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ABSTRAK

Selama bertahun-tahun, ada penekanan yang kuat untuk memprediksi
perilaku dinamis struktur alat mesin dengan mengidentifikasi parameter
modal. Bed mesin adalah salah satu komponen yang paling penting dalam
mesin milling CNC karena fungsinya secara signifikan mempengaruhi kualitas
produk akhir. Bed berfungsi sebagai fondasi mesin, menopang semua
komponen penting mesin. Bed juga digunakan untuk menghindari deformasi
yang disebabkan oleh beban statis dan dinamis. Penelitian ini bertujuan untuk
membandingkan parameter modal dari beberapa paduan yang digunakan
sebagai material bed, seperti baja karbon, baja paduan, dan baja tahan karat,
dengan parameter modal dari material yang umum. Model tiga dimensi dan
analisis modal unggun dilakukan dalam perangkat lunak Autodesk Inventor.
Baja paduan menunjukkan nilai frekuensi natural tertinggi dibandingkan
dengan material lain karena modulus young yang tinggi dan densitas yang
rendah. Bentuk modus yang serupa diamati dengan besaran yang bervariasi
pada semua material. Berdasarkan temuan ini, baja paduan dapat menjadi
alternatif yang layak untuk besi tuang dalam struktur alas mesin perkakas.

ABSTRACT

Ower the years, there has been a strong emphasis on predicting the dynamic behavior of
machine tool structures by identifying modal parameters. The machine bed is one of the
most significant components in a CNC milling machine because its functionality
significantly affects the final product’s quality. The bed acts as the machine’s
foundation, supporting all the machine’s critical components. It is also utilized to avoid
deformation caused by static and dynamic loads. This study aims to compare the modal
parameters of several alloys used as bed materials, such as carbon steel, alloy steel, and
stainless steel, to those of a common material. A three-dimensional model and modal
analysis of the bed were conducted in Autodesk Inventor software. Alloy steel shows
the highest values of natural frequencies compared to other materials due to its high
young modulus and low density. A similar mode shape is observed with varied
magnitude in all the materials. According to the findings, alloy steel could be a viable
alternative to cast iron in machine tools’ bed structures.

1. INTRODUCTION

A substantial emphasis has been placed on gaining a better knowledge of the dynamic
behavior of machine tool structures. Understanding these dynamic parameters in machine tool
structures is crucial for achieving good surface quality and chatter-free machining [1]. Modal
analysis is a technique for determining the underlying dynamic properties of a system. Modal
analysis displays natural frequencies and mode shapes, which can be used to improve and
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optimize the design of a structure or component. The techniques used in the modal analysis are
experimental modal analysis (EMA), operational modal analysis (OMA), finite element modeling
(FEM), and impact synchronous modal analysis (iSMA) [2, 3]. With the advancement of
computational systems, modal analysis utilizing FEM is commonly utilized to predict a
structure's modal parameters. It is regarded as a good tool for numerical modeling in structural
engineering because it can handle complex structural geometry and perform various analyses.
Researchers have used a range of software to do modal analysis, including ANSYS [4], ABACUS
[5], Autodesk Inventor (Al) [6], and SolidWorks [7].

One of the essential parts of a machine tool is the bed structure since the functionality of this
part directly affects the quality of the finished product [8]. The bed is the machine's base,
supporting its vital components. It is also utilized to avoid static and dynamic load deformation.
The machine tool bed must meet two essential functional requirements, which are high structural
rigidity and high damping. The rigidity of the bed is frequently insufficient because of inadequate
structural design, which causes vibration and affects machine tool efficiency [9]. Structural
stiffness and damping can be enhanced through material and design advancements. Most of the
current machine beds are built of cast iron, which causes various problems with machine tools
[10]. Cast iron cannot bear unexpected loads while in operation due to a variety of casting defects
[11]. Regarding the design advancements, Duan et al. [12] improved the torsional and bending
stiffness of the lathe bed structure by incorporating several strengthened plate combinations.
Structural mode shapes were used to locate weak areas for the stiffened plate. According to the
simulation results, the dynamic performances of modified lathe-bed structures outperformed the
original structure significantly.

