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Abstract: Computer numerical control (CNC) lathes are optimized for machining workpieces into
rotating shafts or cylindrical shapes of structures. However, because rotating mechanical parts
are used on CNC lathes, vibration from spindles, servomotors, hydraulic pumps, and feed screws
occurs. Therefore, periodic preventive maintenance is required to minimize vibrations. Additionally,
alignment, balance, and adjustment operations are necessary for parts that perform linear or rotational
movements. Thus, this study adjusts the tension of the V-belt that drives the spindle of the CNC
lathe, analyzes the primary components and the vibrations occurring at the spindle and servomotor,
and measures the surface roughness to identify the cutting quality according to the impact of the belt
tension. The experimental results show that the peak value of the vibrating component increases as
the cutting speed increases. We demonstrate that the optimal vibration characteristics and excellent
surface roughness values are achieved at a relatively looser belt tension than the standard value.
In particular, at a feed speed of 0.05 mm/rev, a cutting speed of 250 m/min, and a depth of cut of
0.8, the surface roughness in loose tension was reduced by up to 143.9% compared to tight tension.
Additionally, the optimum processing quality is achieved at a cutting depth of 0.6 and 0.8 mm,
corresponding to a turning insert nose R-value of 0.4 mm, and at cutting speeds ranging from 200 to
250 m/min.

Keywords: CNC lathe; belt tension; vibration; surface roughness; cutting process

1. Introduction

In modern industry, machine cutting is a typical method for manufacturing automo-
biles, airplanes, ships, and medical and industrial machine components into the required
precise shapes and measures. Generally, creating the demanded shapes and measures
using a machine tool and rotating or stationary tools to remove chips from a workpiece is
referred to as cutting. In particular, the computer numerical control (CNC) machine tool
started as a numerical control (NC) milling first developed at the Massachusetts Institute
of Technology in 1952. This technology subsequently spread along with the progress in
CNC lathe technology and machining centers during the third industrial revolution. In this
process, the manufacturing industry grew rapidly owing to mass production, a decrease in
production costs, and an improvement in the quality of products. Currently, we are in an
era of infinite competition in every industry. Particularly, the steel and material industries
are continuously developing new materials or steel grades with varying chemical compo-
sitions or physical properties based on consumer demand. Consequently, studies have
been conducted in cutting sites, where various materials are used for manufacturing, to
determine the optimal cutting conditions through experimental methods. This enables for
the measurement of a cutting force, tool abrasion, and surface roughness to identify the
cutting properties of new steel grades or new materials [1].
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In particular, carbon fiber or graphite/polymer composites, difficult-to-cut materials
with high-tool wear, among the new materials, are widely used in the automobile and
aerospace industries. Therefore, research is being conducted to improve the production
quality by measuring the cutting force, etc., to minimize tool wear; it is in progress [2,3].
In addition, research is being conducted to improve machining quality and efficiency by
comparing the existing machining method'’s cutting force coefficient with the new cutting
method’s cutting function of CAM software [4]. In general, in studies related to machine
cutting, the typical experimental method for identifying the cutting property employs
a cutting force measurement using a tool dynamometer, which measures the force or
torque [5]. It is used in most studies because the characteristics of the cutting resistance
generated during the processing of a workpiece can be determined by measuring the
tangential, radial, and feed forces, which are the cutting forces generated between the tool
and workpiece [6,7]. Additionally, cutting resistance increases the heat generated on the
cutting edge of the tool, resulting in reduced hardness and accelerated abrasion. Therefore,
the abrasion and damage to a tool can be predicted [8]. In addition, the quality can be
improved by measuring the cutting force according to the size and shape of the tool and
the feed rate [9,10].

Therefore, to solve tool wear acceleration, new production-based studies are being
conducted to monitor tool wear based on the signal waveform of the existing cutting
force [11].

These are factors that significantly affect the cost and rate of production. Therefore,
tool abrasion should be minimized and cutting quality improved by selecting the tool
shape and material quality suitable to the processing [12,13].

