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Trochoidal milling has been developed to extend the cutting tool life as compared to conventional milling. It is
widely used in the machining of slots and corners of molds and dies. There are several tool paths typically used in
trochoidal milling such as true, circular, variable-feed, and variable-step trochoidal tool paths. However, these
paths suffer from low material removal rates, low surface qualities, high CPU processing times, and/or the
requirement of high-dynamic machine tools. Elliptical trochoidal tool path showed its capability to improve the
material removal rate, but the expected low surface quality of the produced slot. In this paper, the elliptical tool
path will be analyzed analytically and experimentally. The effect of elliptical tool path on material removal rate,
cutting forces, walls waviness, and surface roughness have been investigated. A novel linear elliptical-based tool
path has been proposed to enhance the elliptical tool path performance by improving both material removal rate
and surface quality. A Performance index has been utilized to evaluate the performance of these processes. An
analytical model for the local maximum chip thickness in elliptical tool path has been conducted to correlate this
path with the cutting forces. The slot walls waviness has been modeled based on the cutting tool path geometry
and validated experimentally with error less than 11%. The experimental results showed that the elliptical tool
path improved the material removal rate by 11%, with a slight reduction in the maximum resultant cutting force
by 3%. On the other hand, the walls waviness and surface roughness have been increased by 45% and 38%
respectively as compared to the typical true trochoidal tool path. The introduction of linear paths at the elliptical
path sides in the linear-elliptical tool path improved the performance index about 18 times by improving the
material removal rate, waviness, and surface quality by 5%, 300%, and 74% respectively, without a significant
effect on cutting forces. Therefore, the novel linear-elliptical paths are promising tool paths in increasing the
performance of trochoidal milling due to the improved material removal rate, walls waviness, and surface
quality, without a significant effect on cutting forces, which will improve the process machinability and cost-
effectiveness.

1. Introduction cutting forces, and surface roughness. In order to overcome these effects,

optimization of the process and tool parameters have been achieved, in

Recently, machine tools and cutting tools have been rapidly devel-
oped, improving productivity and production rates. Accordingly, new
machining techniques have been developed to utilize these advance-
ments effectively, such as high-speed, high-feed, and high-performance
machining processes. On the other hand, undesired consequences have
been revealed such as the increase of cutting tool temperature and wear,

addition to developing new techniques. In milling, advanced techniques
have been developed, such as trochoidal milling, plunge milling, helical
milling, laser-assisted milling, etc. [1,2].

Trochoidal milling, Fig. 1, is a milling process that has been devel-
oped to extend the cutting tool life by reducing the cutting tool tem-
perature. In this process, a rotating cutting tool, with a rotational speed
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Fig. 1. Schematic drawing of the trochoidal milling process.

n, set at an axial depth of cut a,, moves in a definite path with a feed rate
fr. The material removal is performed only in the first half of the tool
revolution, while the tool is cooled down in the second half. This process
kinematics allows the increase of tool cooling time, in addition to the use
of a tool of diameter less than the machined slot width. Because of this
enhanced tool cooling mechanism, the tool life is longer as compared to
conventional milling, and the cooling fluid may not be used, hence the
process is more effective economically and environmentally. The tool
path can be either continuous or discontinuous. In the continuous tool
path, the tool follows a true trochoidal path, Fig. 2 (a), while in the
discontinuous path, Fig. 2 (b), the tool passes in a circular path and then
advances a distance, defined as trochoidal step, s, after each complete
revolution. The continuous tool motion gives the tool more stability, but
the tool path programming is more complex. While the discontinuous
path is composed of two different paths: linear and circular, which are
simpler in programming. The tool stability is less due to the sudden
change in tool direction at the end of each portion.

