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Abstract: Vibration of manufacturing machine parts can be reduced by applying CFRP to precision
machines. Recently, the use of 3D printers in manufacturing has increased. However, there are few
studies on the vibration characteristics of 3D printed composite materials. The objective of this study
is to analyze the vibration reduction effect of a 3D printed composite material used as a CFRP chuck
adapter. The existing chuck adapter is made of steel. In this study, the vibration values for three
types of CFRD, steel, and CFRP with steel chuck adapters are compared. The products were rotated at
10, 500, and 1000 rpm, and the vibration velocity and displacement were calculated as an average
value after repeating each measurement 5 times. Vibration velocity was improved by up to 64%
and displacement by up to 31.1%. These results can be usefully applied to other mechanical parts
requiring vibration damping.

Keywords: carbon fiber reinforced plastics; 3D printer; chuck adapter; natural frequency

1. Introduction

With recent industrial advances, research on the development of materials that can
simultaneously satisfy the light weight and stability requirements of materials, including
composite materials, is being actively conducted. Carbon fiber reinforced composite plastics
(CFRP) have been extensively used in many applications, such as aerospace, mechanical,
and civil structures, because of their high strength-to-weight and stiffness-to-weight ratios.
CFRP materials are made using an epoxy resin with excellent mechanical and chemical
properties, combined with carbon fibers as a raw material. The stiffness and strength of
each fiber can be controlled in a complex manner, and CFRP can be produced using fibers
with different moduli of elasticity [1,2].

The vibration reduction of a chuck adapter has important application value in reducing
the vibration of machine tools. The vibration characteristics of the mechanical parts have
been studied. Zhang et al. [3] studied a method for reducing motor vibration. It was
found that the CFRP motor housing had a reduced vibration amplitude compared with
the conventional motor frame. Druesne et al. [4] studied modal characteristics applied to
vibration variability for an electromagnetic motor. Mendon et al. [5] studied the dynamic
characteristics of rotors installed on composite shafts. Marco et al. [6] studied experimental
characterization of a high-damping viscoelastic material enclosed in carbon fiber reinforced
polymer components. Enrico et al. [7] studied the influence of freeze-thaw aging on the
impact performance of damped carbon fiber reinforced plastics for automotive applications.

Most chuck adapters are now made of AISI 1045 steel and other metals, but the
damping capacity of metals is limited, with too much vibration. CFRP is a type of structural
and functional material with high strength, high specific strength, high specific modulus
and light weight. It also exhibits excellent damping performance and can be directly
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applied in structures for vibration reduction [8-10]. Adams and Bacon [11] studied dynamic
Young’s modulus of CFRP and metals and the flexural damping capacity.

Recently, several studies have focused on the vibration characteristics of composite
materials. Rueppel et al. [12] applied the logarithmic decay method, dynamic mechanical
characteristics, and the vibration beam method to study the damping characteristics of
a CFRP laminate. The results showed that the damping of the structure increased with
the angle of the laminate when the frequency was below 300 Hz. Maheri [13] studied the
effect of deposition and boundary conditions on the modal characteristic of composite
panels. Abramovich et al. [14] studied the damping measurements of aluminum and
laminated composite materials using the hysteresis loop method. Composite laminates
have large damping loss factors. Martone et al. [15] and Assararet et al. [16] investigated the
damping properties of composite plates and cantilever-beam structures. Zhang et al. [17]
studied structure and modal analysis of a carbon fiber reinforced polymer raft frame.
Hong et al. [18] studied vibration analysis of a composite blade. Wen et al. [19] studied the
design and vibration damping of a truss-type CFRP raft frame. Billups and Cavalli [20]
studied 2D damping predictions of fiber composite plates (layup effects).

CFRP is a material with three times the inelasticity of steel, and excellent vibration
damping. Vibration in machine parts that require precision in operation can be reduced
by applying CFRP during manufacturing. If a composite material is produced using a 3D
printer, the shape can be free form and the fiber content and orientation can be adjusted
so that the product can be manufactured fit for purpose. With the development of the 3D
printing industry, interest in research on the vibration behavior of composite materials is
also growing. However, few related studies have been conducted. Ekoi et al. [21] conducted
a study on the fatigue and mechanical behavior of woven and nonwoven continuous CFRP
composites manufactured using 3D printers. More studies on the vibration characteristics of
CFRP are urgently needed to produce mechanical parts that are stable in terms of vibration
and have excellent vibration reduction characteristics.

