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Abstract—T he effect of crack shape, size and its distribution on
the stress magnification of Aluminum alloy AA2024-T3 tensile test
specimen was studied using Finite Element Analysis (FEA)
approach. A defect free neat reference sample of the alloy was
developed as per ASTM-E8 standard using ANSYS Multiphysics.
Circular and rectangular cracks of 0.1 inch to 0.3 inch diameter
for circular cracks and 0.1 inch to 0.3 inch wide rectangle having
same area as their circular counterparts were incorporated in the
reference sample to study influence of crack morphology on stress
magnification, while three 0.1 inch circular cracks were
distributed diagonally on the reference specimen to study the
influence of crack distribution, with separate simulations for each
specimen. Each specimen was subjected to a fixed support and a
tensile load on opposite end was applied to stress the material to
Ultimate tensile strength. 24%, 13% and 26% increase in stress
magnification was observed for 0.1 inch, 0.2inch and 0.3-inch
rectangular cracks of same area as their circular crack
counterparts while 21% reduction in stress magnification was
observed by distributing same number of cracks from
concentrated to diagonal distribution.

Index Terms— Aerospace Materials, Material Testing, Finite
Element Analysis, Stress Magnification

I. INTRODUCTION

Aluminum, aluminum alloys and aluminum based
composites are very popular in the field of aircraft and
aerospace design[1, 2]. This can be related to the fact that they
provide the designer with diverse properties such as high
specific strength, low cost, ease of manufacturing, weight
reduction, corrosion resistance and good machinability[3-6]. A
lot of research has been done on the experimental aspects of
various materials but the computational materials science or
Finite Element Analysis is an emerging research trend[7-13].

Finite Element Analysis (FEA) is a computer based
technique employed using computational software such as
MATLAB, ANSYS, COSMOL and many others to model and
simulate various material scenarios by incorporating the
required boundary conditions such as material properties,
environment, design and meshing[14-16]. Tensile testing is a
common type of mechanical testing in which a specimen of the
material to be tested is prepared according to the international
standards available such as American Society for Testing and
Materials (ASTM)[17], clamped in a Universal Testing
Machine (UTM)[18] and then subjected to tensile loading until
failure.
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This generates a stress-strain curve of the tested material that
helps in developing various material properties such as
Modulus of Elasticity, Yield Strength, Ultimate Tensile
Strength, Toughness and ductility as shown in Fig 1[19-22].1t
is also important to mention that Von-Mises stress is the stress
type used in FEA of materials that helps in analyzing how a
material or assembly will yield or behave plastically under
different loading conditions[23-25].
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Fig 1: Stress-Strain Curve of a material[22]

Stress concentration factor (Ky) is described as the ratio of
the maximum stress generated in a sample due to a crack, hole,
cut or any other defect to the stress generated in the same
sample at the same load but without any stress risers or defects.
Since it is a ratio, it does not have any dimension[26-28]. In
order to replace a circular crack with a rectangular crack, we
can calculate the area of that circle and replace it with a
rectangular crack of the same area[29].

This research focuses on the incorporation of self-induced
circular and rectangular cracks of same area and crack size in a
defect free specimen using FEA. Distribution of self-induced
cracks in a defect free specimen and its corresponding effect on
stress magnification is also studied using FEA approach.

Il. EXPERIMENTAL PROCEDURE

Static Structural Workbench Module of ANSYS 14.0
Multiphysics was used for Finite Element Analysis (FEA) of
Aluminum alloy AA 2024-T3 [14, 15, 30]. Experimental
parameters of FEA and material properties are shown in Table
I and 11 respectively. The specimen for testing was developed
using American Society of Testing and Materials (ASTM)
standard E8[31] having dimensions as shown in Fig 2 and
Table 11 respectively. Nine simulations were performed by
changing the crack morphologies, distributions and comparing
the corresponding applied loads, total deformation, equivalent
total strain and equivalent (von-Mises) stress as shown in Table
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IV. All meshing, analysis and solution setting were kept
constant.