In general, the issue of quality degradation occurring directly or indirectly after
cutting can be assessed by measuring the cut surface [14]. The tool’s shape, wear, and
cutting conditions directly affect the cutting processing quality. In addition, the cutting oil,
spraying method, and forced vibration during processing indirectly affect the quality [15,16].
The surface roughness is affected by the cutting conditions, state of tool abrasion, and
abnormalities in the machine. Therefore, it is an important assessment method. A typical
method of improving the quality of the cut surface with the cutting conditions is increasing
the cutting speed and reducing the feed rate [17]. This is because reducing the cutting
speed reduces the impact of the build-up edge. Moreover, the uncut parts increase owing
to the feed rate of the tool moving only to the designated amount per rotation of the
workpiece. Additionally, surface roughness increases when the feed rate is extremely low.
Therefore, diverse studies on assessing the surface roughness have been conducted because
the cutting conditions produce different results depending on the material to be cut and the
tools used [18,19]. However, in the form of continuous chips, a built-up edge may occur,
which is a cause of roughening the machined surface, so it must be prevented by increasing
the cutting speed and rake angle.

Therefore, the formation of chips has a great relationship with the quality of the
machined surface. Recently, the cutting properties have extensively been investigated
using a finite element method analysis, from which the parts where stress is concentrated,
temperature distribution, and abrasion characteristics can be diversely analyzed from the
chip formation process [20,21].

This study measured the vibration occurring owing to the impact of the tension
of the micro V-belt and prevented or improved the quality degradation issues resulting
on the cut surface. Most vibration studies related to cutting equipment have analyzed
the vibrating components of the equipment or the involved chatter vibration generated
by the impact of the tools [22-24]. However, thus far, studies on quality improvement
using machine diagnosis have not been reported. In general, the primary solutions to the
vibration generated during machining are to keep the overhang of the tool holder short,
select a turning insert with a small nose R to reduce the Thrust force, or carefully select the
cutting conditions.



Processes 2023, 11, 1079 3of 15

Considering on-site production, the quality degradation that can originate from in-
direct factors is significant. Therefore, studies relevant to the topic of our study should
be encouraged.

Most production sites do not comply with the accurate standard of replacing the
CNC lathe belt. Given the relatively simple process, replacement relies on experience.
Additionally, machine diagnostics using vibration equipment is not a common practice, so
most return immediately to production only after replacing the belt. Therefore, this study
measured the change in vibration by adjusting the micro V-belt tension by 20% intervals
from the standard value to transfer the power of the servomotor for the CNC lathe to
the spindle and analyzed the results. Additionally, the representative cutting conditions
were designated under the changed belt tension to cut a total of 54 sample workpieces and
examine the impact on the surface roughness quality.

2. Experiment and Methods

This study assesses the impact of the vibration, that occurs during cutting on the
surface roughness according to the change in the tension of the belt on the CNC lathe. As
shown in Figure 1, the experimental procedure of this study is conducted in four steps:
(a) adjusting the belt tension using the sonic tension meter, (b) measuring the vibration on
the spindle inside the cutting room, (c) of cutting according to the cutting conditions, and
(d) measuring the surface roughness after cutting.

(c) Workpiece cutting (d) Surface roughness measurement

Figure 1. Schematic of the experimental procedure. (a) Tension adjustment of the belt that transmits
power to the servomotor and spindle of the CNC lathe; (b) vibration measurement of the spindle
inside the cutting room; (c) workpiece cutting according to conditions; (d) measurement of surface
roughness after cutting.
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The specifications of the CNC lathe used in this study are shown in Table 1. Figure 2a
shows the equipment used in the experiment. The CNC lathe is a DOOSAN Lynx 220L
model, and the tool fixed to the turret is transported in the X-axis and Z-axis and cuts
the rotating workpiece. The chuck and tailstock that fix the workpiece are operated by
hydraulic pressure, and the spindle rotates by being connected with a servomotor by a
micro belt.

