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Abstract: In this paper, the effects of tool geometry and cutting parameters on cutting force and quality
were investigated during the tapered milling of glass magnesium (MGO) board with diamond cutters.
The results were as follows: firstly, both the cutting force and roughness of the machined surface
were positively correlated with the taper angle of the cutters and the cutting depth, but negatively
related to the spindle speed. Then, the cutting depth had the largest influence on the cutting force
and surface roughness, followed by the taper angle and spindle speed. Thirdly, the taper angle had a
significant influence on the cutting force, but not on the surface roughness. The contribution of the
spindle speed to both the cutting force and the surface roughness were significant, while the cutting
depth had an insignificant effect on the cutting force and the surface roughness. Finally, the optimal
cutting condition for the tapered milling of glass magnesium board was found to be a taper angle of
15°, a spindle speed of 5000 rpm (cutting speed of 36.63 m/s), and a cutting depth of 0.5 mm, which are
proposed for industrial production in order to achieve greater cutting quality and economic benefit.
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1. Introduction

Glass magnesium (MGO) board is a new kind of engineering material. It is mainly made of
magnesium oxide, magnesium chloride, and alkali-resistant glass fiber [1]. Glass MGO board has
been used in a wide range of applications, such as packaging, flooring, and decoration, because of its
fireproof, environmentally friendly, and durable properties [2,3].

Glass MGO board is a difficult-to-cut material due to its high hardness, which easily increases
the wear rate of cutters. In practical production, common cutter materials, such as high-speed
steel [4], tungsten carbide [5], and ceramic [6], cannot meet the requirements of glass MGO board
machining. Considering the circumstances, diamond cutters appear to be the best choice to deal with
this problem [7]. Diamond cutters have many outstanding advantages, including high hardness [8],
low friction coefficient [9], high modulus of elasticity [10], and a low thermal expansion coefficient [11];
thereby, they have been widely used in the practical machining of glass MGO board.

Based on relevant studies, cutting force and cutting quality are important research objects in
material processing theories [12] as they affect the tool design, product quality, and the cost of machine
power directly [13]. Meanwhile, studies have shown that cutting force and cutting quality are affected
by many factors including cutting speed, cutting depth, tool geometry, and so on [14,15]. Cutting force
was investigated by Fountas et al. [16] during the turning of glass fiber reinforced polyamide material.
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They found that the feed rate had a more profound effect on the cutting force than the cutting speed,
and the cutting force increased with the increase of feed rate but decreased with increased cutting
speed. In related studies on cutting force, Gunay et al. [17] explored the cutting force during the steel
AISI 1040 turning process, and their results showed that the cutting force decreased with the increase of
the rake angles of the cutters. In a study on the quality of machined surfaces, Fu et al. [18] determined
that the cutting parameters, including the cutting speed, feed rate, and cutting depth, had a great
influence on the roughness of the machined surface when milling aluminum alloy. The trend of
surface roughness during finishing turning by cemented carbide cutters with different tool angles
was researched by Sung et al. [19], who found that the surface roughness was sensitive to tool angles,
which was negatively related to the wedge angle.

Tapered milling is a cutting method where the cutting edge forms a tapered surface at a special
angle dependent on the rotation of the spindle. Compared with traditional cylindrical milling,
tapered milling has better cutting stability and higher cutting efficiency, and has thus been applied in
various materials processing. However, there has been little research conducted on the performance of
tapered milling, especially in the machining of glass MGO board.

Thus, the present work examines the performance of tapered milling during glass MGO board
machining with diamond cutters, and the main attention is given to the effects of the tool angle,
spindle speed, and cutting depth on the cutting force and cutting quality. Meanwhile, the optimal
cutting conditions were obtained by optimizing the tool angle and cutting parameters, so as to offer
scientific theoretical guidance for industrial glass MGO board machining.

2. Materials and Methods

In this work, up-milling was carried out, which was performed in a machining center
(MGKO01, Nanxing Machinery Co., Ltd., Guangzhou, China) at a constant feed rate of 15 m/min.
Glass MGO board was adopted as the machining object, and its mechanical properties are listed in Table 1.
The polycrystalline cemented diamond (PCD) cutters used were made from diamond micro-powder
sintered with a metal binder, and their main chemical components were carbon, cobalt, and tungsten
carbide. As shown in Figure 1 and Table 2, all PCD cutters had the same material properties: a constant
tool radius of 140 mm and a constant tooth number of six, but different taper angles, A.

Table 1. Material properties of glass magnesium (MGO) board.

Workpiece Density Rupture Strength Impact Strength Thermal Conductivity
Glass MGO 1.12 g/em? 24 MPa 48 K] 0.64 W/m-K
86| 80 3 | ©40-4-M6x15
|
/ |
A
©140 |

Figure 1. Tapered cutter used in this work (mm).
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Table 2. Tool angle and properties of polycrystalline cemented diamond (PCD) cutters.

