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Abstract—This research paper presents a comparative
numerical analysis to study the effect of drilling a center hole in an
aluminum sheet on the static loading, linear buckling and modal
characteristics of the sheet and compare it with a same sheet with
no drill in it under the same boundary conditions. ANSYS
workbench 15 was used to perform the analysis by using its static
structural, linear buckling and modal modules on an Aluminum
alloy (AA2024-T3) sheet. For analysis of drill geometry, Four
models namely a neat sheet without drill, a sheet with circular
drill, a sheet with triangular drill and a sheet with square drill
were also developed. All drilled models had the same drill area and
were subjected to the same loading conditions as the neat sheet. An
overall reduction in mechanical and vibrational characteristic of
the drilled sheet was observed as compared to its neat counterpart
which was reflected by a 70%increase in the maximum generated
stress and an 11% increase in the corresponding deformation
along with the reduction in buckling load multipliers and modal
natural frequencies. It was observed that the stress generated in
the metallic sheet with a center drill was directly proportional to
the number of stress risers even if the drill area was same. A 68%
increase in stress generated for circular, 71% for triangular and
76% for square drill was observed compared to the neat sample.
The maximum stress was generated on the stress risers
perpendicular to the loading direction.

Index Terms— Aluminum Alloys, ANSYS, Finite Element
Analysis, Stress Concentration

. INTRODUCTION

Metallic materials are one of the oldest and most popular
class of materials known to mankind. Their low cost, ease of
extraction and diverse range of mechanical, electrical, thermal
and corrosion characteristics have signified their usage in
automotive, aerospace, manufacturing and many other
industries [1-14]. Their sheet forming properties have diverse
structural applications so different machining techniques are
applied on these metallic sheets. Drilling is a common
machining operation used in the manufacturing industry to
generate a hole in the part for joining or assembly purpose.
Generally circular drills are used but as per requirement the drill
can be of any desired shape. Different shapes of drills can result
in different types of stresses in the part when loaded [15-19].

Machining of metals is an important part of any
manufacturing facility. Many complex metallic structures are
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made by common machining techniques such as drilling,
milling, facing and knurling operations. In engineering design,
it is significant to consider the effects of machining on the
properties of the material and part being machined since cuts
and drills create sites for stress concentration which can later
change the mechanical behavior of the machined part.
Aluminum sheets are an important component in automobile
and aerospace industries where high precision machining is
done on daily basis to manufacture automotive and aircraft
structures due to their exceptional corrosion resistance, low
cost, high specific strength and good machinability[2, 7, 20,
21].

Finite Element Analysis (FEA) is a growing engineering
practice that computes engineering solution using model
generation, division of model into small finite elements called
meshes and solving that model under applied boundary
conditions to give an approximated solution referred as
numerical solution. ANSYS, ABAQUS and Solid Works are
common commercial FEA software. Static structural analysis
in FEA refers to loading a model under a static load and
analyzing the generated stress distributions and deformations
for both principal and directional values. Linear buckling
modules are used to study different modes for a structure to
deform and buckle under the compressive forces which lie in
the linear elastic region i.e., they do not plastically deform the
part. Modal analysis module is used to study the modes and
natural frequencies of a mounted structure under various
frequency ranges[22]. It is a simulation-based approach to
design and solve engineering problems for fast and cost-
effective engineering solutions. It is used to design and model
parts or components, which are simulated using required
conditions to visualize and simulate their behavior. This
approach helps in faster iterations which enable the engineers
to converge and optimize solutions efficiently and in less time
[23-28].

This research has used FEA software ANSYS modules to
study, how the behavior of an AA2024 sheet changes when a
hole is introduced using static loading, linear buckling and
modal analysis [15, 23, 25, 28-30]. Four models of the sheet,
in which three of the models had a circular, a triangular and a
square shaped drill of the same area, while the fourth sheet had
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no drill were developed. All these drilled models were
subjected to the same loading conditions to study how the
generated stress varied and were compared with the sheet
having no drill.

Il. EXPERIMENTAL PROCEDURE

In order to study the effect of drill on the mechanical and
modal behavior of the aluminum sheet, two models were
generated in the design modeler option of ANSYS as per the
material properties and dimensional specifications mentioned
in TABLE | and TABLE Il respectively.