Table 1. Specifications of the CNC lathe used in the experiment.

Description Specification
Max. Turning Diameter 320 mm
Max. Turning Length 305 mm
Standard chuck size 8 inch
Max. Spindle speed 4000 rpm
Max. Spindle power 11 kW

(c) Spindle and Belt

(b) Servo motor and Cooling fan

(a) CNC lathe

] ) /;_

(e) Hydraulic chuck

Figure 2. Major components of vibration in CNC lathes. (a) CNC lathe used in the experiment;
(b) servomotor used to drive the spindle; (c) belt and main spindle connected to the servomotor
to transmit power; (d) hydraulic pump used to operate the hydraulic chuck and tailstock; and
(e) hydraulic chuck to hold the workpiece.

2.1. Belt Tension Measurement

The CNC lathe spindle uses the V-belt to receive the rotating power of the servomotor
to rotate. Therefore, the belt tension between the servomotor and spindle is significant as it
affects the vibrating component during processing.
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The standard of the micro V-belt used in the CNC lathe is shown in Table 2. Figure 2c¢
shows four micro V-belts connected in parallel. A sonic tension meter was used to measure
the tension in the belt. As shown in Figure 1a, the sonic tension meter is placed near the
V-belt. The method measures the natural frequency generated when hitting with a tool,
such as a hammer.

Table 2. Specifications of belts used in CNC lathes.

Description Specification
Belt pitch 3.56 mm
Belt pitch length 1730 mm
Belt width 17.8 mm

The specifications of the sonic tension meter are shown in Table 3. After adjusting the
tension, five consecutive measurements were performed. The results are shown in Table 4.
The belt tension value depends on the recommended value (505 N) by the manufacturer.
Notably, a relatively loose state (405 N) and a relatively tight state (605 N) were set with
approximately 20% intervals. If the belt tension is too loose, noise and vibration are
generated due to a slip between the belt and the pulley, and if the belt tension is too
tight, belt wear is accelerated, and tensile fracture occurs. Therefore, based on the tension
value recommended by the belt manufacturer, a tension value corresponding to about 20%
was determined.

Table 3. Specifications of the sonic tension meter used in the experiment.

Description Specification
Measurable frequency band 10-5000 Hz
Total length 170 mm
Sensor outer diameter 12.5 mm

Table 4. Results of belt tension measured using a sonic tension meter.

Tension 1st 2nd 3rd 4th 5th Mean
Tension 1 407 N 408 N 409 N 410N 408 N 408.4 N
(loose) 26.0 Hz 26.1 Hz 26.1 Hz 26.1 Hz 26 Hz 26.1 Hz
Tension 2 509 N 510N 508 N 510 N 511 N 509.6 N
(standard) 29.1 Hz 29.1 Hz 29.1 Hz 29.1 Hz 29.2 Hz 29.1 Hz
Tension 3 605 N 608 N 609 N 606 N 609 N 607.4 N
(tight) 31.7 Hz 31.8 Hz 31.8Hz 31.8Hz 31.8 Hz 31.78 Hz

2.2. Vibration Measurement

For the measurement of the CNC lathe spindle, an accelerometer is attached as shown
in Figure 1b. The direction of measurement is on the z-axis (vertical) as shown in Figure 3c.
The vibration data collector is shown in Figure 3f. The accelerometer was attached to the
spindle using a magnet, and the vibration was measured wirelessly using the AZIMA
DLI CX10 model equipped with Bluetooth, a wireless communication function. While
measuring the vibration, the frequencies in the range of 0-200 Hz were measured. Each
frequency component, including the total vibration amount was analyzed. The major
vibration points that can occur on the CNC lathe are shown in Figure 1, where (a) shows
the CNC lathe used in the experiment, (b) the servomotor that rotates the spindle and
cooling fan, (c) the spindle and micro V-belt, (d) the hydraulic pump that operates the
hydraulic chuck and tailstock, and (e) the hydraulic chuck that fixes the workpiece. Here,
the frequency components of the servomotor, spindle, belt, and hydraulic chuck changed
depending on the cutting speed, and the hydraulic pump and cooling fan exhibited fixed
frequency components. Additionally, the rotation ratio of the spindle and servomotor was
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1:1.73, and the frequency component at the servomotor was higher. The specifications of
the vibration data collector used in this experiment are shown in Table 5.

