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ABSTRACT - .The changg in_mater_ial properties at Ipw temperature has always been one of the QZZIS(;E:EZEJE ;;%20
concerned design factors in aircraft industries. The wings and fuselage are repeatedly exposed to Accepted: 07 Sep 2020
sub zero temperature during cruising at high altitude. In this study, fatigue tests were conducted on

standard flat specimens of aluminum 2024-T3 at room temperature and at -30 °C. The monotonic KEYWORDS

and cyclic loading tests were conducted using MTS 810 servo hydraulic machine equipped with a Aluminum 2024-T3;
cooling chamber. The monotonic tests were conducted at a crosshead speed rate of 1 mm/min and fatigue test;

the cyclic tests at a frequency of 10 Hz with a load ratio of 0.1. The experimental data obtained, room ’empe’am’.e;

such as the yield strength, ultimate strength and S-N curve were used as the input parameters in f:,‘(l";?/’gp;g %eﬁch

ANSYS Workbench 16.1. This close agreement demonstrates that the isotropic model in ANSYS
workbench is essential in predicting fatigue life. The increase in stress parameter causes fatigue
life to decrease. Besides, the decrease in temperature causes the total fatigue life to increase.

INTRODUCTION

Aluminum alloy has been broadly used in automotive and aircraft industries because it has a high elastic modulus,
high strength and low density [1, 2]. The fuselage, wings and lightweight parts are usually designed using this material.
Some of the structures are not required to have infinite fatigue life [3]. However, the design must be able to meet the
expected, desired fatigue life and safety of the components.

Typically the airframe of an aircraft is an example of the structures prone to fatigue. Stresses that occurred repeatedly
due to frequency and flight cycles weaken the structures. After a particular amount of time, a microscopic crack will
initiate from the weakest area and the visibility increases as it propagates. The pressure from turning, decelerating and
accelerating also contributes to the crack propagation rate. The cross-sectional area decreases when exposed to repeated
loading that leads to fractures causing the structure to fail. The influence of the environment, type of material and level
of stress will impact the fracture mode of the structure [4].

Some researches have been carried out to study the fatigue life of aluminum alloy at low cycles (LCF<10*) and high
cycles (HCF<107) [5-8]. Besides, additional life cycles can be categorized as a very high cycle (VHCF) fatigue. The
reason why the low cycle fatigue is important is due to the highly repeated loading in certain parts of aircraft such as
fuselage, wings and turbine engines. However, to run experimental testing in order to obtain the S-N curve for each
structure is time consuming and expensive. Numerical simulation can be applied to the problem to predict the fatigue life.
This approach enables users to know the strength and weakness of the design and make further improvements in advanced.

The components of aircraft structures are always exposed to low temperature during ascending. The temperature in
that situation can be as low as -50°C. During the mid-1970s, researchers started to notice the behavior of aluminum under
fatigue loading at low temperature, which several studies reported the decreasing in fatigue crack growth rate and
toughness [9-11] as the effects. A similar study also concluded that Fatigue Ductile-Brittle Transition (FDBT) occurred
due to the decreasing of crack growth rate and starts to increase until failure at low temperature [12]. Furthermore, the
fatigue and tensile strength increase even at a cooling rate 1 °C per minute in cooling chamber [13] causes decrease in
grain size and increasing in particle density [14]. The prediction of the fatigue life does not only rely on the engineering
problem alone, but also the condition of the material as well. Scratches and unpolished surfaces contribute to crack
initiation that starts from micro to macro scale [15]. Several fatigue models were investigated under different cyclic
loading and found that the best model is based on experience related to the problem [16].

