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1. Introduction

Mechanical failures of different aircraft structural
components are common case in practice [1-12]. There are
numerous causes of failure such as corrosion, porosity, high
cycle fatigue and the like. In modern aviation industry these
elements have to satisfy an increased level of reliability
during operation. In order to prevent the failure of individual
components, it is important to know mechanical properties
of the materials from which they are made. Fatigue failure
may occur in any engineering components that are subjected
to cyclic loading below the material ultimate strength.
Findlay et al. assessed the failure mechanisms frequency in
aircraft components [13], Table 1.

Table 1
Fracture mechanism frequency
. . Failure mechanism frequency
Failure mechanism .
in aircraft components, %

Fatigue 55

Corrosion 16

Overload 14

Stress corrosion, fatigue 7
corrosion

Wear, abrasion, erosion 6

High temperature corrosion 2

The results from Table 1 show that the the fatigue
of the constituent components is dominant cause of the
aircraft components failure [14-17].

One of the more frequent mechanical failures on
air-cooled piston engines is cylinder head cracking. Based
on reports from the competent aviation authorities of
countries around the world [18-21] there have been even 47
such failures on conventional air-cooled engines. Each
cylinder assembly (cylinder), constituting the body of the
cylinder and cylinder head, is a special unit with distinctive
and clearly expressed deep cooling ribs on the outside. This
paper presents a continuation of the study of the training
aircraft Utva-75 cylinder head fracture cause [22]. B. Krsti¢
et. al [22] performed visual inspection of the fractured air-
craft cylinder head. The crack between cylinder head fifth

and sixth cooling rib has been noticed. The research in-
cluded microfractographic, macrofractographic and metal-
lographic examinations of the cylinder head fractured sur-
face. Also, within the research, finite element analysis of the
cylinder assembly at room temperature was done.

The research of this paper is based on the
experimental analysis and numerical simulations of
mechanical properties of Aluminum alloy 242.0 which is the
constituent material of the Lycoming 10-360-B1F aircraft
engine cylinder head. The basic application of this alloy is
production of air-cooled cylinder heads [23]. The special
significance, contribution and complexity of the research is
reflected in the fact that there are no papers in literature
related to the experimental determination of the Aluminum
alloy 242.0 mechanical properties and S-N curve forming in
contrast to the numerous Aluminum alloys that were
frequently subject of research by numerous authors [24-29].
Based on chemical, metallographic, static and dynamic
experimental tests of the material properties, Aluminum
alloy 242.0 static and fatigue properties were obtained, S-N
curve was formed and endurance limit was determined. The
stress-life (S-N) curve provides useful fatigue data for
estimating the number of cycles to failure of material at a
certain level of applied stress [30]. Numerical simulations
of experiments were made to confirm numerical procedures
due to further research. The simulations results were
confirmed by experimental results. The results of the
research are planned to be implemented in further numerical
research of Lycoming 10-360-B1F cylinder assembly
integrity assessment, above all for the static (stress-strain)
analysis and dynamic (fatigue) analysis of the cylinder head
at room and at elevated temperature.

2. Experimental procedure
2.1. Chemical composition and metallography

Chemical composition analysis of Aluminum alloy
242.0 was carried out using X-ray fluorescence
spectroscopy at the Laboratory for Material/Products
Testing within the company J.S.C. Orao from Bijeljina.
Results are shown in Table 2.

Chemical composition analysis results completely
match the standard specification for Aluminum alloy 242.0.
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Table 2
Aluminum alloy 242.0 chemical composition analysis results
Element Cu Cr Fe Mg Mn Ni Si Ti Zn
Standard 4.02 0.20 0.45 152 0.06 2.29 0.46 0.15 0.03

specification, %
Analysis results, % (3.5-45) | (0-0.25) | (0-1.0) | (1.2-1.8) | (0-0.35) | (1.7-2.3) | (0-0.7) | (0-0.25) | (0-0.35)

In order to better interpret and understand  The microporosity of the material in the form of clustered
experimental and numerical results obtained in next  cavities surrounded by primary dendrites and eutectic phase
chapters, the structure of tested specimen was examined is particularly dominant, Fig. 4.
using a digital microscope VHX 6000 at Faculty of
Mechanical Engineering in Ljubljana, Fig. 1.