turning insert

direction of measurement ‘ l

Bluetooth wireless
communication

(f) Vibration data collector

(c) Accelerometer

(d) Spindle

after cutting

(a) Workpiece information

» material - AISI 1020, CD Bar
* diameter - 38 mm

* length - 100 mm

* cutting diameter - 35 mm

(e) Hydraulic chuck « cutting length - 70 mm

(b) Tool information
* tool holder - SVIBR 2525-M16 o
e turning insert - VBMT 160404-VF

Figure 3. Schematic of tools and workpieces used in cutting. (a) Information on workpieces used for
cutting; (b) information on tools used for cutting; (c) accelerometer used for vibration measurement
and direction of measurement; (d) spindle at vibration measuring position; (e) hydraulic chuck to
hold the workpiece; and (f) Vibration data collector used for vibration measurement.

Table 5. Specifications of the vibration data collector used in the experiment.

Description Specification
acceleration
Measurements velocity (by integration)
displacement
Bandwidth 0.5-40 kHz
Dynamic range 104 dB
Sampling rate 102.4 kHz

2.3. Workpiece Cutting

To process the workpiece, we complied with the cutting conditions to cut 54 work-
pieces as presented in Table 6 to complete the process; the insert was replaced during the
first processing of the workpiece. The SV]JBR 2525 M16 and VBMT 160404 VF were used
as the tool holder and the turning insert used during cutting, respectively, as shown in
Figure 3b. For the cutting material, a cold drawn (CD) bar, such as the AISI 1020 with
approximately a 0.2% carbon content was used. The CD bar was realized through cold
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drawing. It is used in small mechanical parts that are not thermally treated rotating shafts
and bolts included in automobiles and heavy machinery. Therefore, it is typically used in
components that require sound weldability depending on the use. The chemical composi-
tion of the materials used is shown in Table 7, and the mechanical properties are shown
in Table 8. Regarding the size of the material, the external diameter was 38 mm and the
length was 110 mm as shown in Figure 3a. The size after rough cutting was programmed
to be obtained at an external diameter of 35 mm and a cutting segment length of 70 mm.

Table 6. Cutting conditions used in the experiment.

Description Specification
Cutting speed 150, 200, and 250 m/min
Depth of cut 0.4, 0.6, and 0.8 mm
Feed rate 0.05 and 0.1 mm/rev

Table 7. Chemical composition of AISI 1020 steel by Wit.

Element Content (wt %)
C 0.18~0.23
Mn 0.30~0.60
P 0.040 (Max)
S 0.050 (Max)
Si R

Table 8. Mechanical properties of AISI 1020 steel.

Properties Metric
Tensile strength 629.541 MPa
Yield strength 603.588 MPa
Hardness (HRC) 13.5
Poisson’s ratio 0.29
Elongation 36.5%

2.4. Surface Roughness Measurement

Measuring the surface roughness involved the measurement of the extent of the
fineness of the unevenness that either occurs regularly or irregularly on the workpiece
surface. This is referred to as the surface roughness. In general, the surface structure
consists of waviness, lay, and flaw. The surface roughness differs according to the variables,
such as the tool used during processing, cutting conditions, and vibration. Therefore, to
satisfy the quality demanded by a consumer, the optimal cutting conditions and sound
tools as well as periodic preventive maintenance and calibration must be considered for
the processing to be precise.

In this study, four surface roughness measurements were performed for one work-
piece as shown in Figure 4, at 15 mm intervals. The specifications of the surface roughness
equipment used in the experiment are shown in Table 9. Figure 1d shows the measure-
ment equipment.