In this study, modal and vibration experiments were conducted on a CFRP chuck
adapter. The results were compared with the vibration of a steel chuck adapter and a CFRP
with steel chuck adapter. This has important applicable value for reducing the displacement
and vibration of machine tools. This method is illustrated in Figure 1.
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Figure 1. Schematic illustration of vibration experiment for different chuck adapters (CFRP, steel,
and CFRP with steel).
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2. Materials and Method
2.1. 3D Printer

3D printing, also known as additive manufacturing, has gained increasing attention
owing to its unique potential for creating geometrically complex structures, which enables
mass production while having economic and environmental benefits. In this study, a
chuck adapter was fabricated using a 3D printer (Mark Two, Markforged, MA, USA).
Figure 2 shows the Markforged Mark Two 3D printer used in this study, and Table 1 lists
the performance parameters of the printer.

FRONT VIEW

SIDE VIEW
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Figure 2. 3D printer. (a) drawing and details, (b) photograph.

Table 1. Mark two 3D printer specifications.

Properties Values
Process Fused filament fabrication, Continuous filament fabrication
Build Volume (mm) 320 x 132 x 154
Weight (kg) 16
Machine Footprint (mm) 584 x 330 x 355
Print Bed (um) Kinematic coupling—flat to within 160
Extrusion System Second-generation extruder, out-of-plastic detection
Power 100-240 VAC, 150 W (2 A peak)
RF Module Operating Band 2.4 GHz Wi-Fi Standards 802.11 b/g/n

2.2. Chuck Adapter

A chuck adapter is a device that is attached to the end of a machining tool to hold the
workpiece. Three or four jaws are attached to hold the piece being machined. It is fixed to
the main shaft and used to hold the workpiece steady while being machined. In this study,
a steel chuck adapter was selected as a reference. The CFRP chuck adapter is designed to
be identical to the steel chuck adapter. Figure 3 shows the steel chuck adapter, CFRP chuck
adapter, and CFRP with the steel chuck adapter.
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Figure 3. Photographs and drawing of chuck adapter. (a) CFRP, (b) steel, (c) CFRP with steel, and
(d) drawing.

The material used in the experiment is a structure in which Onyx material (a type
of nylon filled with micro carbon fibers) and carbon fibers are laminated layer-by-layer.
Onyx material is 1.4 times stronger and harder than ABS, and has excellent surface finish,
chemical resistance, and heat resistance. Carbon fiber has the highest strength-to-weight
ratio among the reinforcing fibers and is six times stronger than Onyx material. The chuck
adapter was 140 mm in width, 130 mm in length, and 26 mm in height, and the Onyx and
carbon fibers were laminated in layers 0.125 mm thick. Tables 2 and 3 list the chemical
composition and mechanical properties of the steel. Table 4 lists the physical properties of
Carbon and Onyx.

Table 2. Steel chemical composition (wt.%).

C Si Mn P S Cr Fe
0.45 0.19 0.70 0.016 0.021 0.008 Bal

Table 3. Steel mechanical properties.

Tensile Strength (MPa) Bending Strength (MPa) Elongation
645 1780 17
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Table 4. Onyx and Carbon material composites.

Properties Onyx Carbon
Tensile Strength (MPa) - 800
Tensile Modulus (GPa) 24 60
Tensile Stress at Yield (MPa) 40 -
Tensile Strain at Break (%) 25 1.5
Compressive Strength (MPa) - 420
Compressive Modulus (MPa) - 62
Heat Deflection Temp (°C) 145 105
Density (g/ cm?) 1.2 1.2

2.3. Experimental Setup

A chuck adapter vibration experiment was conducted using a lathe machine (SE2200A,
Hyundai WIA, Changwon, Republic of Korea). A chuck adapter was attached to the chuck,
and the chuck was attached to the lathe for the vibration experiment. A controller was used
to operate the lathe, and the experiment was conducted at 10, 500, and 1000 rpm. A system
capable of monitoring the vibrations through a computer connected to data acquisition
equipment was established. Figure 4 shows the equipment used for the chuck adapter
vibration experiments.

Test bench ==
&‘ 'fﬁ’n!l;{ﬁl;;;‘
| N /&

' | Controller

“uy

Data acquisition
equipment

Figure 4. Experimental arrangement for vibration experiment.

2.4. Measurement

The equipment used in this test (Figure 5) is a vibration measuring device (VL8000,
Hofmann, Pfungstadt, Germany) with a resolution of 0.1-200 mm/s, a vibration half range
of 0.05 mm/s, and an uncertainty of 0.0289 mm/s. The bandwidth of the measuring device
was determined to be 10 Hz-10 kHz using the root mean square (RMS) method.