The surface texture of the slot walls of the slot is one of the main
trochoidal milling defects. Surface texture is concerned with the
geometrical irregularities of the machined surface of the workpiece. It
includes form deviation, waviness, roughness, lays, and flaws [1,31,32].
Structural deviations are irregularities of the first order due to system-
atic errors. Surface waviness is a second-order error in the machined
surface that is caused by systematic or random influences. The surface
roughness is irregularities of third up to sixth order that occurs because
of the process effects, grains orientation, etc. Generally, all these de-
viations are superposed on a real surface. In order to separate roughness
from waviness, filters are employed in the measurement process as

(@) (b)

Fig. 2. Different types of trochoidal tool paths: (a) true trochoidal tool path, (b)
circular-type trochoidal tool path.
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recommended by ISO 4287. Fig. 3 demonstrates the superimposition of
waviness and roughness on the surface of the workpiece. The waviness
can be defined by the waviness spacing and waviness height (W). The
surface roughness is separated from the waviness by considering the
roughness measurements in a small distance known as the cut-off dis-
tance. The surface roughness parameters are the roughness spacing and
its height. The surface roughness height can be defined by different
parameters such as peak-to-valley height, R,, arithmetic average height,
R;, root mean square, Ry, etc. [33]. The assessment of the cutting tool
path facilitates the determination of this phenomenon.

In comparison to conventional milling, trochoidal milling is char-
acterized by lower cutting temperature, tool wear, and cutting forces
due to the lower engagement angle between tool and workpiece [3-6].
Therefore, it is efficient in the machining of difficult-to-cut materials
such as Ti-6Al-4V, duplex stainless steel, Inconel superalloys, etc., and in
high-speed machining [1,7-11]. During the cooling portion of the tool
path, the tool does not perform any cutting, so the material removal rate
is less as compared to conventional milling [4]. The discontinuity of the
tool path results in higher surface roughness and lower dimensional
accuracy [4,12]. Uddin et al. proved experimentally that trochoidal
milling is suitable for machining deep and narrow grooves [13].

Several efforts have been exerted to improve the trochoidal milling
process such as optimization of the process parameters, using variable
process conditions, and developing the cutting tool path. Another
perspective was to apply this process in difficult-to-cut conditions, such
as the machining of difficult-to-cut materials, high-speed machining,
and machining of corners. In the papers [5,6,14-17], it has been proved
experimentally that during trochoidal milling, cutting forces, surface
roughness and energy consumption can be reduced by decreasing the
axial depth of cut, trochoidal step, or feed rate, however the lessening of
material removal rate. Karkalos et al. showed the good influence of
increasing the cutting speed on surface quality [15]. In order to reduce
the process cycle time, M. Otkur and I. Lazoglu proposed double
trochoidal milling, where the tool revolution direction is inverted after
each cutting cycle [18]. Although the material removal rate has been
improved by 50% as compared to conventional trochoidal milling, the
cutting forces have been increased by the same ratio. Additionally, this
technique reduced the tool cooling time and requires high machine tool
dynamics, i.e., acceleration and jerk. For the same purpose, Salehi et al.
developed a complicated tool path nominated as epicycloidal tool path
[19]. In comparison to circular trochoidal tool path, the cycle time was
less by 20% at the expense of a 10% increase in forces. Oh et al. proved
that laser assistance in trochoidal milling has a great impact on the
reduction of cutting forces and specific energy by 100% and 20%
respectively [20]. Huang et al. proposed an elliptical trochoidal tool
path of 0.5 aspect ratio, as an alternative to the typical circular
trochoidal tool path, to improve the material removal rate during groove
machining [21]. By using this path, they succeeded in improving the
material removal rate by 12.1% as compared to the typical tool path.
They did not consider the effect of this path on surface quality and
product accuracy. Jaco et al. proposed a new Bézier curve-based tool
path technique and a new stochastic hill climbing algorithm-based
optimization method to increase the material removal rate of
trochoidal milling [22]. S. Hesterberg and B. Albert proved that
variable-feed (dynamic) trochoidal milling is better than the static one
in terms of forces, however, it requires high dynamics of the machine
tool [23]. Recently, Hernandez et al. showed the high performance of
dynamic trochoidal milling in improving material removal rate and tool
life as compared to the static one [24]. Waszczuk et al. concluded that
the stretched trochoidal tool path can produce a better surface quality
than that of circular trochoidal, true trochoidal, and semi-trochoidal
paths [12]. Waszczuk et al. proved that surface roughness is signifi-
cantly affected by the trochoidal tool path [12,25,26]. They proved that
semi-quasi trochoidal milling produces the roughest surface in com-
parison to the other processes due to the sudden change of tool move-
ment direction. They proved that adding linear paths to the sides of the
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Fig. 3. Waviness and roughness parameters.