Fig. 1 Aluminum alloy 242.0 specimen for metallographic

examination T
Fig. 4 Microporosity of material in a form of grouped
The sample was sanded with a sandpaper fineness shrinkage pores
up to 2500 and then it was polished with a diamond paste,
Fig. 2. The dimensions of microporous cavities are in

range from 50 to 200 pm, Fig. 5.

Fig. 2 Preparation of sample for metallographic examination

Material metallography was carried out using
150x-1000x microscope magnification.

The microstructure examination revealed the typi-
cal structure of an Aluminum - Copper casting alloy with
intermetallic phases precipitates located at the grain bound-
aries, Fig. 3.

W b =l .

Fig. 5 Typical shrinkage pore (black) surrounded by pri-
mary dendrites (white) and eutectic phase (gray nee-
dles in a white matrix)

Intergranular cracks, formed by linking up of other
shrinkage pores in material were, also, observed, Fig. 6.

AENR B

Fig. 3 Aluminum alloy 242.0 microstructure

On the basis of the observed specimens surface, it
is possible to determine the existence of a large number of

defects in materials characteristic for the casting process. ' 19- 6 Metallographic section showing the intergranular

crack due to the linking of the shrinkage pores
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2.2. Static properties examination

Aluminum alloy 242.0 static properties
examination was performed on six specimens at room
temperature (23+5°C). Dimensions and shape of specimens
were machined in accordance with B 557M standard [31],
Figs. 7a—Db.

o5

b

Fig. 7 Specimen for static properties examination at room
temperature: a) dimensions; b) shape

In order to ensure the quality of results obtained,
all specimens were polished before examination. The tested
specimens were manufactured in CNC Machine Tools and
CIM Systems Laboratory at the Faculty of Mechanical
Engineering in East Sarajevo.

Mechanical properties testing of Aluminum alloy
242.0 specimens was performed using servo-hydraulic
SHIMADZU testing machine type EHF EV101K3-070-0 in
accordance with standard B 557M [31]. Tests were carried
out at the Center for Engineering Software and Dynamic
Testing at the Faculty of Engineering in Kragujevac.

Table 3 shows experimental determined static
properties of Aluminum alloy 242.0.

Table 3
Static properties of Aluminum alloy 242.0

Specimen Yield stress oy, Tensile strength Rm,
designation MPa MPa
1-S 199.7 205.7
2-S 166.92 198.4
3-S 156.2 192.5
4-S 148.5 186.7
5-S 178.6 201.3
6-S 152.2 190.8

The designation system for tested specimens is
such that the number presents specimen serial number,
while the letter S in the designation indicates that the test
was performed at room temperature.

2.3. Fatigue properties examination

The essence of testing the material fatigue
properties is to determine the dynamic strength, the stress
that the material can withstand at unlimited number of load
cycle changes without fracture.

Fatigue properties examination of Aluminum
242.0 was performed on fifteen specimens at room (23+5°C)
temperature. Material fatigue properties, due high cycle
load, were obtained on the basis of results for uniaxial,
cyclically loaded specimens (fully reversed load) with R=-1
stress ratio examination. Specimens were exposed to high
cycle fatigue under controlled stress conditions in
accordance with ASTM E468-90 [32] and ASTM E606-92

[33] standards. Dimensions and shape of specimen for

fatigue properties examination at room temperature are

shown in Figs. 8 a—b.
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Fig. 8 Specimen for fatigue properties examination at room
temperature: a) dimensions; b) shape

All specimens for fatigue testing were machined in
CNC Machine Tools and CIM Systems Laboratory at the
Faculty of Mechanical Engineering in East Sarajevo.