Table 9. Specifications of the surface roughness measuring instrument used in the experiment.

Description Specification
Measuring speed 0.05,0.1,0.5,1 mm/s
Detector measuring force 0.75 mN
Measuring method Skidless/skidded
Measuring range 800; 80; 8 um

Traverse 50 mm
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Diamond tip

|Measuring direction | |Measuriug probe

AAAAAAAAAAAANN

Workpiece

Enlarged View|

: Workpiece

Measuring point

Figure 4. Schematic of surface roughness measurement at four points on a workpiece after cutting.

3. Results and Discussion
3.1. Analysis of Measured Vibration

The vibration measurement was performed in the vertical direction from the upper
part of the spindle located inside the cutting room as shown in Figure 1b. The vibration unit
in VdB, which is the vibration velocity level, and the equation relevant to the logarithmic
scaling of the vibration are shown in Equation (1) [25].

Lo = 20 x logy, <v”f> )
re

where Lo is the velocity level in decibels, v is the RMS velocity amplitude, and v,y is the
reference velocity amplitude.

The vibration measurement was conducted as the workpiece was fixed and rotated
at the RPM that corresponded to each cutting condition. Notably, the results identified
the four major factors of the vibration component that could affect the processing. The
four factors that generated the major vibration components were: (a) the servomotor,
(b) servomotor cooling fan, (c) spindle, and (d) hydraulic pump as shown in Figure 5. The
results show a scatter plot using the frequency and frequency peak values as each vibration
component and accurate vibration components can be intuitively identified.

As shown in Figure 5a, a change in the frequency component of the servomotor
depending on the cutting speed occurs. In particular, when the cutting speed increased to
250 m/min, the rotation speed was 3939 RPM, and a vibration component was observed at
65.63 Hz. The average vibration peak value was 63.7 in/s, pk, which was the maximum
value. When the cutting speed was 200 m/min, the rotating speed was 3149 RPM and
a vibration component was observed at 52.48 Hz. The average frequency peak value
was 60.0 in/s, pk, which indicated the minimum value and was 5.8% lower than the
maximum value.

As shown in Figure 5b, the servomotor cooling fan exhibited a consistent vibration
component regardless of the change in cutting speed. The cooling fan that rotated at a
fixed speed for the cooling of the servomotor generated a vibration component of 120 Hz
at 7200 RPM. The average frequency peak value was 57 in/s, pk.

As shown in Figure 5c, the spindle vibration component changes depending on the
change in the cutting speed, which is identical to that of the servomotor. In particular,
when the cutting speed increased to 250 m/min, the rotating speed was 2274 RPM and
a vibration component was observed at 37.9 Hz. The average frequency peak value was
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73.93 in/s, pk, which was the maximum value. When the cutting speed was 150 m/min,
the rotating speed was 1364 RPM and a vibration component was observed at 22.7 Hz. The
average frequency peak value was 62.80 in/s, pk, which indicated the minimum value and
was 15.0% lower than the maximum value.
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Figure 5. Results of frequency analysis of measured vibrations. (a) Frequency analysis of servomotor;
(b) frequency analysis of cooling fans; (c) frequency analysis of spindle; and (d) frequency analysis of
hydraulic pump.

As shown in Figure 5d, the vibration of the hydraulic pump exhibits a consistent
vibration component identical to the servomotor cooling fan. The hydraulic pump used
to hydraulically operate the tailstock and the hydraulic chuck that fixes the workpiece
exhibited a vibration component at 29.7 Hz when rotating at 1780 RPM. The average
frequency peak value was 63.3 in/s, pk.

Thus, comprehensively comparing the components of the measured results showed
that under a cutting speed of 150 m/min, the vibration occurring from the hydraulic pump
operation would most significantly impact the cutting. However, as the cutting speed
increased, the vibration occurring at the spindle was identified to have the most impact at
a cutting speed of 250 m/min.