main trochoidal path enhances the surface roughness significantly.

Pockets include wide areas, slots, and corners. It has proved that the
wide areas are better to be machined by contour-parallel milling tech-
nique, while slots and corners are better to be machined by trochoidal
milling [13,27,28]. Cutting forces increase significantly at the corners
where the engagement angle between tool and workpiece increases.
Deng et al. developed an optimization approach for the trochoidal radius
and step to maximize the material removal rate [29]. They built their
model on the determination of the maximum engagement angle between
tool and workpiece considering the limiting cutting force. However, the
success of their technique requires a long time for path creation and
simulation in CAM software. In addition, they did not consider the in-
fluence of this technique on product accuracy or quality. Wang et al.
presented an adaptive trochoidal toolpath technique to reduce fluctua-
tions in cutting forces along the tool path [27]. They used a variable step
technique to control the cutting forces, which led to the reduction of tool
path length and cutting forces, and tool life and material removal rate
improvement. Wang et al. extended this technique to include two stra-
tegies: radius-varying trochoidal milling and contour-parallel toolpath
to improve and stabilize cutting forces and material removal rate along
the machined contour [28]. For the aim of simulation time reduction,
Jasco et al. presented a fast algorithm to stabilize the engagement angle
between tool and workpiece like pixel-based methods [30]. The tool
path changes as the tool advances depending on the shape to be
removed.

Although several research has been conducted to improve the
trochoidal milling performance, they were either based on the
enhancement of one factor only or constrained to machine tools of high
dynamics. The elliptical tool path showed its effectiveness in the
enhancement of material removal rate in trochoidal milling without
affecting the cutting forces, but the tool suddenly changes its motion,
which may harm the surface quality. Hence, analysis and development
of this path is required. In this paper, the elliptical tool path will be
analyzed theoretically and experimentally. A novel linear-elliptical
trochoidal tool paths will be presented as an improvement of the ellip-
tical tool path and an alternative to the typical true trochoidal tool path.
The proposed tool path combines elliptical and linear motions of the
cutting tool to improve both material removal and surface texture
simultaneously.

The objective of this paper is to investigate the effects of elliptical
tool path on material removal rate, surface texture, and performance
index as compared to the typical trochoidal tool path. The performance
index is an index that compromises the investigated responses in only
one factor. In addition, the effects of the proposed linear-elliptical on
surface texture and process performance will be studied.

The structure of this paper consists of six main sections. The intro-
duction presents the significance of trochoidal milling process, the
literature review of trochoidal milling, and the research gap. In the
second section, the elliptical trochoidal tool path will be analyzed
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theoretically. The third section includes a description of the proposed
linear-elliptical tool path and its significance. The fourth section pro-
vides the experimental work on elliptical and linear-elliptical tool paths.
In the fifth section, results and discussion are presented. Finally, the
paper results will be summarized in the conclusions sections.

2. Analysis of elliptical trochoidal tool path

This section presents an analysis of the elliptical tool path, including
the study of the process kinematics, the tool path length, local maximum
chip thickness, and walls waviness. MATLAB R2021b has been used in
this analysis.