The use of finite element analysis (FEA) can be one of the unconventional ways of predicting fatigue life. This
numerical method is able to answer the problem, not only related to structural but fluid, thermal and electrical. Moreover,
with the use of numerical analysis software, the strength and weakness of the model known in advance which able the
user to make some improvements. There are varieties of numerical software available such as SolidWorks, ABAQUS,
MSC NASTRAN and ANSY'S Workbench. The focus will be more on ANSYS Workbench for predicting fatigue life as
there are limited studies related to this area. Numerous numbers of studies [17-22] reported by researchers in predicting
fatigue life theoretically or by comparing with experimental results. Surprisingly, they preferred using alternative
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Computer Aided Design (CAD) software for 3D modeling and imported the file to ANSYS Workbench for analysis. Even
though the software has its own workspace for modeling, the experience for ideal CAD software reduces the time taken
in the design.

In the real world situation, it is not possible to alter the properties of the material. The numerical or analytical approach
is more suitable in predicting different results. The effect of isotropic hardening on fatigue crack growth causes the rate
to decrease when the hardening parameter increases [23]. Moreover, similar case with kinematic hardening shows that the
crack growth was longer compared to isotropic hardening [24]. Still, combined hardening successfully predicts cycles to
fail in the case of ultra-low cycle fatigue pipeline simulation [25]. A study on low cycle fatigue of 304 LN stainless steel
by cyclic hardening displays the importance of the level of loading [26]. The fatigue of aluminum 2024-T3 is focusing
on isotropic hardening under uniaxial loading with low plasticity that fits the suitability of the software in predicting
closer results to experimental.

The aim of this study is to predict the life cycles of aluminum 2024-T3 using the numerical software, ANSYS
Workbench at room and low temperature. The monotonic tensile test and cyclic test with several levels of loading were
performed in order to obtain the mechanical properties and fatigue life data which be used as the input to the software.
The results are then compared to show the efficiency.

METHODOLOGY
Experimental Procedures

The selected test material is aluminum 2024-T3 which has been used in the main aircraft components due to its
excellent fatigue strength and high toughness. A plate of aluminum with dimension of 200 mm x 20 mm x 3 mm was cut
following the ASTM E8M standard [27]. The chemical composition is presented in Table 1. The monotonic tensile test
and cyclic test were run in two conditions, at room and low temperature. The grips of the machine were aligned and the
grip pressure of 700 psi was selected for the specimens. The tension tests at room temperature were performed using MTS
810 servo hydraulic testing machine as shown in Figure 1(a) at a displacement rate of 1 mm/min to obtain the mechanical
properties such as the yield strength and ultimate strength.

Table 1. Chemical composition of aluminum 2024-T3 [28]

Element W1t%
Fe 0.28
Mn 0.43
Cu 4.4
Si 0.14
B 0.003
Zn 0.12
\ 0.02
Mg 1.4
Al Balance

EQUIPMENT FOR M3 ISONEC 17025 Gt

Pressure
Insulator

gauge \

(b)

Figure 1. MTS 810 servo hydraulic machine set up at: (a) room temperature and (b) low temperature
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Figure 2. A diagram representing steps for running test using MTS 810

The steps to run test using MTS 810 is shown in Figure 2. At low temperature, the MTS 810 machine was equipped
with a cooling chamber with minimum temperature of -40 °C as shown in Figure 1(b). The tensile tests were carried out
at temperature -30 °C. The temperature was measured using K type thermocouples connected to the digital thermometer
TM902C. The thermocouples were placed at four different places as shown in Figure 3. The tests at low temperature were
performed after reaching the preferred temperature at a displacement rate of 1 mm/min to acquire the mechanical
properties.