During the test measurement, the vibration measurement position of the chuck adapter
was one point for the bearing part and two points for the fastening part, and the values
were compared by assigning the effective RMS value, peak value, and peak-to-peak value
to the vibration velocity settings. The environmental conditions during the experiment
were a temperature of 21.0 + 1.0 °C and a relative humidity of 50 & 5%. Measurements
were repeated five times each. The measurement points are shown in Figure 6.
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Figure 5. Vibration measurement device.

Fastening part

Figure 6. Experimental setup for vibration experiment.

2.4.1. Natural Frequency Measurement Standard

Frequency is the number of times that repetitive motion occurs per unit of time when
an object continuously repeats a constant reciprocating movement in a vibrating motion.
This can be expressed using the following relationship:

1
T=- 1
7 ¢y
w=2nf (2)

where f is the frequency (Hz), T is the period (s), and w is the angular velocity (rad/s).
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The natural frequency is the unique frequency of an object. The vibration of the
system, including the object, can be obtained using mass, springs, and dampers. For a
one-degree-of-freedom vibration system with one mass and one spring, the theoretical
natural frequency can be obtained using the following equation [22,23]:

k
Wy = m 3)

where w;, is the natural frequency (Hz), k is the spring constant (N/mm), and m is the mass (kg).

2.4.2. Vibration Measurement Standard

Vibration measurements were conducted according to the ISO 20816-1 [24] standard.
Measures representing the magnitude of vibration include vibration displacement (um,
peak-peak), vibration velocity (mm/s, RMS), and vibration acceleration (m/ s2, RMS), and
this standard adopts RMS, which is the effective value of the measured vibration velocity.

The RMS value of the vibration velocity was calculated as the time record v(t) of the
vibration velocity. This can be expressed as:

/ T
Vims = %/0 Uz(t)dt 4

Spectral analysis shows that the magnitudes of the vibration acceleration, velocity,
and displacement are 4; (m/ %), v; (mm/s), and s; (um, peak-peak), respectively, which
represent the vibration frequencies (i) (j = 1,2, ... . n) and can be obtained as a function of
the RMS velocity, as follows:

Orms = \/v%—i-v%—l—---—i-z;%
=X 10_3\/% {(flsl)z +(fos2)? 4+ (fnsn)zD = (5)
A @/ A+ @/ fo) 4+ (@n/ fa)]

If the oscillations are given as only two major frequency components, then if the RMS
values are v,,;, and vy, then vy, is approximately determined. This can be expressed as:

1
Orms =\ 5 (Oin + Vhax) (6)
This can be expressed simply when any specific vibration component is excellent as:

1 2
_7v:£><10—3~s.7rf:2.22><10_3sf )

o) =
rms \/E 2
where v is the peak amplitude of the vibration velocity (mm/s), s is the peak-peak amplitude
of the vibration displacement (um), and f is the dominant vibration frequency (Hz).

3. Results and Discussion
3.1. Natural Frequency of Chuck Adapter

A natural frequency experiment was conducted to present the experiment under
natural frequency experimental conditions, and a durability experiment was conducted
to show that the CFRP chuck adapter had a durability similar to that of a conventional
mechanical part. The natural frequency and durability experiments were conducted before
the vibration characteristics experiments to demonstrate that the three types of chuck
adapters were manufactured consistently and to compare frequencies with conventional
mechanical parts.



Appl. Sci. 2023,13, 1083

8of 13

The natural frequency experiment of the chuck adapter was conducted on the J260/SA7M
high-amplitude vibration tester (J260/SA7M, IMV, Osaka, Japan), as shown in Figure 7 and
Table 5. One sensor was attached to the table for control and the other sensor was attached
to the chuck adapter to check for resonance when measuring the resonance frequency. The
frequency response data were transferred to a computer.

Figure 7. Natural frequency and durability experiments for chuck adapter testing equipment.
(a) High-amplitude vibration, and (b) natural frequency experiment.

Table 5. Vibration tester specifications.

