviour of aluminium alloy AA 6061. The fatigue life study at elevated
temperature shows that the number of cycles to failure was significantly affected by
temperature. The use of the FEA simulation and mathematical approach of linear
interpolation as an alternative to experimental work significantly decreases the time for
analysis. Due to less weight, good mechanical properties, and better corrosion resistance,
aluminium alloy AA6061 finds good use at ambient temperature environments.
Comparing the fatigue life at 300°C with ambient temperature, it was observed that the
number of cycles to failure was reduced as much as 99%. This large decline in a number
of cycles to failure limits the use of aluminium alloy AA6061 in elevated temperature
environments. There are no previous reports, to the best of the author’s knowledge that
show the effect of temperature up to 300°C on the fatigue life for a particular alloy. Most
of the operational parts in an automotive engine are under the effect of fatigue at elevated
temperatures. This study revealed that aluminium alloy AA6061 is unsuitable for high-
temperature automotive engine parts.
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