TABLE |
Experimental Parameters of FEA
Parameters Values
GEOMETRY
Unit System Metric (mm, kg, N, s, mV,
mA)
Geometry State Fully Defined
Type Design Modeler
Length Unit Inches
Element Control Program Controlled
Display Style Body Color
Bodies/Active Bodies 1
Nodes 12828
Elements 6204
Mesh Metric None
Use Associativity Yes
Analysis Type 3D
Stiffness Behavior Flexible
Assignment AA202-T3
Non-linear Effects Yes
Thermal Strain Effects Yes
MESH
State Solved
Physics Preference Mechanical
Advanced Size Function Off
Relevance Center Fine
Element Size Default
Initial Size Seed Active Assembly
Smoothing Medium
Transition Fast
Span Angle Centre Coarse
Minimum Edge Length 4.76250 mm
Triangular Surface Mesher | Program Controlled
ANALYSIS & SOLUTION
Physics Type Structural
Analysis type Static Structural
Solver Target Mechanical APDL
Step Control 1s
Auto Time Stepping Program Controlled
Solver type Program Controlled
Weak Springs Off
Large Deflection On
Inertia Relief Off
Support Type Fixed Support
Load Type Normal Force (Ramped)
Defined By Components (X,Y,Z)

In order to study the effect of crack morphology on stress
magnification, the first simulation was performed on a neat
reference sample of the alloy which was assumed to be free
from any defects and cracks as shown in Fig 3. The sample was
subjected to a fixed support on one face and on the opposite
face tensile load was applied to generate target stress between
483 to 484 MPa, which was very close to the Ultimate Tensile
Strength of the alloy as shown in Fig 4. The applied load, total
deformation, equivalent total strain and equivalent (von-Mises)
stress were recorded in Table V.

TABLE Il
Material Data

Parameters Values
Type Aluminum Alloy
Designation 2024
Temper Grade T3
Density 2.78 g/lcm®
Temperature 25°C
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Youngs Modulus 73100 MPa
Poisson’s Ratio 0.33

Bulk Modulus 71677 MPa
Shear Modulus 27481 MPa
Tensile Yield Strength 345 MPa
Ultimate Tensile Strength 483 MPa

Multilinear Isotropic Hardening
Stress (MPa) Plastic Strain (mm™)

350 0.004
420 0.01
440 0.015
465 0.02
485 0.025

T

o i Y SO §
s

[— it

Fig 2: Tensile Test Specimen with permission from ASTM[31]
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TABLE IlI
Specimen Dimensions as per ASTM-E8 Standard[31]
Parameters Values
Gauge Length (G) 2.0 inches
Width (W) 0.5 inch
Thickness (T) 0.1865 inch
Radius of Fillet (R) 0.5inch
Overall Length (L) 8.0 inch
Length of reduced section (A) | 2.25 inch
Length of grip section (B) 2.0.inch
Width of grip section (C) 0.75 inch
TABLE IV
Parameters for Evaluation of Stress Magnification
Parameters Units
Applied load (Max) KN
Total Deformation (Max) mm
Total Equivalent Strain (Max) mm*!
Equivalent Von-Mises Stress (Max) MPa
TABLE V
Results of First Simulation
Parameters Units
Applied load (Max) 28 KN
Total Deformation (Max) 3.3mm
Total Equivalent Strain (Max) 0.033 mm*
Equivalent Von-Mises Stress (Max) 484 MPa

Fig 3: Meshed Reference sample

The second simulation was performed by creating a circular
crack hole of 0.1-inch diameter in center of the neat sample as
shown in Fig 5. The sample was then subjected to the same
tensile loading to generate the target stress as shown in Fig 6
and the corresponding values of applied load, total
deformation, equivalent total strain and equivalent (von-Mises)
stress were recorded in Table VI.



Fig 4: Reference sample under stress

Fig 5: 0.1-inch center drilled meshed specimen

Fig 6: 0.1-inch center drilled specimen under stress

TABLE VI
Results of Second Simulation
Parameters Units
Applied load (Max) 23.9KN
Total Deformation (Max) 1.8 mm
Total Equivalent Strain (Max) 0.18 mm*
Equivalent Von-Mises Stress (Max) 484 MPa

The third simulation was performed by creating a circular
crack hole of 0.2-inch diameter in center of the neat sample as
shown in Fig 7. The sample was then subjected to the same
tensile loading to generate the target stress as shown in Fig 8
and the corresponding values of applied load, total
deformation, equivalent total strain and equivalent (von-Mises)
stress were recorded in Table VII.

