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In this study, the authors investigate improving the
precision of a thread by deriving its radial force
(thrust force) with a four-component piezoelectric dy-
namometer and thread cutting by helical interpolation
motion using a thread mill. The accuracy of the thread
is discussed with respect to changing hardness of the
work material. In addition, by recording the posi-
tion information at the time of thread cutting from the
servo guide on the data logger, the relationships among
the cutting forces of the four components and the ra-
dial force are confirmed by various methods; further,
the consistency of these relationships was confirmed.

Keywords: thread-mill, machining center, internal thread
cutting, cutting force, helical interpolation

1. Introduction

There has been considerable development in the field
of motion of machine tools involving five-axis-controlled
machining centers (SMC) and multi-functional turning
centers to ensure high speed and high precision [1-3].
Further, the simultaneous motion accuracies of three axes
at very high feed speeds have been greatly enhanced [4—
6]. This possibility is owing to the development of control
technology for machine tools. Additionally, the three-axis
motion control accuracy for helical interpolation motion
at high feed speeds applied at processing sites has reached
a satisfactory level of advancement. Helical complemen-
tary motion has been employed as a processing method
for boring [7-9] and pocket [10-12] processing of hard
materials and appears to be a promising technology for
use at processing sites. Presently, tool manufacturers are
machining internal threads using thread mills, which cre-
ate the screw threads using the cutting edges of the end-
mill tool; this is garnering attention as a new processing
technology that utilizes helical interpolation motion. In
general, incorrect prediction of tool breakage is a prob-
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lem in the tapping processing of difficult-to-cut materi-
als, and research and development of methods to avoid
this risk are essential [13-15]. In addition, by utilizing
a method that combines the use of thread mills and he-
lical interpolation motion, it is possible to use materials
that are otherwise difficult to process via conventional tap-
ping processing; these materials include ones with ultra-
high hardness, such as composite materials, or super hard
materials whose hardness changes remarkably during pro-
cessing. Efficient cutting of such materials is therefore
possible by this combination method, and it is expected
that unpredictable failure of tools can be avoided in such
instances. However, only a few systematic studies have
attempted to describe internal thread cutting by thread
mills using helical interpolation [16].

In this research, the influence of chatter vibration and
machining accuracy of the work material on internal
thread cutting was investigated for S50C [17]. We report
our research on the processing accuracy of reading thread
position information from the voltage output of the ma-
chine tool by confirming the thread accuracy of SKD61,
which is a high-hardness steel material.

2. Proposed Internal Thread Method and
Experimental Details

2.1. Internal Thread Using Thread Milling Tool

Figure 1 shows the relationship between a general ex-
ternal thread and an internal thread. Threads are essen-
tial fastening elements of machined element parts and
are progressing toward standardization globally. Threads
can roughly be categorized as metric threads or inch
threads, according to the ISO standards, and are standard-
ized mainly by the dimensions of the outer diameter and
threads pitch. The threads considered in this work were
coarse metric threads. The height of the thread cutting is
the difference between the outer and inner diameters, as
shown in Fig. 1. Often, the processing of these threads is
easy because the external thread has threads that are cre-

467

© Fuji Technology Press Ltd. Creative Commons CC BY-ND: Thisis an Open Access article distributed under the terms of
BY ND the Creative Commons Attribution-NoDerivatives 4.0 International License (http://creativecommons.org/licenses/by-nd/4.0/).


http://creativecommons.org/licenses/by-nd/4.0/

Matsui, S. et al.

| Outside diameter

Inside diameter

J;yk t

SR

Fig. 1. Relationship between a general external thread and
an internal thread.