In addition, the vibration intensity depending on the change in tension was analyzed
with the total vibration amount as the overall scale of vibration. As shown in Figure 6,
(a) the belt tension and (b) the cutting speed were used for a time-series presentation.
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Figure 6. Analysis result of overall vibration. (a) Overall vibration according to belt tension; (b) over-
all vibration according to cutting speed.

As shown in Figure 6a, the total vibration amount depending on each cutting speed
change can be identified. The results show that the total vibration increases as the cutting
speed increases and the total vibration increases depending on the change in belt tension.

As shown in Figure 6b, the total vibration amount depending on the change in tension
can be calculated from each cutting speed. At a cutting speed of 150 m/min, a maximum
value of 78.4 in/s, pk was observed at Tension 3 (605 N), and a minimum value of 77.8 in/s,
pk was observed at Tension 1 (405 N). At a cutting speed of 200 m/min, a maximum value
of 79.0 in/s, pk was identically reached at Tensions 2 (505 N) and 3 (605 N). Moreover, a
minimum value of 78.5 in/s, pk was observed at Tension 1 (405 N). At a cutting speed
of 250 m/min, Tensions 1 (405 N) and 2 (505 N) exhibited identical maximum values at
79.8 in/s, pk, and a minimum value of 79.7 in/s, pk was observed at tension 3 (605 N) at a
small difference.

Therefore, comparing the total vibration amount showed that efficient results were
achieved at a cutting speed of 250 m/min and at Tension 3 (605 N) by a significantly small
difference. However, outstanding results were shown at Tension 1 (405 N), undercutting
speeds of 150 and 200 m/min.

3.2. Analysis of Measured Surface Roughness

For the measurement analysis of surface roughness, 54 workpieces were processed
according to the cutting conditions, and the surface roughness was assessed four times as
shown in Figure 4. The surface roughness results according to the change in belt tension
under each cutting condition are shown in Figure 7. The average surface roughness (Ra)
was used as a typical method of representing the surface roughness, and the relevant
equation is shown in Equation (2).

L
Ra =1 [[1f (ldx @

The experimental results are classified according to the feed rate of 0.05 mm/rev as
shown in Figure 7a—c, and the criteria are a feed rate of 0.1 mm/rev for Figure 7d f.
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Figure 7. Results of measured surface roughness. (a) Cutting at a feed speed of 0.05 mm/rev and
a cutting speed of 150 m/min; (b) cutting at a feed speed of 0.05 mm/rev and a cutting speed of
200 m/min; (c) cutting at a feed speed of 0.05 mm/rev and a cutting speed of 250 m/min; (d) cutting
at a feed speed of 0.1 mm/rev and a cutting speed of 150 m/min; (e) cutting at a feed speed of
0.1 mm/rev and a cutting speed of 200 m/min; and (f) cutting at a feed speed of 0.1 mm/rev and a
cutting speed of 250 m/min.
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Figure 7a shows surface roughness versus cutting depth under a cutting speed of
150 m/min. In the results of Tension 1, a minimum value of 0.35 um was observed at a
cutting depth of 0.8 mm and 0.6 pm at 0.4 mm cutting depth. In the results of Tension 2,
a minimum value of 0.40 um was observed at a cutting depth of 0.6 mm. Under Tension
3,1.02 um was observed at a cutting depth of 0.4 mm, which was a 70.0% increase from
the minimum value, 0.51 um was observed at a 0.6 mm cutting depth, which was a 27.5%
increase from the minimum value, and 0.57 um was observed at a 0.8 mm cutting depth,
which was a 62.8% increase from the minimum value. Therefore, under the condition of
(a) and the belt tension of Tension 1, efficient results were achieved when the cutting depths
were 0.4 and 0.8 mm. When the belt tension was Tension 2, a sound result was achieved
when the cutting depth was 0.6 mm.