The correlation between Young's modulus and the density of a material is essential in
designing a structure. Hassan et al. [13] showed that the dynamic stiffness would increase as the
density of the material decreased. Barboni et al. [14] showed that the dynamic stiffness is
proportional to Young's modulus. From the theory of beam, the natural frequency is proportional
to the dynamic stiffness and is in inverse proportion to mass [15]. As a result, a material with a
higher Young's modulus and a lower density will have a higher natural frequency. Many studies
have proposed different materials for bed structures as an alternative to existing cast iron.
Mohring et al. [16] reviewed the mechanical properties of various machine tool materials and
addressed material selection as well as an application for high-performance machine tools.
Kumar et al. [11] performed a modal and harmonic analysis on a CNC milling machine to
compare machine beds made of existing grey cast iron with proposed aluminum silicon carbide
(AL-SiC). A three-dimensional model of the CNC machine bed was created in CATIA and was
analyzed in the Ansys workbench. It was revealed that Al-SiC had greater natural frequencies
than grey cast iron does. Mahendrakumar et al. [17] used a polyester (NP) composite produced
from Himalayan nettle to improve the dynamic properties of a micro lathe bed. Several cross-
sections and rib configurations were examined to increase the nettle-polyester composite lathe
bed's bending and torsional stiffness. Chinnuraj et al. [18] focused on evaluating various steel
reinforcements in an epoxy granite composite for a lathe bed to attain better static and dynamic
properties than the present cast iron bed. Five distinct epoxy granite beds with steel reinforcing
designs were built as finite element models. In terms of rigidity and mass, one of the proposed
epoxy granite bed designs surpassed the cast iron bed. Ahmad and Jagadeesha [19] assessed the
dynamic parameters of the proposed basalt fiber polymer concrete lathe bed using modal analysis
and harmonic response analysis. When the results were compared, it was discovered that they
were nearly equal to traditional materials such as cast iron.

This paper aims to extract the modal parameters, mainly natural frequencies of bed structure
made from four different materials using FEM software, AL Under the same boundary
conditions, the natural frequencies of carbon steel, alloy steel, and stainless steel are compared
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with those of a typical material, cast iron. It is essential to observe modal parameter changes to
identify potential material improvements for the bed structure that could isolate natural
frequency from the operational range.

2. MATERIALS AND METHODS

In this study, the geometry of the CNC milling machine bed was adopted by Kumar et al.
[11], as shown in Figure 1. The three-dimensional model of the bed was developed in Al software,
consisting of front and rear sections, as shown in Figure 2. The four different materials that were
considered for the modal analysis were cast iron, carbon steel, alloy steel, and stainless steel; and
their mechanical properties are listed in Table 1. The modal analysis tool in Autodesk Inventor
2019 was used to investigate the effect of various materials on the natural frequencies of the bed.
Modal analysis on the bed was performed under free-free conditions, and the corresponding
modal parameters were determined by neglecting the rigid body modes.

]

155
(a) (b)

Figure 1. The geometry of the CNC milling machine bed: (a) rear section, (b) front section (Kumar et al.,
2022)

Figure 2. 3D model in Autodesk Inventor

Table 1. Mechanical properties of materials

Cast Iron 110 58 0.28 7200
Carbon Steel 200 80 0.29 7860
Stainless Steel 193 86 0.30 8000
Alloy Steel 205 80 0.30 7720

One of the most fundamental challenges in FEM is selecting the correct mesh size [20, 21].
Large elements may yield less accurate results, while small elements may yield better results. A
smaller mesh size may also result in a longer processing time. Therefore, this study begins by
choosing the appropriate mesh size by analyzing the natural frequencies of the current cast iron
bed.

JMPM Vol. (7), No. (1), Tahun (2023), pp (19-26) -



Omar et al.

In AI modal analysis tool, mesh settings can be controlled by adjusting the value of the
average element size. The value represents the average distance between mesh element nodes.
Al recommended using this value between 0.05 and 0.1, whose default value is 0.1. Three values,
0.1, 0.075, and 0.05, representing the maximum, intermediate, and minimum recommended
average element sizes, are investigated to determine the best mesh size.

The natural frequencies of the first six modes are collected for each average element size.
Variations of these frequencies within the first six vibration modes are tabled as a function of the
average element sizes. The value of natural frequencies of the smallest average element sizes is
treated as a baseline value. It is assumed that lower average element sizes predict natural
frequencies better. Then, the percentage of total errors is calculated by summing the errors of the
first six natural frequencies.