TABLE I
Properties of AA2024-T3 [29, 31-33]

Property Value
Density 2.78 g/cm?®
Young’s Modulus 73100 MPa
Poisson’s Ratio 0.33
Bulk Modulus 71667MPa
Shear Modulus 27481 MPa
Tensile Yield Strength 345 MPa
Ultimate Tensile Strength 483 MPa
TABLE Il
Sheet Dimensions
Dimensions Value (mm)

Length 50

Width 50

Thickness 3

Drill diameter 10

The model without drill was labelled as “Neat” and the model
containing a center-drilled circular hole was labelled as
“Drilled”. The CAD model of both neat and drilled specimens
are shown in Fig 1(a) and Fig 1 (b) respectively. The models
were meshed using solid elements as shown in Fig 1 (c) and Fig
1 (d) respectively.
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Fig 1: (a) CAD model of neat sheet, (b) CAD model of Drilled sheet,
(c) Meshed Neat sheet, (d) Meshed Drilled sheet

The meshing statistics are provided in TABLE Ill. To
compare the mechanical behavior of the models the static
structural module was used, and both the models were loaded
uniformly along the X-axis by subjecting the sides to a 100 N
force as per the conditions shown in Fig 2(a). To study the
buckling behavior of the models, the linear buckling module
was used and both the models were subjected to the boundary
conditions shown in Fig 2(b) in which one side along the X-axis
was subjected to a fixed support while the opposite side was
subjected to a uniform compressive force of 100 N with number
of modes to be evaluated were set to 6. In case of vibrational
frequency response, modal analysis of both the models was
performed by mounting them along the X-axis as show Fig 2(c)
and number of modes to be evaluated were set to 6. The static
loading conditions for drill geometry are shown in Fig 2(d).

TABLE 1l
Meshing Statistics

. No. of No. of
Specimen Mesh type Nodes Elements
Neat Solid 37100 7203
Drilled Solid 35829 6915
ey N 3 Bt \ \

ot 28 | L
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Fig 2: (a) Static Loading conditions, (b) Loading Conditions for
buckling analysis, (c) Mounting Conditions for Modal analysis, (d)
Static loading conditions for drill geometry

In order to study the effect of drill geometry, the first step was
to generate the finite element models for the comparative study
bearing the desired drill geometries. For that, the base metal
was to be defined in the engineering data module of the ANSYS
software. The metal used was an aluminum alloy and the
defined properties are tabulated in TABLE I. The sheet without
any drill was designed using the ANSYS Design modeler as per
the dimensions shown in TABLE IV. This sheet will now be
referred to as “Neat” sheet. The next step was to generate a
duplicate model of the neat sheet and drill the hole of specified
diameter. This model was labeled as “Circle”. The third model
was generated by extruding an equilateral triangular hole
through the center of the neat sheet and the model was labelled
as “Triangle”. The fourth model was developed by extruding a
square through the center of the sheet and the model was
labelled as “Square”. For comparative study it was decided that
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the triangular and square shaped drills would have the same area
as that of the circular drill. The corners of these drills would be
distributed such that each side of the sheet is exposed to only
one sharp corner at a time and since the sheet has four sides, the
maximum corners introduced in the drills was four.

TABLE IV
Sheet Dimensions

Dimensions Value (mm)
Length 25
Width 25
Thickness 1.5
Drill diameter 5
Triangle side length 6.733
Square side length 4.430

TABLE V
Meshing Statistics

No. of No. of
Model Mesh type Nodes Elements
Neat 10600 5377
Circular Solid 4619 2467
Triangle 4335 2269
Square 4974 2654

The areas of circle, triangle and square were calculated using
equations (1), (2), (3) respectively and thus the respective side
lengths of square and triangle were specified in TABLE IV [21,
22].

A= qr? (1)
A = \3/4 a2 (2)
A= a (3)

The meshing of the models was done using sold elements and
the drill surface was refined using mesh refinement module of
the software, thus a triangular surface mesh was generated for
the models as shown in Fig 3.

Fig 3: Meshed model (a) Circle, (b) Square, (c) Triangle
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The corresponding number of nodes and elements are
provided as meshing statistics in TABLE V. The loading
conditions applied on the models is shown in Fig 2(d). Both end
faces of the models along the X-axis were loaded with a
uniform force of 50 N. The equivalent VVon-mises stress was
evaluated for all the models to compare their behavior. All the
models were meshed, loaded, and analyzed using Static
Structural Module of the software.

I1l1. RESULTS AND DISCUSSIONS

The Von-mises stress distribution and deformation for the
static loading of both the neat and drilled sheets are shown in
Fig 4 and the results are tabulated in TABLE VI. It can be seen
that not only the maximum stress and deformation in the drilled
sheet is higher than the neat sheet, but also the stress is
distributed uniformly along the cross-section of the neat sheet,
while it is concentrated around the drilled region in the case of
the drilled sheet. This can be attributed to the stress

magnification phenomena in which due to the presence of a
crack, i.e. the drills, there is a significant reduction in area of
the specimen, leading to an increase in the generated stress
under the same loading condition.

Fig 4 : (a) Total deformation in drilled sheet, (b) VVon-mises stress
distribution in drilled sheet, (c) Total deformation in neat sheet, (d)
VVon-mises stress distribution in neat sheet

The results of linear buckling analysis are tabulated in
TABLE VI in terms of mode number and load multipliers while
the mode shapes are shown in Fig 5 and Fig 6 for both the neat
and the drilled sheets respectively. It can be seen that although
the mode shapes are more or less similar for both the sheets, the
values of load multiplier for each mode are less for the drilled
sheet as compared to the values of neat sheet likely due to the
increase in the generated stress. This indicates that under the
same loading parameters, the drilled sheet is more likely to
buckle at a lesser load than the neat specimens.