Figure 7b shows the surface roughness versus the cutting depth under a cutting speed
of 200 m/min. Under Tension 1, the minimum values were consistent at 0.41 um at a
cutting depth of 0.4 mm, 0.41 pm at a cutting depth of 0.6 mm, and 0.42 pm at a cutting
depth of 0.8 mm. Under Tension 2, 0.51 um was observed at a cutting depth of 0.6 mm,
which was a 24.4% increase from the minimum value, and 0.93 um was observed at a
cutting depth of 0.8 mm, which was a 121.4% increase from the minimum value. Under
Tension 3, 0.65 um was attained at a cutting depth of 0.4 mm, which was a 58.5% increase
from the minimum value. Thus, the surface roughness results were overall excellent when
the belt tension corresponded to Tension 1.

Figure 7c presents the surface roughness according to the cutting depth under a cutting
speed of 250 m/min. Under Tension 1, 0.41 um was observed at a 0.4 mm cutting depth,
and an identical minimum value of 0.41 um was observed at a 0.8 mm cutting depth. Under
Tension 3, a minimum value of 0.31 um was observed at 0.6 mm. Under Tension 2, 0.81 um
was observed at a 0.4 mm cutting depth, which was a 97.5% increase from the minimum
value, 0.59 um was observed at a 0.6 mm cutting depth, which was a 90.3% increase from
the minimum value, and 1.0 pm was observed at a 0.8 mm cutting depth, which was a
143.9% increase from the minimum value. Thus, under the conditions of Figure 7c, excellent
results were achieved when the belt tension corresponded to Tension 1 at cutting depths of
0.4 mm and 0.8 mm. When the belt tension was Tension 3, an efficient result was achieved
when the cutting depth was 0.6 mm.

Figure 7d shows the surface roughness versus the cutting depth under a cutting speed
of 150 m/min. Under Tension 1, 0.97 pm was observed at a cutting depth of 0.6 mm, and
a minimum of 1.02 um was observed at a cutting depth of 0.4 mm. Under Tension 2, a
minimum value of 0.87 pm was observed at a cutting depth of 0.4 mm, and 1.11 um was
observed at a cutting depth of 0.8 mm, which was an 8.8% increase from the minimum
value. Under Tension 3, 1.1 um was observed at a 0.4 mm cutting depth, which was a
26.4% increase from the minimum value, and 1.07 pum was observed at a 0.6 mm cutting
depth, which was a 10.3% increase from the minimum value. Thus, under the conditions in
Figure 7c, excellent results were achieved when the cutting depths were 0.6 and 0.8 mm
and the belt tension was Tension 1. When the belt tension was Tension 2, an excellent result
was achieved when the cutting depth was 0.4 mm.

Figure 7e shows the surface roughness versus the cutting depth under a cutting speed
of 200 m/min. Under Tension 1, a maximum value of 1.27 um was observed at a 0.4 mm
cutting depth, and minimum values of 1.06 and 1.05 um were observed at 0.6 and 0.8 mm
cutting depths, respectively. Under Tension 2, a minimum value of 1.05 um was observed
at a 0.4 mm cutting depth, which was an 17.3% decrease from the maximum value, and
1.2 pm was observed at a 0.8 mm cutting depth, which was a 14.28% increase from the
minimum value. Under Tension 3, 1.16 pm was observed at a 0.6 mm cutting depth, which
was a 9.4% increase from the minimum value. Thus, under the conditions of Figure 7e,
excellent results were achieved when the cutting depths were 0.6 and 0.8 mm and the belt
tension was Tension 1. Moreover, an excellent result was achieved when the cutting depth
was 0.4 mm under Tension 2.
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Figure 7t shows surface roughness versus cutting depth under a cutting speed of
250 m/min. In the results of Tension 1, a maximum value of 1.38 um was observed at a
0.4 mm cutting depth, 1.11 pum at a 0.6 mm cutting depth, and a minimum value of 1.10 um
was observed at a 0.8 mm cutting depth. Under Tension 2, a minimum value of 1.08 pm
was observed at a 0.4 mm cutting depth, which was a 21.7% decrease from the maximum
value, and 1.19 um was observed at a 0.8 mm cutting depth, which was a 7.2% increase
from the minimum value. Under Tension 3, 1.21 um was observed at 0.6 mm, which was an
9.0% increase from the minimum value. Thus, in Figure 7f, excellent results were achieved
when the cutting depths were 0.6 and 0.8 mm under Tension 1, and a sound result was
achieved when the cutting depth was 0.4 mm under Tension 2.