PCD Tool Geometries Material Properties
Cutters Taper Rake Clearance Modulus of Thermal Hardness
Angle Angle Angle Elasticity Conductivity
1 15° 10° 8°
2 25° 10° 8° 800 GPa 560 W-m™1-K™! 8000 HV
3 35° 10° 8°

Orthogonal experimental design was used in this work, which is a design method of multiple
factors at multiple levels [20] that can be used to study the influence of various factors (Table 3) on
cutting force and cutting quality based on the orthogonal Latin squares table Lg (3%) [21]. The specific
experimental design is shown in Table 4. During each combination of cutting parameters, the cutting
force and cutting quality were acquired and averaged from three measurements.

Table 3. Cutting parameters.

Factors
Levels
Taper Angle (A) Spindle Speed (n) Cutting Depth (h)
1 15° 4000 rpm 0.5 mm
2 25° 5000 rpm 1.0 mm
3 35° 6000 rpm 1.5 mm

Table 4. Range analysis of resultant force (FR).

Test Number Taper Angle (A) Spindle Speed (n)  Cutting Depth (h) Resultant Force (FR)

1 15° 4000 rpm 0.5 mm 39.43 N
2 15° 5000 rpm 1.0 mm 5541 N
3 15° 6000 rpm 1.5 mm 7231 N
4 25° 4000 rpm 1.0 mm 62.60 N
5 25° 5000 rpm 1.5 mm 77.83 N
6 25° 6000 rpm 0.5 mm 42.87 N
7 35° 4000 rpm 1.5 mm 84.81 N
8 35° 5000 rpm 0.5 mm 51.74 N
9 35° 6000 rpm 1.0 mm 65.29 N

Ky 55.717 62.280 44.680

Ky 61.100 61.660 61.100

Ks 67.280 60.157 78.317

R 11.563 2.123 33.637

K| in the table represents the average value of the No. (i) of level data of each factor, and R represents the difference
between the maximum value and the minimum value of each factor K;j, namely, the range of K;.

As shown in Figure 2a—c, the cutting force was measured by use of a Kistler three-component
dynamometer and then calculated by using Dynoware specialized data processing software, where Fy
is defined as the component force perpendicular to the feeding direction, F, is the component force
parallel to the feeding direction, and F, stands for the component force parallel to the tool axis. In order
to more intuitively investigate how various factors affect cutting force, resultant force, Fg was used as
an evaluation index of force, and obtained by Equation (1).

Fr = Fx + F,2 + F2 1)

Surface roughness, Ra, was adopted to evaluate the cutting quality of the finished surface. Ra was
measured by the surface profiler, and calculated by ACCTee software (Figure 2a,d,e).
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Figure 2. Schematic diagram of the cutting experiment: (a) tapered cutting, (b) dynamometer, (c) cutting
force diagram, (d) surface profiler, (e) machined surface.

3. Results and Discussion

3.1. Research on Cutting Force Based on Range Analysis

Table 4 shows the results of the resultant force via range analysis. The larger R values
indicate a greater contribution of the factor on the results [20,21]. In this work, the solution shows
Ry =33.637 > Ry = 11.563 > R, = 2.123. Therefore, factor h (cutting depth) had the greatest influence
on the cutting force, followed by factor A (taper angle), and the factor n (spindle speed) had the least
influence on the cutting force. In addition, taking the cutting force as the evaluation index, according
to the value of Kj, the optimal combination of the three factors with the lowest cutting force could be
selected. It can be concluded that the combination A;nzh; was the optimal cutting parameter, in which
the taper angle was 15°, the spindle speed was 6000 rpm (43.96 m/s cutting speed, Equation (2)),
and the cutting depth was 0.5 mm.

The effects of the taper angle and cutting parameters on the cutting force are displayed in Figure 3.
It was found that the cutting force was enhanced with the increase of the taper angle, decreased slightly
with the increase of the spindle speed, and increased with the increase of the cutting depth.
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Figure 3. Trends of cutting force under different cutting conditions.
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During the tapered milling, shown in Figure 4a,b, the cutting edge BC was rotated around the OO’
axis to form a tapered surface. By cutting the tapered surface with a plane (KM) perpendicular to the
machined surface, the gyration radius, diameter of a point on the cutting edge, and cutting speed can
be expressed as Equations (2)—(4), respectively.

p=S-tan(90° - A) ()

d=S5-cosA @)
nidn

“ o0 W

where p (mm) is the cutting radius of gyration at any point on the cutting edge BC, S (mm) is defined
as the distance from the apex of the cone to the intercepted point, A (°) is the taper angle, d (mm) is the
diameter of a point on the cutting edge BC, and V. (m/s) is the cutting speed of a point on the cutting
edge BC.