The cyclic tests at room and low temperature were conducted according to the ASTM E466 standard [29] with a
frequency of 10 Hz in sinusoidal waveform and a load ratio of 0.1 to obtain the S-N curve of the material. The loading
starts at 90% of the yield strength as shown in Table 2, decreasing by 5% to 70% of yield. In addition, the values of the
mean and amplitude load were also taken based on the percentage of the yield strength.
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Figure 3. Location of thermocouple inside cooling chamber

The following equations are used to calculate the values needed as input for the MTS 810 testing machine [30]:

Smin

Smax

where in Eq. (1), R is the load ratio, S,,;,, is the minimum stress and S, is the maximum stress. The difference between
maximum and minimum stress can be calculated by using Eq. (2), stress range, og:

Or = Smax - Smin (2)

To plot the S-N curve the value of alternating stress, o, is often used. This is given by Eq. (3):

o, = Smaxzﬂ 3)

The mean stress o, is important in the prediction of fatigue life can be given as Eq. (4):

— Smax+Smin (4)

o,
m 2

Numerical Procedures

The specimen was modeled in SolidWorks 2012 with dimension of 200 mm x 20 mm x 3 mm as shown in Figure 4.
Before the sketch was drawn, a top plane feature was first selected. The boss extrude feature was selected to generate the
3D model with 3 mm thickness. Next, the 3D model saved in an IGES format exported to ANSYS Workbench as shown
in Figure 6(a).

20

Tﬂ‘

Figure 4. Dimension of specimen (mm)
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The static structural analysis system was selected to simulate the fatigue life, maximum stress and alternating stress
of the model. A coarse mesh was selected with SOLID187 hexahedrons as shown in Figure 6(b), which is a 10-node
element suitable for 3D model imported from other CAD software. The size of the mesh also influences the accuracy of
the results. As the mesh becomes finer, the computation time increases. The mesh convergence of the model is run as
shown in Figure 5 to obtain the experimental results as close as possible with low computational time. There is a great
increase in the number of nodes from 431 to 1573 and the number of elements from 44 to 759.
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Figure 5. Mesh convergence plot for the 3D model

Furthermore, similar boundary condition from experimental setup was applied to the 3D model. As from Figure 6 (c),
A indicates all degrees of freedom fixed and B points out the load direction. At fatigue tool options, stress-life was selected
as the type of analysis with load ratio 0.1. The stress life analysis in ANSY'S uses the interpolation method to the S-N
curve of experimental data to find a suitable value. The yield strength, ultimate strength, mean stress, alternating stress
and S-N curve obtained from experimental tests were used as an input to the software.

(@) (b) (©
Figure 6. (a) The imported 3D model, (b) meshed 3D model and (c) applied boundary condition of the model

RESULTS AND DISCUSSION
Fatigue Surface Failure

The initiation of crack at flat specimen during a tensile test is due to the concentration of damage and deformation in
the area leading to shear rupture. The mechanical properties of aluminum obtained from tension test are presented in
Table 2. For low temperature condition, there is an increase of 10.70% in the yield strength and 3.90% in the ultimate
strength compared to room temperature.
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Table 2. Mechanical properties of aluminum 2024-T3 from tension test

Condition Yield strength (MPa) Ultimate strength (MPa)
Room temperature 327 487
Low temperature 362 506

The formation of micro crack occurred at stress concentration area of the specimen after subjected to cyclic loading
for a period of time. The crack initiation is noticeably caused from the surface of the material [31]. The crack then
propagates perpendicular to the loading until the critical length is reached before failure occurs. The visibilities of fracture
surfaces, shiny, and smooth area with the muddled wavy appearance [32] can be witnessed in Figure 7.
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Figure 7. Surface crack some of the specimens at room temperature: (a) 90%, (b) 85%, (c) 80%, (d) 75% and (e) 70%

The fracture surface areas are separated into two regions, stable and unstable crack growth. Area A represents the
stable region and area B represents unstable region. Besides, the circle in Figure 7 indicates the stable crack region that
has small dimple structure and the unstable crack region has bigger dimple structures [28]. In addition, the direction of
loading causes perpendicular stable crack grows and unloading causes unstable crack growth. The crack region with
stable growth is smaller at high level loading compared to low loading.