Fatigue properties testing of Aluminum alloy 242.0
specimens was performed at the Center for Engineering
Software and Dynamic Testing at the Faculty of
Engineering in Kragujevac using servo-hydraulic
SHIMADZU testing machine. Specimens were tested under
uniaxial, fully reversed (tensile - compression) testing with
R=-1 stress ratio. During the fatigue properties testing
frequency was 10 Hz-20 Hz, stress amplitude 30-100 MPa,
whereby, as a failure criterion or crack initialization a rapid
loss of stiffness, or stress amplitude decreasing by 10% was
taken. Table 4 shows the experimentally obtained results
under stress controlled conditions.

Table 4

Specimens uniaxial, fully reversed testing with
stress ratio R=-1 results

Specimen Stress amplitude | Frequency, | Number of
designation oa, MPa Hz cycles Nt
1-S 100 10 1764
2-S 95 10 2683
3-S 90 10 4237
4-S 85 10 8090
5-S 80 10 16878
6-S 75 10 32606
7-S 70 10 64844
8-S 65 10 98110
9-S 60 20 201590
10-S 55 20 392380
11-S 50 20 797690
12-S 45 20 1430640
13-S 40 20 5930700
14-S 35 20 26843700
15-S 30 20 67342900

Specimens designation was done in the same way
as specimens designation during static properties test
examination.

Fig. 9 shows Aluminum alloy 242.0 semi-log plot
of the stress amplitude versus the number of cycles to failure
at room temperature.

The S-N curve shows that fatigue life generally in-
creases with decreasing cyclic stress. The S-N curve was de-
veloped using curve fitting of tabular data according to the
Basquin’s equation which can be written as [29]:
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Fig. 9 Semi-log S-N curve for uniaxial, fully reversed
Aluminum alloy 242.0 specimens testing

From the curve fitting, the values of the material
constants o, and b were determined, Table 5.
Table 5

Aluminum alloy 242.0 specimens fatigue properties
under uniaxial, fully reversed load

Properties Value
Fatigue strength coefficient o, 252.9 MPa
Fatigue strength exponent b -0.114

3. Numerical simulations

3.1. Tensile test simulation

Numerical simulation of Aluminum alloy 242.0
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Fig. 10 Ansys Workbench specimen Tensile test:
specimen neck forming; b) specimen break

a)

tensile test was performed using Ansys Workbench Explicit
Dynamics. Aluminum alloy 242.0 material properties,
obtained by experimental test, were defined and specimen
model was created. After that finite element mesh was
generated and it consisted of 2160 elements with default size
and 2805 nodes.

Testing conditions were simulated on the basis of
experimental test set up. Specimen was fixed on one side.
Figs. 10 a and b shows specimen neck forming and
specimen break during testing process at room temperature.

By simulating tensile test numerically, Aluminum
242.0 tensile ttrength at room temperature of 202 MPa was
determined. By Ansys Workbench numerical simulation
test equivalent plastic strain for Aluminum 242.0 specimen
of 1.24% was obtained.

3.2. Fatigue test simulation

Numerical fatigue simulation was performed using
Ansys Workbench Static Structural analysis, Fig. 11. After
defining material properties on the basis of experimental
test, mesh and boundary conditions (one side fixed), applied
fully reversed stress (R=-1) 30-100 MPa was varied.

A: Static Structural
Life

Type: Life

Time: 0

07-Apr-19 2:44 PM

1e8 Max
o 8.799e7
7.7423e7
6.8125e7
o 5.9123e7
] 5.131e7
4.453e7
u 3.8646e7
. 3.353%e7
2.9107e7 Min

Fig. 11 Fatigue life numerical result for applied stress of
35 MPa

Finite element mesh with medium smoothing
consisted of 1188 elements with default size and 5860
nodes.

Results were shown in Table 6 and in Fig. 12.