ated by outer diameter processing; however, processing of
the internal thread often involves difficult techniques as it
is necessary to create the thread crest by inner diameter
processing. Machine parts, such as gears, require many
internal thread elements, and often, stop internal threads
are used in such cases. Therefore, this study focuses on
the internal threads of blind holes. In most cases, a spi-
ral tap is used for machining the internal thread of the
blind hole [18-20]. However, it is difficult to increase
the strength of the machined element part because the tar-
get material is difficult to grind and the breakage of the
tap tool is a critical problem owing to clogging of chips
during tapping. As a method to eliminate this problem,
internal thread cutting using the thread mill tool is being
developed, as shown in Fig. 2. The thread milling tool
has a cutting edge with a screw thread whose height and
pitch are matched with metric threads, and the outer di-
ameter is smaller than the inner diameter of the thread to
be machined. Fig. 2(a) shows a cross section view from
the side surface during processing; the blade at the tip of
the tool has a slightly smaller diameter of the cutting edge
(diameter D’ in Fig. 3(b)). The blade of the second pitch is
thus used for the first finishing process, and the last (third)
pitch is used as the tool shape (diameter D in Fig. 3(b))
for the final finishing (D > D). In addition, by forming a
cutting edge at the bottom of the tool, it is possible to per-
form thread processing even without pilot holes; Fig. 2(b)
shows the top view of this condition. In the helical inter-
polation motion based on simultaneous three-axis numer-
ical control in the xyz-directions, the tool first revolves in
the clockwise direction and then in the counterclockwise
direction while moving in the —z-direction by one pitch of
the thread for one revolution. Unlike tapping, this method
has no limitation on the number of rotations of the tool,
and it is possible to appropriately select the number of ro-
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tations according to the characteristics of the workpiece.
Because it is possible to secure a radial gap between the
tool and the threaded hole, it is also possible to suppress
chip clogging, which is a problem in the processing of
difficult-to-cut materials. Meanwhile, as the gaps are se-
cured in the radial direction, there are concerns regarding
the influence of elastic deformation of the tool due to the
cutting force, and studies are required to set the appropri-
ate processing conditions by considering such deforma-
tions.

2.2. Apparatus and Cutting Force Measurement
Method

The machine tool is MC (ACCUMILL 4000, DMG
Mori Co., Ltd.). Fig. 4 shows the schematic diagram of
the cutting force measurement system. The tool is a thread
mill (Epock D Thread Mill EDT-1.5-25-TH, Mitsubishi
Hitachi Tool Engineering, Ltd.), as shown in Fig. 5, and
the edge shape is shown in Fig. 3. From Fig. 3, it can be
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Fig. 5. Thread mill tool.

seen that the tool has a cutting edge on the bottom blade
also, and the bottom cutting edge can perform internal
thread cutting even without the under hole by the action of
bottom cutting. The dimensions corresponding to Figs. 3
and 5 are D = 8.5 mm, D; = ¢5.5 mm, D, = ¢ 10 mm,
L =70 mm, £ =25 mm, and D' = ¢7.6 mm, where D is
the diameter of the finishing blade and D’ is the diam-
eter of the roughing blade. That is, £{/D; = 4.5. The
regular pilot hole diameter was processed at ¢8.5 mm.
Further, S50C was used as the workpiece. The power
of the four components was recorded by a data logger
(midi LOGGER GL900 manufactured by GRAPHTEC
Corporation) from a dynamometer (torque power diame-
ter 9275 manufactured by KISTLER). To confirm the ac-
curacy of the thread, a thread gauge (OSG-made grade 1
for work) was used. The cutting conditions are listed in
Table 1. As a fundamental study, internal thread cutting
was performed with ¢8.5 pilot diameters under a heli-
cal toolpath, using the NC helical interpolation command.
The cutting conditions were set at a constant cutting speed
of 35 m/min using the catalog conditions.

2.3. Derivation of Radial Force from X- and
Y -Directions and the Torque Component

A method for deriving the principal cutting force (tan-
gential force at the contact point of the workpiece of the
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Table 1. Cutting condition.

Feed rate Vy mm 57
Feed per tooth V; mm/tooth 0.038
Number of revolutions n rpm 1500
Tool diameter D; mm 7.5
Coolant - Semi-dry
Rotational period of a tool Tj s 0.04
Radius of the helical pass R, mm 1.25
Rotational period of the helical pass 7> s 8.27
Core diameter Dy mm 10
Pitch diameter of thread H mm 10
Pitch p mm 1.5
Hole before internal thread cutting diameter d mm 8.5
Hole depth before internal thread cutting & mm 15
Sampling time Az s 0.0002
Sampling frequency f; Hz 5000
Fy  Fxy

The radius of
helical pas:

Fig. 6. Model diagram of measurement.

tool) and thrust force (radial/normal direction at the con-
tact point of the workpiece of the tool) from the measured
X- and Y-directions forces and the torque component is
presented in Fig. 6. A model diagram of measurement is
shown in Fig. 6. The cutting force in the X -direction is F,
that in the Y -direction is Fy, and the torque is 7. The norm
value of the resultant force in the X- and Y-directions is
expressed by Eq. (1); the principal cutting force F; is ex-
pressed by Eq. (2). The relationship between the resul-
tant force value in the X- and Y-directions and the resul-
tant force of the principal cutting force F; and the thrust
force F, is shown in Eq. (3).