Fig 7: 0.2-inch center drilled meshed specimen

Fig 8: 0.2-inch center drilled specimen under stress

The fourth simulation was performed by creating a circular
crack hole of 0.3-inch diameter in center of the neat sample as
shown in Fig 9. The sample was then subjected to the same
tensile loading to generate the target stress as shown in Fig 10
and the corresponding values of applied load, total
deformation, equivalent total strain and equivalent (von-Mises)
stress were recorded in Table VIII.

TABLE VII
Results of Third Simulation
Parameters Units
Applied load (Max) 17.9 KN
Total Deformation (Max) 1.0 mm
Total Equivalent Strain (Max) 0.12 mm*
Equivalent Von-Mises Stress (Max) 484 MPa

1
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Fig 9: 0.3-inch center drilled meshed specimen

Fig 10: 0.3-inch center drilled specimen under stress

TABLE VI
Results of Fourth Simulation
Parameters Units
Applied load (Max) 11.92 KN
Total Deformation (Max) 0.76 mm
Total Equivalent Strain (Max) 0.088 mm™*!
Equivalent Von-Mises Stress (Max) 484 MPa

The fifth simulation was performed by creating a rectangular
crack of 0.1-inch width and of the same area as the circular
crack of 0.1-inch diameter in center of the neat sample as
shown in Fig 11 so that area of the crack is maintained and only
morphology is changed. The sample was then subjected to the
same tensile loading to generate the target stress as shown in
Fig 12 and the corresponding values of applied load, total
deformation, equivalent total strain and equivalent (von-Mises)
stress were recorded in Table IX.

Fig 11: 0.1-inch Rectangular crack meshed specimen

Fig 12: 0.1-inch Rectangular crack specimen under stress

TABLE IX
Results of Fifth Simulation
Parameters Units
Applied load (Max) 20 KN
Total Deformation (Max) 1.02 mm
Total Equivalent Strain (Max) 0.036 mm*
Equivalent Von-Mises Stress (Max) 484 MPa

The sixth simulation was performed by creating a rectangular
crack of 0.2-inch width and of the same area as the circular
crack of 0.2-inch diameter in center of the neat sample as
shown in Fig 13. The sample was then subjected to the same
tensile loading to generate the target stress as shown in Fig 14
and the corresponding values of applied load, total
deformation, equivalent total strain and equivalent (von-Mises)
stress were recorded in Table X.
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Fig 13: 0.2-inch Rectangular crack meshed specimen

Fig 14: 0.2-inch Rectangular crack specimen under stress

TABLE X
Results of Sixth Simulation
Parameters Units
Applied load (Max) 15.5 KN
Total Deformation (Max) 0.75 mm
Total Equivalent Strain (Max) 0.032 mm*
Equivalent Von-Mises Stress (Max) 484 MPa

The seventh simulation was performed by creating a
rectangular crack of 0.3-inch width and of the same area as the
circular crack of 0.3-inch diameter in center of the neat sample
as shown in Fig 15. The sample was then subjected to the same
tensile loading to generate the target stress as shown in Fig 16
and the corresponding values of applied load, total
deformation, equivalent total strain and equivalent (von-Mises)
stress were recorded in Table XI.

Fig 15: 0.3-inch Rectangular crack meshed specimen

Fig 16: 0.3-inch Rectangular crack specimen under stress

TABLE XI
Results of Seventh Simulation
Parameters Units
Applied load (Max) 10.8 KN
Total Deformation (Max) 0.63 mm
Total Equivalent Strain (Max) 0.031 mm*
Equivalent Von-Mises Stress (Max) 484 MPa