Table 6

Aluminum alloy 242.0 numerical simulation results for
specimens uniaxial, fully reversed testing with stress ratio

R=-1
Stress amplitude oa, MPa Number of cycles Nt

100 1909

95 2921

90 4470

85 8726

80 18583
75 38044
70 66584
65 116530
60 222220
55 441860
50 882740
45 1817200
40 6206100
35 29107400
30 100000000
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Fig. 12 Aluminum alloy 242.0 S-N curve obtained by
numerical simulations
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Table 7 shows Aluminum alloy 242.0 fatigue
properties obtained by numerical simulations.

Table 7
Aluminum 242.0 fatigue properties obtained by numerical
simulations
Properties Value
Fatigue strength coefficient o, 257.9 MPa
Fatigue strength exponent b -0.113

4. Results and discussion

Table 8 shows comparative results of Aluminum
alloy 242.0 tensile strength obtained based on experimental
tests and numerical simulations.

Table 8
Aluminum 242.0 Tensile Strength comparative results

Test type Tensile strength Rm, MPa
Experimental test (mean value) 195.9
Numerical simulations 202

On the basis of results it can be concluded that
maximum deviation numerical to experimental results of
tensile strength is 7.6 % and, looking into mean value of
tensile strength obtained by the experiment, numerical to
experimental results deviation amounts to 3 %. Deviation of
results and somewhat more value of numerical results are
primarily due to material homogeneity during numerical
simulations. It can be concluded that the numerical
simulations were confirmed by experiment. Since numerical
simulations give approximate results in comparison with
experiment, it will make them reliable to apply in the
numerical assessment of the cylinder assembly integrity that
will be the subject of further research.

Table 9 shows numerical to experimental fatigue
test results deviation.

Number of cycles to failure of 67342900 is
obtained experimentally for stress amplitude of 30 MPa and
this stress presents the material endurance limit. Number of
cycles to failure for Aluminum alloys are within limits 107-
108 Numerical simulations gave result of 108 cycles to
failure. A larger number of cycles to failure is, probably, due
to material homogeneity during numerical analysis.

Fig. 13 shows comparative Aluminum alloy 242.0
S-N curves obtained by both experimental tests and
numerical simulations.

Table 9
Numerical to experimental fatigue test results deviation
s Results Numerical to
tress - - .
- Experimental | Numerical experimental
amplitude L
Number of Number of | results deviation,
oa, MPa
cycles Nt cycles Nt %
100 1764 1909 7.6
95 2683 2921 8.1
90 4237 4470 5.2
85 8090 8726 7.3
80 16878 18583 9.2
75 32606 38044 14.3
70 64844 66584 2.6
65 98110 116530 15.8
60 201590 222220 9.3
55 392380 441860 11.2
50 797690 882740 9.6
45 1430640 1817200 21.3
40 5930700 6206100 4.4
35 26843700 29107400 7.8
30 67342900 100000000 32.7
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Fig. 13 Aluminum alloy 242.0 comparative S-N curves
obtained by both experimental tests and numerical
simulations

The S-N curve obtained on the basis of the
experiment is shown in blue and the S-N curve obtained on
the basis of the numerical simulations is shown in orange on
the diagram in Fig. 13. It can be noticed that minimal
number of cycles results deviation is 2,6% and maximum is
32,7% and it corresponds to the lowest applied stress of 30
MPa. A greater deviation in the results, expressed in a
higher number of cycles, may be conditioned by the
microstructure of the tested material discussed in the first
chapter.

Defects in the material both represent the potential
places of the cracks formation and decrease mechanical
properties, as well as the lifetime of the material due to
fatigue, both by reducing the crack propagation time and by
shortening the crack initiation time [3, 4]. It has been found
that the materials fatigue life, obtained by casting
Aluminum alloys containing casting defects in the form of
pores or cavities, can be shorter two or more times compared
to materials without these defects [34,35]. The decrease in
the material fatigue is in reverse proportion to the size of the
porous forms [36-40].



Impact fracture toughness results, which are not
shown in this paper, were obtained within material
properties experimental research. With the appearance of
the specimen cross section fracture, it was concluded that
the fracture mechanism indicates the brittle fracture
character. Those results and material fracture mechanism
are going to be used to make it easier to clarify the analysis
of the crack appearance on cylinder head and it’s failure in
further Lycoming 10-360-B1F cylinder assembly research.