The modal analysis results of both the sheets are tabulated in
TABLE VI and the corresponding mode shapes are shown in
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Fig 7and Fig 8 respectively. A similar trend observed in the
results of buckling analysis is also reflected here that mode
shapes are similar for the neat and drilled sheets however, the
tabulated results indicate a lower natural frequency of each
mode of the drilled sheet as compared to its neat counterpart.
This can be attributed to the reduction in mass of the drilled
specimens, due to which they can resonate or fail under
vibrations at a lower frequency than their neat counterparts.

TABLE VI
Results for Static, Buckling and Modal Analysis

Test Type Parameter Neat Drilled
Maximum Von-
Mises Stress 0.67 2.25
. . MPa
Static Loading I(\/Iaxir)num
Deformation 0.00024 0.00027
(mm)
1/87.266 1/81.39
2/611.64 | 2/560.59
Linear Mode# / Load 3/775.32 | 3/725.53
Buckling Multiplier 4/1322.5 | 4/1205.7
5/2135.5 | 5/1989.2
6/2629.2 | 6/2450.2
1/1041.1 | 1/1029.8
2/2459.9 | 2/2394.6
Modal Mode# / 3/6241.8 3/6107.
Frequency (Hz) 4/7921 4/7700.5
5/8877.7 | 5/8821.9
6/10727 6/10312

A

Fig 5: Neat sheet buckling modes, (a) First, (b) Second, (c) Third,
(d) Fourth, (e) Fifth, (f) Sixth

The stress distributions for the generated Von-Mises stress
for all the models is shown in Fig 9, while the tabulated results
for the same are shown in TABLE VII. It is evident from the
results that in case of the neat model, the stress is uniformly
distributed along the entire sheet while in the case of circular
drill, the stress is concentrated around the drilled corners which
are perpendicular to the direction of the force applied. In the
case of the triangular drill, although the stress is concentrated at
the three corners, the maximum value of the stress was observed
on the corner perpendicular to the direction of the applied force.

In the case of the square drill, the stress is concentrated at the
four corners, but the maximum stress was observed on the
corners perpendicular to the loading direction.

e

: Drilled sheet buckling modes, (a) First, (b) Second, (c) Third,
(d) Fourth, (e) Fifth, (f) Sixth

Fig 7 : Neat sheet mode shapes, (a) First, (b) Second, (c) Third, (d)
Fourth, (e) Fifth, (f) Sixth

Fig 8 : Drilled sheet mode shapes, (a) First, (b) Second, (c) Third, (d)
Fourth, (e) Fifth, (f) Sixth

Another interesting trend observed in the study was that the
maximum stress generated in the sheets as compared with the
neat model indicates that, as the drill geometry changed from
circle to square, the number of sharp corners or stress risers
increased from one in the case of circle, to three in the case of
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triangle and to a maximum of four in the case of square drill, e Under the same static loading conditions, an increase of
which increased the value of the generated stress for the same 70% in the maximum generated stress and an 11%
area of drill as shown in TABLE VII and Fig 9. increase in the corresponding deformation was observed
TABLE VII for the drilled sheet as compared to the neat sheet.
Results of Numerical Analysis for Drill Geometry e Reduction in load multipliers of the drilled sheet
indicated that it will buckle at lower load as compared to
Model Maximum Von-Mises Stress (MPa) the neat sheet.
Neat 13333 e Reduction in the natural frequencies of the modal
Circle 4.1661 analysis for the drilled sheet indicated that it will fail at
Triangle 4.6448 a lower frequency as compared to the neat sheet.
Square 5.7177

e Overall reduction for mechanical and modal
| : . 7 characteristic was observed for the drilled sheet which
z... . 1..:." o ) can be tailored by redesigning and increasing the area of
iameaon the sheet, reducing the drill diameter or by choosing a
| material of higher mechanical properties.

e The stress generated in a metallic sheet with a center drill
is directly proportional to the number of stress risers at
the same drilled area.

e 68% increase in stress generated for circle, 71% for
triangle and 76% for square drill was observed compared
to the neat sample.

:';,'.'.,:,....; e Circular drill generated the minimum stress, while the
square drill of the same area generated the maximum
stress comparatively.

ST177 Max

118
asm
0.16814Min

e The maximum stress is generated on the stress risers
perpendicular to the loading direction.

e ANSYS proved to be an effective analysis tool for the
o study since such high dimensional tolerances are
difficult to fabricate and induce in a sheet in practice.

Fig 9 : Stress distributions (a) Neat model, (b) Circular hole, (c)

Triangular hole (d) Square hole e From a designer’s perspective, circular drills should be

used for mechanical joining of sheets. However, where
intentional failure is desired, square drills can be

7
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