By measuring the surface roughness, the impact of the cutting conditions and the
tension change the surface roughness could be identified. Consequently, the results from
Tension 1 showed an overall best surface roughness. In particular, when the feed rate
was 0.05 mm/rev, excellent results were achieved when the cutting speeds were 150 and
250 m/min. Additionally, when the feed rate was 0.1 mm/rev, excellent results were
achieved when the cutting speeds were 150 and 250 m/min. Further, the lowest total
vibration amount was observed in the total vibration in Figure 6 under Tension 1 and
cutting speeds of 150 and 250 m/min. Therefore, comprehensively considering the surface
roughness results and the total vibration amount showed significantly excellent results
under Tension owing to the sound vibration properties. The optimal cutting condition of
the cutting speeds of 200 or 250 m/min and a cutting depth (diameter) that corresponded
to a 0.4 mm turning to insert the nose radius (R) showed the best results.

4. Conclusions

This study measured the surface roughness of workpieces after cutting and the vibra-
tion of the rotating spindle according to each cutting condition and by adjusting the tension
of the belt that operated the spindle to analyze the impact of the vibration characteristics
with the change in the belt tension of the CNC lathe on the cutting process. Thus, the results
are summarized as follows.

The vibration that was generated as the spindle rotated according to the cutting condi-
tions and the operation of the CNC lathe typically corresponded to the spindle, servomotor,
hydraulic pump, and cooling fan. In particular, as the RPM increased, the spindle and
servomotor frequency and peak values increased accordingly. The total vibration measure-
ment tended to increase along with the increase in cutting speed. Moreover, significantly
outstanding vibration properties were achieved under the condition of Tension 1.

For the result of the surface roughness, the lowest surface roughness of 0.31 pm was
shown in Tension 3 under the depth of cut 0.6 mm as the cutting speed increased from 150
to 200 and 250 m/min based on the feed rate of 0.05 mm/rev. Tension 1 showed 0.35 um,
13.2 % higher than Tension 3 at a 250 m/min cutting speed. This result is excellent, and the
lowest surface roughness was shown in the state of Tension 1 at a depth of cut of 0.4 and
0.8 mm. In addition, at a cutting speed of 200 or 250 m/min, stable results were obtained
while maintaining a constant level of surface roughness.

The lowest surface roughness was 0.87 um in the Tension 2 condition under the cutting
speed of 150 m/min based on a feed rate of 0.1 mm/rev and a depth of cut of 0.4 mm.
However, Tension 1 showed 0.88 pm, which is 1.43% higher than Tension 2 at a cutting
speed of 150 mm /min, and this result is also excellent. Additionally, the lowest surface
roughness was obtained under Tension 1 at cutting speeds of 200 and 250 mm/min and
depth of cut of 0.6 and 0.8 mm. However, at a depth of cut of 0.4 mm, the surface roughness
increased by 22.2% at a cutting speed of 200 m/min and by 27.7% at a cutting speed of
250 m/min, compared to T2, which had the lowest surface roughness result.

Consequently, overall excellent surface roughness was achieved under Tension 1 in
the surface roughness results.

Thus, we concluded that the optimal vibration characteristics and excellent surface
roughness were achieved under a relatively loose belt tension. Additionally, the optimal cut-
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ting condition could be identified through the results of surface roughness measurements.
The most outstanding surface roughness results were achieved when the cutting speeds
were 200 and 250 m/min and the cutting depth was 0.6 and 0.8 mm, which corresponded
to 0.4 mm turning insert nose R.
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