1
Foy=(F2+F})*, .. ... ... ...(®0
T
F=—. e
=z )

R; is the total revolution center of the tool in helical inter-
polation and the radial distance from the center of rotation
of the tool to the cutting point.

1 1
(F2+F)2=(F*+F)*. . ... ....03
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Fig. 7. Force vs. time.

From Egs. (1)-(3),

1
Fo=(F—-F)* ... ... .....®

In other words, using the outputs of X, ¥ and the torque
components of a commercially available four-component
dynamometer, it is possible to obtain the tangential force
and radial force in machining by the rotary tool during the
helical interpolation motion.

3. Experimental Results and Discussion

3.1. Workpiece Hardness and Cutting Force

The cutting force [N] for three types of work mate-
rials, S50C and SKD61 (HRC 40, 53), versus time [s]
are shown in Fig. 7. Fig. 7 shows the horizontal norm
value F,y, the tangential force (principal cutting force) F;,
and the radial force (thrust force) F;,. Fig. 8 shows the cut-
ting force [N] as a function of hardness [Hv] (6th cycle of
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Fig. 9. Hardness vs. F;/F,.

revolution). Fig. 9 shows the ratio of the main compo-
nent to the back component versus the hardness [Hv]. As
demonstrated in Fig. 7, Fyy rises to a certain hardness, but
becomes constant above a certain hardness. Moreover,
it was found that F; increases as hardness increases, but
F; does not show the same tendency. In addition, Fig. 9
shows that the ratio of F;/F,, decreases as hardness in-
creases. Since the tool has a negative rake angle, it can
process even hard materials, and the difference in hard-
ness becomes more pronounced in F;, (reverse force) than
in F; (main force) [17]. Therefore, F, reacts especially
when the material is hard, so the cutting accuracy (force
in the X-, Y-, and Z-directions, torque 7") output from the
four-component dynamometer cannot guarantee the accu-
racy of the thread. For this reason, it is difficult to de-
rive the radial force, and it is obvious that the radial force
needs to be derived from the outputs of the four compo-
nents.

3.2. Thread Accuracy and Revolution Radius
Correction
Table 2 shows the results of accuracy measurement of
the internal thread by using a thread gauge. After pro-
cessing with S50C, SKD61 (HRC 40, 53) with a revolu-
tion radius R,, of 1.25 mm of a normal processing path,
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Table 2. Result of gage test.

Go | Not-go Result
S50C R, = 1.250 X O Small effective diameter
2152611.2(?(?(:40) X O Small effective diameter
2?2611.2(?5{ C53) X O Small effective diameter
S50C zero cut O X Large effective diameter
SKD61 (HRC40) O X Large effective diameter
zero cut
SKD61 (HRC53) O X Large effective diameter
Z€ero cut
S50C R, = 1.270 O O Good
SKD61 (HRC40)
R, = 1.280 o O Good
SKD61 (HRCS3)
R, = 1.285 0| O Good

when the accuracy is confirmed with a thread gauge, the
passing side does not pass and the effective diameter of
the internal thread is small. In addition, when a pass is
performed in the same pass and in the case of a zero cut,
the effective diameter through which the non-stop side of
the thread gauge passes is large. Therefore, it is consid-
ered that, in the design of the tool used in this experi-
ment, the amount of deflection in the tool radial direc-
tion is considered in advance. In order to ensure accu-
racy using this tool, it is necessary to correct and process
the revolution radius of the machining path. In S50C and
SKD61 (HRC 40, 53), the correction of the revolution ra-
dius of the processing path was possible within the ac-
curacy of 0.020 mm, 0.030 mm, and 0.035 mm, respec-
tively. The difference in radial force F;, between S50C and
SKD61 is about 25 N and 35 N, and the tool used in this
experiment has the holder end face fixed at one end and
the other end free. Therefore, the deflection in the radial
direction is obtained using Eq. (5).