(®) (©)

Uz

Uz

Figure 4. Motion analysis of the tapered milling: (a) taper milling, (b) cross-section KM of taper milling,
(c) feed per tooth and chip thickness.

Anillustrative sketch of feed per tooth and chip thickness is displayed in Figure 4c. During cutting,
the unwanted material above the cutting layer was removed by the rake angle and formed into chips.
The chip volume, namely, removal quantity, was directly determined by feed per tooth and cutting
thickness, as expressed by Equations (5) and (6) [15].

~1000U
T on-z

z ®)
where U, (mm) is the feed per tooth, U is the feed rate with a constant of 15 m/min, #n (rpm) is the
spindle speed, and z is the number of teeth, which was a constant of six in this work.

Agy = %amux =U;- % (6)
where 4,4, (mm) is the average cutting thickness, a,,5y (mm) is the maximum cutting thickness, 1 (mm)
is the cutting depth, and D is the tool radius with a constant of 140 mm.

According to above analysis, the increased taper angle led to a decreased gyration radius and
increased cutting speed. The glass MGO board used was an inhomogeneous composite material,
having many hard particles. When the cutting edge with a higher speed bit into the glass MGO board,
the greater impact force would act on the cutter from the hard particles. Therefore, the cutting force
showed a growing trend with the increase of the taper angle of the cutters. Meanwhile, the feed
per tooth and average cutting thickness increased with decreasing the spindle speed and increasing
the cutting depth. Thus, the cutting quantity per time during milling decreased with the increase
of spindle speed, and increased with increasing cutting depth. A larger cutting quantity, indicating
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higher resistance, was generated during the machining process; therefore, the cutting force decreased
with an increase in spindle speed, but increased with an increased cutting depth.

3.2. Research on Cutting Force Based on ANOVA (Analysis of Variance)

ANOVA and F tests were carried out to prove the significance of each factor. As listed in Table 5,
the ANOVA analysis was adopted for a significance level of & = 0.05, namely, 95% confidence level.
By comparing the F value of each factor with Fy g5 = 19.00, if the F value of a factor was higher than
the value of Fy o5, namely, 19.00, the contribution of that factor was significant, otherwise it was
insignificant [20,21]. In this work, the contributions of the taper angle (Fy s = 19.00 < F) = 60.726) and
cutting depth (Fo s = 19.00 < F, = 513.136) to the cutting force were significant, while the contribution
of the spindle speed was insignificant (F, = 2.162 < Fy o5 = 19.00).

Table 5. ANOVA results of resultant force (FR).

Factors Sum of squares Degrees of freedom F Prominence
Taper angle (A) 200.883 2 60.726 Significant
Spindle speed (n) 7.153 2 2.162 Insignificant
Cutting depth (h) 1697.455 2 513.136 Significant
Error 3.31 2
Total 1908.801 8

3.3. Range Analysis of Surface Roughness

Results of the range analysis of the surface roughness are presented in Table 6. By comparing
the R value of each factor, it was found that the Ry, value was the largest, and the value of R, was
the smallest (R, = 5.080 > Ry = 2.527 > R, = 0.853). Thus, this result indicates that the cutting depth
had the greatest influence on the surface roughness, followed by the taper angle and the spindle
speed. Meanwhile, taking the surface roughness as the evaluation index, according to the value of
Kj, the optimal combination of the three factors with the lowest value of surface roughness could be
selected. Hence, the combination of Ajn3h; was adopted as the optimal cutting parameter, in which
the taper angle was 15°, spindle speed was 6000 rpm (43.96 m/s cutting speed), and the cutting depth
was 0.5 mm.

Table 6. Range analysis of surface roughness (Ra).

Testing Number Taper angle (A) Spindle Speed (n)  Cutting Depth (h) Rou:;;f::: (Ra)
1 15° 4000 rpm 0.5 mm 6.00 um
2 15° 5000 rpm 1.0 mm 7.42 ym
3 15° 6000 rpm 1.5 mm 9.95 um
4 25° 4000 rpm 1. mm 8.06 um
5 25° 5000 rpm 1.5 mm 10.88 pm
6 25° 6000 rpm 0.5 mm 6.32 um
7 35° 4000 rpm 1.5 mm 14.15 um
8 35° 5000 rpm 0.5mm 742 um
9 35° 6000 rpm 1.0 mm 9.38 um

Ky 7.790 9.403 6.580
K 8.420 8.573 8.287
Ks 10.317 8.550 11.660
R 2.527 0.853 5.080

Figure 5 shows the influence of the cutting parameters on the surface roughness, which indicates
that the surface roughness increased as the taper angle increased. According to Equation (2) and
Figure 4a,b, with increasing the taper angle, the radius of gyration became smaller. The chip could not
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easily be removed from the workpiece by the cutter. Therefore, the surface roughness increased with an
increasing taper angle. Similar to the results of Guo et al. [6] and Zhu et al. [22], the surface roughness
decreased with the increase of spindle speed and increased with an increased cutting depth (Figure 5).
As expressed in Equations (5) and (6), the increasing spindle speed and decreasing cutting depth
reduced the feed per tooth and the cutting thickness during the milling process, directly lowering
the resistance acting on the cutter and improving the cutting stability. Thus, the cutting quality was
improved by increasing the spindle speed and decreasing the cutting depth.