5. Conclusions

The frequent use of Aluminum alloy 242.0 for
military and aviation purposes, on the one hand, and the lack
of experimental research data of mentioned alloy, on the
other hand, have led to the subject of this paper research.
The set up of experimental tests carried out in this paper
were defined by studyng the standards for mechanical
testing of materials and by their systematization. The tests
included the confirmation of chemical composition of the
tested material, metallographic  examination and
experimental tests and numerical simulations of the material
static and fatigue properties at room temperature. Based on
the previous tests, high cycle fatigue S-N curve was formed
and endurance limit of tested material was determined. The
microporosity of the material in the form of clustered
cavities surrounded by primary dendrites and eutectic phase
is particularly dominant. It can leads to the interconnection
of adjacent cavities in the material and formation of initial
cracks in the case of very complex and variable loads to
whom material, such as examined, during exploitation can
be exposed. The porosity of the material is, most often, the
consequence of a poorly designed casting process. The
obtained numerical simulations results, confirmed by
experimental results, are going to serve as a starting point in
further analyses of the failure of Lycoming 10-360-B1F
cylinder assembly made from the tested alloy, primarily in
numerical analysis. The research results are going to be im-
plemented in numerical modeling of the cylinder assembly
stress-strain state with induction of thermal loads. Agreeing
the results of numerical simulations with experimental re-
sults indicates the applicability of FEM analysis to further
research that would include development of a methodology
for the numerical integrity assessment of the aircraft air
cooled piston cylinder assembly exposed to high cycle
variable thermodynamic loads and could be applicable to
other structural elements and to other internal combustion
engines. The aforementioned methodology would provide
an effective and efficient numerical tool that would be used
in a simple and quick way to assess the integrity estimation
of the piston engine cylinder assembly which would result
in significant improvements in the design, production and
testing costs of the vital elements of the internal combustion
engines.
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FURTHER INVESTIGATION OF THE REPETITIVE
FAILURE IN AN AIRCRAFT ENGINE CYLINDER
HEAD - MECHANICAL PROPERTIES OF ALUMINUM
ALLOY 242.0

Summary

Aluminum alloys are widely used in military and
aviation industry due to their properties such as low density
and high strength. During the aircraft operation there are
mechanical failures of various structural components caused
by numerous mechanisms such as corrosion, material
defects, high cycle fatigue and the like. One of the frequent
mechanical failures on air-cooled piston engines is the
cylinder head cracking. This paper is the continuation a
comprehensive research of the Lycoming 10-360-B1F air-
craft cylinder head failure. The failure of this type has al-
ready occurred during flight and about 50 failures like this
have been registered from around the world, some of them
with a fatal outcome and therefore require detailed research.
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The paper consists of machining of the tested specimens and
their testing at many different locations and in many differ-
ent laboratories throughout Bosnia and Herzegovina, Serbia
and Slovenia. This paper is based on a research that includes
the experimental analysis of mechanical properties of
Aluminum alloy 242.0 which is a constituent material of the
cylinder head of the Lycoming 10-360-B1F aircraft engine
on which a crack appeared. Based on chemical,
metallographic, static and dynamic experimental tests of the
material properties, Aluminum alloy 242.0 static and fatigue
properties were obtained, S-N curve was formed and
endurance limit was determined. Results of numerical
simulations of experiments, confirmed by experimental
results, were performed to make numerical procedures

(MO

292

reliable due to further research. The results of the research
are planned to be implemented in numerical modeling of the
cylinder assembly stress-strain state under workload and in
further numerical research of Lycoming 10-360-B1F
cylinder assembly integrity assessment.

Key words: Aluminum alloy 242.0, aircraft cylinder head,
failure analysis, experimental tests, S-N curve, Finite
element analysis.

Received October 31, 2019
Accepted August 24, 2020

This article is an Open Access article distributed under the terms and conditions of the Creative Commons
Attribution 4.0 (CC BY 4.0) License (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/