64P(3
V=——.
3nED?

where Vv is the radial deflection, E is the Young’s modu-
lus, and P is the force applied to the beam. Assuming a
Young’s modulus E = 560 GPa, the deflection amount in
Eq. (5) is 0.009 mm and 0.013 mm, and the difference be-
tween the correction amount at each hardness of SS0C and
SKD61 in this experiment, is 0.010 mm and 0.015 mm.
The values are almost the same, and it is clear that this
correction is appropriate.

(&)

3.3. Change of Work Material and Vibration
Analysis

In order to improve the accuracy of the thread and un-
derstand the vibration characteristics during machining,
the cutting force in the X-direction is subjected to FFT
analysis. The results of the FFT analysis of X-directional
cutting force when S50C and SKD61 (HRC 53) are pro-
cessed are shown in Figs. 10 and 11, respectively. When
Figs. 10 and 11 are compared, the peak points are shown
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Fig. 11. Result of FFT (SKD61).

around 25 and 100 Hz; it can thus be seen that, al-
though there is a difference in the work material, the same
spectral tendency is seen in the vibration characteristics.
The frequency of one tool rotation at a rotational speed
of 1500 rpm is 25 Hz. The tool is a 4-flute tool, and
the frequency per blade is 100 Hz. Therefore, the re-
sults of the vibration analysis of S50C, the power spec-
trum values, which are influenced by the tool shake and
cutting edge, are similar for one rotation at frequencies
of 25 and 100 Hz. For SKD61, the power spectrum value
at 100 Hz is higher than that at 25 Hz. This result shows
that when tool deflection due to F;, (radial force) is small,
tool deflection has a relatively large effect. Conversely,
when the deflection is large, each blade is equally in-
volved in cutting. Further, in the norm value F;, in Fig. 8,
the ratio of S50C to SKD61 was approximately 1.3 times,
but this ratio at 100 Hz, as shown in Fig. 11, is twice or
greater than that shown in Fig. 10. It also shows that the
power is increasing.

3.4. Output of Position Information from Servo
Drive Unit
As shown in Fig. 4, the servo drive unit and dynamome-

ter are connected to the same recorder, so the tool posi-
tion and cutting force can be synchronized. This makes it
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possible to clarify the relationship between the tool po-
sition and cutting force. The relationship between the
cutting force in the X- and Y-directions when process-
ing SKD61 (HRC53) and the position information of the
X-axis output from the servo guide is shown in Fig. 12
(the coordinate relationship used Fig. 6). Fig. 13 shows
the raw waveform of the cutting forces F; and Fy in the
X- and Y-directions during one rotation of the tool when
0 — a = 270° when machining SKD61 (HRC53). Fig. 14
shows the raw waveforms of the tangential force F; and
the radial force F,, during one rotation of the tool when
6 — o = 270°. The extraction position in Figs. 13 and 14
is the indicated position in Fig. 8. At the position of
0 —a=270° F, = F; and F, = F,. A comparison of
Figs. 13 and 14 shows that they are considerably differ-
ent. Fig. 15 shows the inverse Fourier transform of the
cutting force Fy and the radial force F;, in the Y-direction,
excluding the 100 Hz and 25 Hz cut cycles, when using a
low pass filter at a frequency of 200 Hz or less. In Fig. 15,
F, = 0.8F,. A model of tool processing used in this ex-
periment is shown in Fig. 16. Let o, and a be the angles
from the center of revolution of the contact point of the
roughing blade and finishing blade, respectively. The dif-
ference between Fy, and F, can be expressed using Eq. (6).
o+ o

F, = O (0
0052 (6)
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In this experiment, Eq. (6) is about 35°. The radial
force Fy, is considered to be 80% of the cutting force Fy in
the Y-direction and can be estimated to be approximately
equal to the present derivation equation.

4. Conclusions

The forces and torques in the X-, Y-, and Z-directions
during internal thread cutting with a thread mill were in-
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vestigated using the helical interpolation function of a
3-axis control machining center. The relationship be-
tween the main component and thrust force was derived.
The thread accuracy after machining was also examined
for an M10 thread. The results are summarized below.

1) The ratio of radial force (thrust force) increases as the
hardness of the work material increases.

2) The amount of correction in the radial direction can
be derived, regardless of the hardness of the work ma-
terial, by deriving the radial force with the proposed
method.

3) It is possible to derive the radial force (thrust force)
by acquiring tool position information using servo in-
formation, and it can be confirmed that it matches the
radial force (thrust force) derived using the proposed
method.
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