3. RESULTS AND DISCUSSION
3.1 Analyzing the effect of mesh size

Modal analysis on the cast iron bed was carried out under free—free conditions using Al The
first six natural frequencies and corresponding modes were extracted by ignoring the rigid body
mode shapes. Table 2 compares the number of nodes and elements for each mesh size. It can be
observed that the greater the average element sizes, the lower the number of nodes and elements.
Thus, the lower the number of degrees of freedom. For the average element size equal to 0.1, the
number of elements is reduced to almost 50% from the average element size equal to 0.05. There
is a significant reduction in the number of nodes and elements.

Table 2. The number of nodes and elements for each mesh size

Average No. of Nodes No. of Elements
element size nodes reduction (%) elements reduction (%)
0.05 4513 0.0 2458 0.0
0.075 2707 40.0 1401 43.0
0.1 2374 47.4 1237 49.7

Then, a comparison of the natural frequencies for the three average element sizes is shown
in Table 3. It is observed that the total error increases to greater than 30% as average element sizes
are increased. The highest difference in natural frequency is observed in the third mode. Since
the error is significant, the value of average element sizes equal to 0.05 is selected for comparing
the natural frequencies of different materials in this study.

Table 3. Natural frequencies for the different mesh sizes

Mode Natural Frequency (Hz) Error (%)
Average element size
(A) (B) © Between Between
0.05 0.075 0.1 A&B A&C
1 504 507 508 0.58 0.85
2 515 551 557 6.90 8.17
3 1151 1345 1351 16.87 17.39
4 1322 1350 1352 2.12 2.23
5 1397 1409 1409 0.84 0.79
6 1610 1658 1670 2.98 3.76
Total error (%) 30.29 33.19
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The first three mode shapes for the CI bed are shown in Figure 3 to Figure 5. In the first
mode, the bed experiences bending motion on the x-axis. Torsional motion in the x-axis is
observed in the second mode, while torsional motion in the y-axis is observed in the third mode.
Higher motion is observed in the front section since this part has a lower thickness, reducing its
stiffness.

Type: Displacement
Unit: mm
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Figure 3. First mode shape
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Figure 4. Second mode shape
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Figure 5. Third mode shape
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3.2 Effect of material on modal parameters

The analysis for different types of material under free-free boundary conditions was studied
in this section. The comparison of the natural frequencies for each material is shown in Table 4.
Higher natural frequencies are observed for alloy steel, and lower natural frequencies are
observed for stainless steel. Due to its high Young's modulus and low density, alloy steel has a
higher natural frequency than carbon steel and stainless steel.

Table 4. Natural frequencies for the different materials

Mode Natural Frequency (Hz)
Cast Iron Alloy steel Carbon Steel Stainless Steel
1 504 632 619 603
2 515 646 635 616
3 1151 1444 1416 1377
4 1322 1659 1629 1582
5 1397 1753 1718 1672
6 1610 2019 1981 1926

In comparison with the cast iron bed, Figure 6 shows a percentage of improvement in natural
frequencies for the first six modes. The percentage of increment in natural frequencies is almost
constant for each mode. Alloy steel has an average of about 25% increment, followed by carbon
steel with 23% and 19% for stainless steel as compared to a cast iron bed.
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Figure 6. Percentage of improvement in the natural frequency for the first six modes

4. CONCLUSION

In the present work, the three-dimensional model and modal analysis of the CNC milling
machine bed under free-free boundary conditions are studied in Al software. The bed is modeled
with four different materials such as carbon steel, alloy steel, stainless steel, and cast iron. This
study started with determining the mesh size by varying the value of the average element size in
the Al modal analysis tool. The result on existing material, the cast iron bed has shown an average
element size equal to 0.05, giving better natural frequencies prediction. Then, the first six natural
frequencies for another three materials were simulated. A higher increment in natural frequencies
as compared to cast iron bed is observed in alloy steel with an increment of about 25%. Carbon
steel and stainless steel increased by 23% and 19%, respectively. Material with higher Young's
modulus and lower density increased the natural frequencies. Results thus give a better
understanding of the materials suitable for the machine bed, which is one of the essential
components of the machine tool. Finally, utilizing alloy steel is advantageous to the industry since
it provides better isolation from machine operating frequencies.
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