In order to study the effect of crack morphology, the eighth
simulation was performed by creating three 0.1-inch diameter
circular cracks in center of the neat sample, normal to the
loading direction as shown in Fig 17. The sample was then
subjected to the same tensile loading to generate the target
stress as shown in Fig 18 and the corresponding values of
applied load, total deformation, equivalent total strain and
equivalent (von-Mises) stress were recorded in Table XII.
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Fig 17: 0.1-inch three concentrated center drills meshed specimen

Fig 18: 0.1-inch three center drills specimen under stress

TABLE XIlI
Results of Eighth Simulation
Parameters Units
Applied load (Max) 13.9 KN
Total Deformation (Max) 0.67 mm
Total Equivalent Strain (Max) 0.1 mm?
Equivalent Von-Mises Stress (Max) 484 MPa

The ninth simulation was performed by distributing three
0.1-inch diameter circular cracks in a diagonal pattern to
achieve maximum crack interspacing on the neat sample as
shown in Fig 19. The sample was then subjected to the same
tensile loading to generate the target stress as shown in Fig 20
and the corresponding values of applied load, total
deformation, equivalent total strain and equivalent (von-Mises)
stress were recorded in Table XIII.

Fig 19: 0.1-inch three diagonally center drills meshed specimen

Fig 20. 0.1-inch three diagonally distributed specimen under stress

TABLE Xl
Results of Ninth Simulation
Parameters Units
Applied load (Max) 18 KN
Total Deformation (Max) 0.85 mm
Total Equivalent Strain (Max) 0.083 mm*
Equivalent Von-Mises Stress (Max) 484 MPa

Stress magnification was calculated form ratio method[26]
and the corresponding plots of stress concentration factors were
plotted for both circular and rectangular geometries as shown
in Table XIV and Fig 21. Diameter of circular cracks and
height of rectangular cracks to width of specimen ratios were
used to compare the effect of crack morphologies. It was
observed that the stress magnification and concentration
factors for the rectangular cracks were higher than their circular
counterparts. This can be related to the increased number of
stress risers in the rectangular cracks in the form of sharp
corners[32].



TABLE XIV
Calculated Stress Concentration Factors at omax =484 MPa
Reference Stress .
Crack Concentration
Crack Type . - Stress
diameter/Width (6r) (MPa) Factor
o (Kt = Omax/ Uref)
0.1 421 1.14
Circular 0.2 345 1.40
0.3 258 1.88
0.1 350 1.38
Rectangular 0.2 317 1.52
0.3 234 2.06
ancentrated 01 301 1.60
Circular
D_|str|buted 01 346 1.39
Circular
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Fig 21. Comparison of Crack morphology in terms of Kt

The stress-strain curve of the neat sample is plotted in Fig
22. It was observed from Table V that the target stress was
achieved at a load of 28KN and a uniform stress distribution
along the gauge length was observed as shown in Fig 4.

—m— Neat Saméle

RESULTS AND DISCUSSIONS
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Fig 22: Stress-Strain curve of reference sample

The stress-strain curve of 0.1-inch center drilled circular
crack sample is plotted in Fig 23. It was observed from Table
VI that the target stress was achieved at a load of 23.9KN and
a stress magnification of 14% was developed in which the
major stress concentration was observed around the circle as
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shown in Fig 6. A 55% reduction in total deformation and an
increase of 81% in the equivalent total strain was observed in
comparison to the reference sample.
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Fig 23: Stress-Strain curve of 0.1-inch center drilled circular crack

The stress-strain curve of 0.2-inch center drilled circular
crack sample is shown in Fig 24. It was observed from Table
VII that the target stress was achieved at a load of 17.9KN and
a stress magnification of 40% was developed in which the
major stress concentration was observed around the circle as
shown in Fig 8. A 69% reduction in total deformation and an
increase of 72% in the equivalent total strain was observed in
comparison to the reference sample.
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Fig 24: Stress-Strain curve of 0.2-inch center drilled circular crack

The stress-strain curve of 0.3-inch center drilled circular
crack sample is plotted in Fig 25. It was observed from Table
VIII that the target stress was achieved at a load of 11.92KN
and a stress magnification of 80% was developed in which the
major stress concentration was observed around the circle as
shown in Fig X. A 77% reduction in total deformation and an
increase of 63% in the equivalent total strain was observed in
comparison to the reference sample.