One of the reasons in increasing yield strength and ultimate strength of aluminum at low temperature is decreasing of
the grain size when tested at low temperature. For this reason, the density of the particles also increases. The effect of
cyclic loading of the material after a certain amount of time leads to the formation of micro cracks at stress concentration
area. The grain size, surfaces and slip bands are factors that contribute to crack initiation. Moreover, the failure can occur
even with small plastic deformation of ductile materials.
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Figure 8. Fatigue surface failure of the specimens at low temperature: (a) 90%, (b) 85%, (c) 80%, (d) 75% and (e) 70%

Figure 8 represents the surface failure of the material from 90% to 70% of the yield strength. The small circle, A
indicated the area where crack initiation starts and propagates until area B before failure occurred. The micro crack grows
in stable rate to macro crack until failure [33]. Moreover, at higher loading the crack reaches the critical length faster,
which causes rapid fracture.

However, at low temperature the crack growth rate and fracture toughness decreases. This can be observed clearly at
70% and 75% of the yield strength as the crack growth areas were small compared to others. Mode | failure was observed
at all surfaces since uniaxial loading was applied to the specimens. The visibility of shear lips can be seen around the
crack propagation area B.
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Figure 9. S-N curve at room and low temperature of aluminum

The trend lines for stress (MPa) against the number of cycles (N) under load ratio 0.1 are shown in Figure 9. It can
be witnessed that the number of cycles, increased as stress decreased for both lines. The line consists of results obtained
at room and low temperature starting from 90% to 70% of the yield strength. There is an increase of 18.90% in the number
of cycles from 90% to 85%. At higher loads the damage nucleated faster causes fatigue life to be lower. Meanwhile, there
was a constant increase in the number of cycles from 80%, 75% and 70% that are 63.62%, 68.66% and 69.93%
respectively.

Nevertheless, there is a decrease of 30.31% for a number of cycles at 90% of the yield strength at low temperature
compared to room temperature. The exposure to low temperature decreases the crack growth rate that causes sudden
failure at high loading due to the material entering from ductile to brittle state. The equation to calculate the fatigue life
can be described as:

O, =m In(Nf) +C (5)

The value of m and C are obtained from the experimental data. The value for m and C at room temperature is 16.1
and 310.1 respectively. While at low temperature the value of m=11.5 and C = 265.7. The highest increase in the number
of cycles at low temperature compared to room temperature can be observed clearly at 70% and 75% with an increase of
77.58% and 62.05%. When the material subjected to the lower percentage of loading and low temperature for a certain
period of time, the particle density and grain size decrease causes slower crack growth rate and increase in number of
cycles.
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Numerical Results

The application of ANSYS to predict the fatigue life is proven by validating the results with other researcher’s work.
The study by Pereira et al. (2018) upon the fatigue behavior of Inconel 625 at room temperature is taken as a comparison
with ANSYS. The material has a yield strength of 472 MPa and an ultimate strength of 935 MPa. The loading starts from
125%, 100%, 81% and 65% of the yield strength [34]. The constant amplitude ratio of R= -1 and frequency of 10 Hz was
applied during fatigue testing of the Inconel 625 specimens.

700

600 Q

® ANSYS
500 |

A Pereiraet al.

300

Stress amplitude (MPa)
8
=

200

100

0E+0 1E+5 2E45 3E45 4E+5 SE+5 6E+5
Number of cycles (Nf)
Figure 10. Comparison of ANSY'S results with Pereira et al. (2018)

The S-N curve in Figure 10 shows the comparison of results from ANSY'S and Pereira et al. (2018). The fatigue life
decreases as the stress increases. At 125% of loading, the stress amplitude of ANSY'S shows 627.14 MPa and Pereira 586
MPa respectively. Around 6.56% difference is obtained between the stresses. As a result, ANSYS predicted lower fatigue
life due to higher stress, at 20978 cycles and Pereira at 30000 cycles that estimated about 30% differences.