Properties Values
Sine Wave (kN) 49
Rated Force Random Wave (kN rms) 49
Shock Wave (kNpeak) 98
Maximum Acceleration (m/s?) 753
Maximum Velocity (m/s) 24
Maximum Diplacement (mmp-p) 100
Maximum Payload (kg) 1000
Frequency Range (Hz) 5~2600
Mass (kg) 65

The vibration measurements were conducted according to the ISO 10811-1 [25] stan-
dard. Natural frequency data were obtained using the K2/L sine vibration control sys-
tem software(IMV, Osaka, Japan). Natural frequency experiments were conducted at a
frequency of 2 kHz, gravity acceleration of 4 g, time period of 518 s, and vibration of
172 kilocycles. The frequency response signals showed similar trends for each of the three
types as shown in Figure 8. The resonance frequencies were concentrated in the range of
980-1000 Hz for all three types. The results are presented in Table 6. The experimental
conditions were determined to consider the natural frequencies of each of the three types
of chuck adapters at 10, 500, and 1000 rpm. In addition, durability experiments were
conducted at a frequency of 545 Hz, gravity acceleration of 4 g, time of 1800 s, and vibration
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Gravity (g)

i =8

(8]

of 172 kilocycles. The samples were stable with no vibration defects or damage during the
durability experiments.
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Figure 8. Natural frequency of the chuck adapter. (a) CFRP, (b) steel, (c) CFRP with steel.

Table 6. Experimental results of three types of chuck adapters.

CFRP Steel CFRP with Steel
Natural frequency (Hz) 995 991 994.6

3.2. Chuck Adapter Vibration Experiment

Vibration characteristic experiments using the three types of chuck adapters were
conducted. The vibration velocity and displacement of the three types of chuck adapters
were measured using the Fast Fourier Transform (FFT) method. The vibration source
rotated at 10, 500, and 1000 rpm, generating the vibrations; 10 rpm is inoperative and very
low speed, 500 rpm is medium speed, 1000 rpm is high speed. These rates were set in
consideration of the actual rotation speed used in the machining tool. The vibration velocity
and displacement in the bearing and fastening parts were measured. The bearing part
generates a lot of vibration in the machining tool, and the fastening part is directly fastened
to the machining tool. Both parts are greatly affected by vibration. The vibration speed
and displacement of the two parts were measured to compare and analyze the vibration
characteristics of the three types of chuck adapters.

3.2.1. Bearing Part Vibration Characteristics

The vibration value of the bearing part was measured to see the vibration value of
the chuck adapter. The sensor was attached to the bearing part and the measured data
was stored in the computer. The rotational speed of the three kinds of chuck adapter was
10, 500 and 1000 rpm and adjusted the output of the controller. The chuck adapter was
run for 30 s, giving the vibration velocity and displacement for each of the 3 kinds of
chuck adapter. The time-domain signals were transformed into Fast Fourier Transform to
accurately evaluate the vibration performance of the CFRP chuck adapter. The vibration
velocity at each rotational speed was analyzed in the frequency domain near the rotation
frequency of the chuck adapter, that is, only the rotation vibration of the chuck adapter
was considered.

It may be seen in Table 7 that only the rotational vibration of the chuck adapter is
considered; the vibration velocity on the bearing part increased as the rotational speed
increased, and the velocity increased when the rotational speed increased from 10 rpm to
1000 rpm. The vibration velocity of the CFRP chuck adapter increased by 83%, the steel
chuck adapter by 105%, and the steel chuck adapter by 42%. The minimum performance
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improvement rate of vibration velocity was 5.6% at 10 rpm and the maximum improvement
rate of vibration velocity was 18.2% at 1000 rpm on the bearing part.

Table 7. Vibration velocity of bearing part.

Rotating Speed Vibration Velocity (mm/s) Performance
(rpm) CFRP Steel CFRP with Steel Improvement (%)
10 0.018 0.019 0.02 5.6
500 0.019 0.021 0.021 10.5
1000 0.033 0.039 0.035 18.2

Table 8 shows displacement due to vibration measurement. The displacement of the
CFRP chuck adapter increased by 50%, the steel chuck adapter by 33%, and the steel chuck
adapter by 47%. The vibration velocity of the CFRP chuck adapter was measured to be
the lowest in all rpm conditions. The displacement of the CFRP chuck adapter was lower
than that of the steel chuck adapter at 10, 500 rpm, and higher than that of the steel chuck
adapter at 1000 rpm. The minimum performance improvement rate of vibration velocity
was 5% at 10 rpm, and the maximum rate of vibration velocity improvement was 9% at
500 rpm on the bearing part. Figure 9 shows the performance improvement rate of the
CFRP chuck adapter compared to steel in the bearing part. Overall, the CFRP chuck adapter
has better vibration velocity reduction than the conventional steel chuck adapter in the
bearing part.

Table 8. Displacement of bearing part.