12

Surface roughness Ra (pm)

T T T T T T T T T
152 25°  35° 4000 5000 6000 0.5 1.0 1.5
Taper angle (°) Spindle speed (rpm)  Cutting depth (mm)

Figure 5. Cutting parameters and surface roughness trend chart.

3.4. Research on Surface Roughness Based on ANOVA

Table 7 lists the ANOVA results of the surface roughness in terms of a significance level of
a = 0.05, namely a 95% confidence level. Based on judging the F value of each factor with Fy 5 = 19.00,
it was found that the contributions of the taper angle (F) =9.941 < Fy 5 = 19.00) and spindle speed
(Fn = 1.358 < Fy g5 = 19.00) to the surface roughness were insignificant, while only the cutting depth
(Fo.05 = 19.00 < Fy, = 38.408) had a significant effect on the surface roughness.

Table 7. Analysis result of surface roughness (Ra).

Factors Sum of squares Degrees of freedom F Prominence
Taper angle (A) 10.378 2 9.941 Insignificant
Spindle speed (n) 1.418 2 1.358 Insignificant
Cutting depth (h) 40.098 2 38.408 Significant
Error 1.04 2
Total 52.934 8

3.5. Optimization and Verification

According to the range analysis and the ANOVA of the cutting force and surface roughness
(Tables 4-7), the optimum cutting combination was Ajnzh;, and cutting speed had an insignificant
contribution to both the cutting force and surface roughness. In this case, considering the economic
benefit, the spindle speed should be lower but still within an appropriate range, because a lower
spindle speed reduces the energy consumption of the machine and causes more severe tool wear.
Therefore, the optimal cutting parameters are assumed to be Ajnyh;, in which the taper angle is
15°, the spindle speed is 5000 rpm (36.63 m/s cutting speed), and the cutting depth is 0.5 mm.
However, this combination of parameters was not previously performed in the orthogonal test. In order
to verify the feasibility of this combination, a verification test was carried out and then compared
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with a control group, where the lowest cutting force and surface roughness were measured by
orthogonal testing.

As shown in Table 8, when the taper angle was 15°, the spindle speed was 5000 rpm (36.63 m/s
cutting speed), and the cutting depth was 0.5 mm, the cutting force and surface roughness were
36.67 N and 5.94 um, respectively, which are all slightly less than the results of 39.43 N and 6.00 um
acquired by the combination of Ajn 1hj. In other words, the optimal cutting parameters assumed are
matched and valid. Therefore, during the tapered milling of glass GMO board, the optimum cutting
condition is 15° taper angle, 5000 rpm spindle speed (36.63 m/s cutting speed), and 0.5 mm cutting
depth, which is proposed for actual machining in order to achieve a smoother machined surface and
greater economic benefit.

Table 8. Verification testing for resultant force (Fr) and surface roughness (Ra).

Testin Taper Spindle Cutting Resultant Surface

& Angle (A) Speed (n) Depth (h) Force (FRr) Roughness (Ra)
Control group 15° 4000 0.5 39.43 N 6.00 pm
Verified group 15° 5000 0.5 36.67 N 5.94 um

4. Conclusions

In this work, tapered milling was conducted to machine glass MGO board via an orthogonal test
design. The results show that the cutting force and surface roughness increase with the increase of the
taper angle, and decrease slightly with increasing spindle speed, and furthermore are enhanced with
increased cutting depth. Therefore, the cutting depth has the largest influence on the cutting force
and surface roughness, followed by the taper angle and spindle speed. According to the ANOVA,
the taper angle has a significant influence on the cutting force, but not on the surface roughness,
while the spindle speed has an insignificant effect on both the cutting force and surface roughness.
The contribution of the cutting depth to both the cutting force and surface roughness is significant.
Finally, based on experimental optimization, the optimal cutting conditions were found to be 15°
taper angle, 5000 rpm spindle speed (36.63 m/s cutting speed), and 0.5 mm cutting depth, which are
proposed for the actual machining of glass MGO board to improve the quality of the machined surface
and for economic benefit.
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