Similarly, the difference in stress at 100% of loading is 6.56%. Still, the difference in fatigue life is lower, around
22%. Besides, at 61% of loading the stress and fatigue life has the same percentage of difference that is about 7%.
However, at 65% of loading, ANSYS predicted lower stress than Pereira about a 5.58% difference. The difference causes
fatigue life predicted by ANSYS to increase by 25% compared to the Pereira result. The overall results show an excellent
agreement between ANSY'S along with another researcher and can be used for the life prediction of aluminum 2024-T3.

The fatigue life at room temperature for aluminum 2024-T3 is plotted in Figure 11. Two S-N curves represent the
experimental and the simulation results. An increase in stress will have corresponding decrease in the fatigue life. The
low cycle fatigue ranges from 90% to 80% and the high cycle fatigue from 75% to 70% of the yield strength. At 90%,
ANSYSS predicted stress, greater than the experimental results by 4%. The fatigue life with regard to ANSYS is 42692
cycles and experimental 45343 cycles. There is about 5.8% difference between the two scenarios.

Moreover, the stress at 85% of experimental is lowered by 5% compared to ANSY'S resulting 10% higher for the
fatigue life. The percentage of difference at 80% increase by 21.5% for experimental compared to ANSY'S although there
is only 4% difference in stress. Besides, ANSYS predicted lower fatigue life compared to experimental by 22.4% at 75%
of the yield strength. Also, there is only 3.5% difference in stress at 70% of the yield strength and 20% increase in
experimental compared to simulation.

The comparison of S-N curves of aluminum 2024-T3 at low temperature is shown in Figure 12. The fatigue life of
aluminum is validated by simulation and experimental. The decrease in stress increases fatigue life. The stress at 90% of
the yield strength of experimental is 144.06 MPa and simulation 151.29 MPa that shows about 4.8% difference. Since the
experimental stress is lower, the fatigue life is higher by 25% compared to simulation. Besides, the fatigue life at 85% of
the yield strength displays 82133 cycles for experimental and 59819 cycles for simulation. The difference is about 27%,
even though the difference between stresses is only 2.4%. The fatigue life at 80% of the yield strength illustrates 106830
cycles for experimental and 96555 cycles for the simulation that indicates a 9.6% difference. There is around 2.8%
difference for the stress. In addition, there is a 2.5% difference in stress and a 22% difference in fatigue life at 75% of the
yield strength. Also, the fatigue life at 70% shows a difference of 17% and approximately 3% of the stress difference.
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Figure 11. Comparison of results between experimental and ANSYS at room temperature
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Figure 12. Comparison of results between experimental and ANSYS at low temperature

The grain shapes, sizes and orientations strongly influence the properties of the material when exposed to a certain
temperature. The common crack initiation for aluminum is due to material inhomogeneities. Some specimens may have
unpolished or scratch surfaces including micropores and constituent particles [35, 36]. In addition, for ANSYS the
prediction is based on applied stress. Lower stresses will result, a higher number of cycles. A close trend can be observed
for both scenarios, which proved a good agreement.

CONCLUSION

The cyclic tests of aluminum 2024-T3 were investigated at room and low temperature at load ratio of 0.1 and
frequency of 10 Hz. The effect of low temperature on aluminum caused an increase in yield strength, ultimate strength
and fatigue life. This is due to the decreasing in crack growth rate, which at the same time decreases the grain size and
increases the particle density. Separation of two regions, stable and unstable crack growth was clearly observed in the
fracture surface area. The simulation of predicting fatigue life was conducted using ANSYS Workbench. It is found that
at room temperature for the low cycle fatigue the variance between stresses range from 4%-5%. The difference between
the high cycles is around 3.5% to 4.2%. The lowest fatigue life difference is 5.8% at 90% and the highest is 22.4% at
75%. Furthermore, at low temperature, a maximum difference of 4.8% in stress is observed between experimental and
simulation. A minimum difference of 2.4% is seen at 75% of the yield strength. The fatigue life shows a maximum and
minimum difference of 27% and 9.6% respectively. The trend line of the S-N curve in ANSYS successfully predicted
results close to experimental data.
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