The stress-strain curve of 0.1-inch center rectangular crack
sample is plotted in Fig 26. It was observed from Table X that
the target stress was achieved at a load of 20KN and a stress
magnification of 38% was developed in which the major stress
concentration was observed around the corners and center
longitudinal axis as shown in Fig 12. A 69% reduction in total
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deformation and an increase of 8.3% in the equivalent total
strain was observed in comparison to the reference sample.
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Fig 25: Stress-Strain curve of 0.3-inch center drilled circular crack
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Fig 26: Stress-Strain curve of 0.1-inch Rectangular crack

The stress-strain curve of 0.2-inch center rectangular crack
sample is plotted in Fig 27. It was observed from Table X that
the target stress achieved was achieved at a load of 15.5KN and
a stress magnification of 52% was developed in which the
major stress concentration was observed around the corners
and center longitudinal axis as shown in Fig 14. A 69%
reduction in total deformation and an increase of 8.3% in the
equivalent total strain was observed in comparison to the
reference sample.

The stress-strain curve of 0.3-inch center rectangular crack
sample is shown in Fig 28. It was observed from Table 11 that
the target stress achieved was achieved at a load of 10.8KN and
a stress magnification of 106% was developed in which the
major stress concentration was observed around the corners
and center longitudinal axis as shown in Fig 16. An 81%
reduction in total deformation and an increase of 3% in the
equivalent total strain was observed in comparison to the
reference sample.

The stress-strain curve of concentrated three 0.1-inch
diameter circular cracks in center of the sample along the y-
axis is shown in Fig 29. It was observed from Table XII that
the target stress was achieved at a load of 13.9KN. Stress

magnification of 61% was developed in which the major stress
concentration was observed around the circles along the
longitudinal axis as shown in Fig 18. An 80% reduction in total
deformation and an increase of 67% in the equivalent total
strain was observed in comparison to the reference sample.

| —=— 0.2 inch Rectangular Crack |

500 -
450 -| i
400 i

350 P
300 /

250
200

1504

Equivalent (Von-Mises) Stress (MPa)

100

T T T T T T T T
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035

Equivalent Total Strain (mm™)

Fig 27: Stress-Strain curve of 0.2-inch Rectangular crack
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Fig 28: Stress-Strain curve of 0.3-inch Rectangular crack
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Fig 29: Stress-Strain curve of concentrated three 0.1-inch diameter
circular cracks

The stress-strain curve of diagonally distributed three 0.1-
inch diameter circular cracks is plotted in Fig 30. It was



observed from Table XI1I that the target stress was achieved at
a load of 18KN.Stress magnification of 30% was developed in
which the major stress concentration was observed around the
circles along the longitudinal axis as shown in Fig 20. A 74%
reduction in total deformation and an increase of 60% in the
equivalent total strain was observed in comparison to the
reference sample. As compared to the concentrated crack holes
of the same diameter, by distribution of these cracks a reduction
of 21% was observed in the stress magnification of the same
material sample.
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Fig 30: Stress-Strain curve of diagonally distributed three 0.1-inch
diameter circular cracks

IV. CONCLUSION

The research shows that crack morphology can significantly
enhance the stress magnification and stress concentration
factor in a part or assembly. Analysis reveals 24%, 13% and
26% increase in stress magnification was observed for 0.1-
inch, 0.2-inch and 0.3-inch respectively in the rectangular
cracks of same area as compared with their circular crack
counterparts.

Results further revealed that crack distribution can
significantly reduce the stress magnification and stress
concentration factor in a part or assembly. A 21% reduction in
stress magnification was observed by distributing same number
of cracks from concentrated to diagonal distribution.

Analysis of the acquired results reveal that crack size varies
directly with stress magnification, while crack distribution
varies inversely with stress magnification.

The finite element method is a powerful and versatile tool
of researchers and has proved its worth in several fields.
Once again it is learnt from the current research work that
Finite Element Analysis (FEA) based approach can be further
employed to actual material defects such as pores, internal
cracks, cuts. The method can be used to develop real time and
complex scenarios pertaining to stress related failures of
structures, new materials and engineering computational
solutions.
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