Rotating Speed Displacement (um) Performance
(rpm) CFRP Steel CFRP with Steel Improvement (%)

10 10.023 11.186 15.681 5
500 10.548 12.638 14.268 9
1000 10.136 10.926 14.723 6.7

20

10 rpm
[‘i ] 500 rpm

55 1000 rpm

18

16 |

14 |

12 |

10 |

Performance improvement (%)

" 5 . 7k
Vibration velocty Displacement

Vibration Measurements

Figure 9. Performance improvement rate of the CFRP chuck adapter compared to steel in the bearing part.



Appl. Sci. 2023,13,1083

110f13

3.2.2. Fastening Part Vibration Characteristics

The vibration value of the fastening part was measured to determine that of the
chuck adapter. The sensor was attached to the fastening part and the measured data were
stored on a computer. The rotational speeds of the three types of chuck adapters were
synchronized to the output of the controller. The chuck adapter was operated for 30 s, and
the vibration velocity and displacement for each of the three kinds of chuck adapter were
obtained. The time-domain signals were transformed using the FFT method to evaluate
the vibration performance of the CFRP chuck adapter accurately. The vibration velocity at
each rotational speed was analyzed in the frequency domain near the rotation frequency of
the chuck adapter; that is, only the rotation vibration of the chuck adapter was considered.

The results are shown in Table 9. The vibration velocity of the fastening part increases
as the rotational speed increases. The vibration velocity for the CFRP chuck adapter in-
creased by 17%, the steel chuck adapter by 37%, and the steel chuck adapter by 5%. The
displacement increased by 6.7% at 1000 rpm and the maximum performance improvement
rate of displacement was 9% at 500 rpm on the fastening part. The minimum of perfor-
mance improvement rate of displacement was 12% at 10 rpm, and the maximum rate of
displacement was 64% at 500 rpm on the fastening part.

Table 9. Vibration velocity of fastening part.

Rotating Speed Vibration Velocity (mm/s) Performance
(rpm) CFRP Steel CFRP with Steel Improvement (%)
10 0.146 0.164 0.2 12
500 0.098 0.161 0.237 64
1000 0.172 0.229 0.217 33.4

Table 10 shows displacement due to vibration measurement. The displacement for the
CFRP chuck adapter increased by 79%, the steel chuck adapter by 108%, and the steel chuck
adapter by 40%. The vibration velocity and displacement of the CFRP chuck adapter were
the lowest at all rotational speeds. The minimum and maximum performance improvement
rates of the vibration velocity for the fastening part were 12.5% and 31.1%, at 500 rpm and
1000 rpm, respectively. Figure 10 shows the performance improvement rate of the CFRP
chuck adapter compared to steel in the bearing part. Overall, the CFRP chuck adapter has
better or similar displacement than the conventional steel chuck adapter in the fastening part.

Table 10. Displacement of fastening part.

Rotating Speed Displacement (um) Performance
(rpm) CFRP Steel CFRP with Steel Improvement (%)
10 7.381 8.336 11.423 14.2
500 8.588 9.796 13.467 12.5

1000 13.251 17.366 15.999 31.1
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Figure 10. Performance improvement rate of the CFRP chuck adapter compared to steel in the
fastening part.

4. Conclusions

In this study, a CFRP chuck adapter was designed and its natural frequency, vibration
velocity, and stability were examined. The vibration velocity reduction during operation of
the CFRP chuck adapter was compared with that of the other two types. The following
conclusions were drawn.

1. A composite material with excellent mechanical performance was manufactured by
stacking Onyx materials and carbon fibers using a 3D printer. Appropriate vibration
measurement equipment was constructed, and experimental conditions suitable for
measurement were selected to measure the vibration velocity and displacement.

2. The CFRP chuck adapter had the same vibration shape as a steel chuck adapter and a
CFRP with steel chuck adapter, and the natural frequencies of CFRP, steel, and CFRP
with steel chuck adapters were presented with an error of 0.4%. The vibration in
the stable range was measured for all three types of chuck adapters in the vibration
stability test.

3.  The maximum vibration velocity reduction of the CFRP chuck adapter was 64%,
which proved that the vibration velocity of the CFRP chuck adapter was reduced
more than the steel chuck adapter. In addition, the maximum displacement reduction
of the CFRP chuck adapter was 31.1%, which proved that the displacement of the
CFRP chuck adapter was reduced more than the steel chuck adapter.

In this study, a vibration comparison analysis was performed with steel and CFRP
chuck adapters. The results of this study are not limited to chuck adapters and can be
applied to other parts.
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