2.1. Elliptical tool path length

Fig. 4 illustrates the typical true trochoidal tool path (solid curve)
and the elliptical tool path (dashed curve). Generally, the elliptical
trochoidal tool path is characterized by a lower tool path length, but it is
sharper on both sides as compared to the typical one. It can be described
mathematically as in Eq. (1). The main parameters of this path are the
lengths of the ellipse major diameter, a, and minor diameter, b, where
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Fig. 4. The elliptical (solid curve) versus the circular (dashed curve) trochoidal
tool paths.
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the ratio between them is defined as the elliptical tool path aspect ratio,
re, Eq. 2. Fig. 5 shows the correlation between the elliptical tool path
aspect ratio, r,, and the tool path length, L, at different slot widths, B. It
can be revealed that the decrease in aspect ratio reduces the path length
significantly. For all slot widths, by reducing the minor diameter length
to half the major diameter length, i.e., r,= 0.5, the tool path length is
almost 23% less than that of the typical trochoidal path, r, = 1. There-
fore, the elliptical path has a great potential to be applied in trochoidal
milling as it can enhance the material removal rate by reducing the tool
path length. In this paper, the typical true trochoidal tool path, ro = 1,
will be nominated shortly as the circular tool path.

x = —acosf

Y 1
y:bsin9+£ =
2

b
re=-—
a

(2)

Where (a) is the elliptical path major diameter, (b) is the elliptical path
minor diameter, (¢) is the tool center position angle, and (s) is the
trochoidal step.

2.2. Local maximum chip thickness of elliptical trochoidal tool path

Altintas and Lee proved that the tangential, radial, and axial cutting
forces mainly depend on the chip thickness in addition to the coefficients
of cutting forces [34]. Surface roughness, tool wear, cutting tempera-
ture, and other phenomena are affected by the cutting forces as well.
Since the coefficients of cutting forces are dependent on the chip
thickness, hence the local maximum chip thickness will be expressive for
the cutting forces of elliptical trochoidal milling.

Fig. 6 illustrates the cutting tool (red circle) at two successive posi-
tions O¢; and Ocy, the elliptical tool center path C; (dashed line), the
tool edge path during the previous revolution C», and the corresponding
local maximum chip thickness, hyq,. The distance between each two
successive tool positions is the tool center feed per tooth, f,. The ellip-
tical tool center path C; is drawn based on Eq. (1) with the origin Oy,
where the following path has the origin O,. The tool edge path during
the previous revolution C3 is the offset curve of the tool path by the tool
radius, R;. It can be drawn based on Eq. (3). The maximum chip thick-
ness at each position Ocs, located on Cj, can be calculated from Eq. (4).
It depends on the coordinates of the points B (xp,yp) and D (xgy4). Point
B is the intersection point between the tool circle C3 in position O¢, and
the tool edge path during the previous revolution C,. The coordinates of
B can be determined by solving equations of these curves, 3 and 5,
simultaneously numerically. Point D is the intersection point between
the tool in position O¢ and line O¢B. The coordinates of D can be
computed after the determination of point B as shown in Eq. (6).

- - -
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Fig. 6. Analysis of the elliptical tool path showing the maximum chip thick-
ness, hpayx.
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2 dx
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Nmax = \/(Xd —x)" + (a — )’ (G
X¢; = Xo, + Ricosd (5)
Yes = Yoe, + Risind
X4 = Xo., + Ricos tan~! ¥ = Yoe

’ Xb = Xoc,
(6)

Y4 = R,cos tan~! w
Xb = Xoc,

Where (x,,y,) are the corresponding coordinates of the previous tool
revolution curve Cz, (R;) is the cutting tool radius, (x;) is the x-intercept

of the normal to the tool path C; at point (xoc1 , )’Ocl) with the x-axis,

(%) is the slope of the tangent to the tool path C; at the same point.

(hmax) is the local maximum chip thickness at the same point, (xp,Ys)
and (xg,Yq) are the coordinates of the points B and D respectively, (6) is

angle where calculations take place; 8 = [0, 27], (xoCl , J’Ocl) and (xocz,

N
(ol=}
~

0.8

1 1.2 1.4 1.6

Elliptical tool path aspect ratio, A

Fig. 5. The effect of elliptical tool path aspect ratio, r., on the tool path length, L, at different slot widths, B.

171



M. Wagih et al.

}'Ocz) are center points of two successive arbitrary circles of radius R;

that lies on the tool path C;, where the distance between them is the feed
per tooth, f,.

The variation of the local maximum chip thickness along the ellip-
tical tool path is demonstrated in Fig. 7 for the aspect ratios 0.5-1.2 and
the conditions in Table 1. Table 2 summarizes the figure highlights
showing the maximum chip thickness value, hp,.y, the total cycle time,
teycle, the time interval from the start of cutting to the maximum chip
thickness, ty,,y, the tool cooling time interval, teooling, and the material
removal rate at each aspect ratio. As the aspect ratio decreases from 1.1
to 0.6, the material removal rate increases significantly, and the
maximum chip thickness is almost constant, but the cooling time re-
duces significantly. In addition, by reducing the aspect ratio, the
maximum chip thickness is attained after a shorter time and kept con-
stant for longer. By comparing the two elliptical tool paths of 0.5 and 1
aspect ratios, the material removal rate for the elliptical path of 0.5
aspect ratio is larger than that of the circular one by 21.8%, the
maximum chip thickness is less by 5.9%, and the cooling time is less by
17.7%. Therefore, the material removal rate can be improved signifi-
cantly without a significant effect on the chip thickness and conse-
quently the cutting forces.

2.3. Slot walls waviness of elliptical trochoidal tool path

The large waviness of the slot walls is one of the trochoidal milling
defects. It can be determined by considering the cutting tool path at the
walls of the machined slot. Fig. 8 demonstrates the slot walls waviness
due to the cutting tool motion in its path for the two types of trochoidal
milling. The motion of cutting tool in a true trochoidal tool path, Fig. 8
(a), produces waviness at both sides of the slot walls. In case of the
circular-type trochoidal tool path, Fig. 8 (b), the waviness is only at the
right wall of the slot due to the cutting tool motion linearly on this side
removing the unmachined fragments from the left wall. The waviness
spacing for both paths and the elliptical-based tool paths is the
trochoidal step, s, while its height, W, depends on the tool path,
trochoidal step, trochoidal radius, and cutting tool radius. The waviness
height at the right and left walls can be determined numerically by
substituting s/2 in y( in Eq. (3) for the left wall and by s for the right one
to find the value of x(, hence the waviness can be calculated. Fig. 9 il-
lustrates the effect of the elliptical path aspect ratio on the waviness of
the slot left wall, W}, and the waviness of the slot right wall, W;. The
increase of the elliptical tool path aspect ratio has a significant reducing
effect on the waviness of both sides of the slot, enhancing the slot ac-
curacy. Hence, the use of elliptical path has a negative effect on the slot
walls waviness. In comparison to the circular path, r,= 1, the use of
elliptical path of 1.2 aspect ratio reduces the left and right walls wavi-
ness similarly by 18%, while the elliptical path of 0.6 aspect ratio

CIRP Journal of Manufacturing Science and Technology 47 (2023) 168-183

Table 1
Parameters used in the theoretical analysis of the elliptical and
linear-elliptical tool paths.

Parameter Value
Tool center feed rate, f, [mm/min] 600
Trochoidal step, s [mm] 1
Rotational speed, n [rpm] 2000
Cutting tool diameter [mm] 10
Cutting tool number of teeth 4
Slot width [mm] 20

Table 2
Elliptical tool path maximum chip thickness, cycle time, and time interval till the
maximum chip thickness for different aspect ratios.

r. Fmax [mm] Leyete [5] thmax (8] Leooting[s] MRR [mm®/min]
0.5 0.068 2.5 0.098 1.30 2879
0.6 0.062 2.6 0.132 1.35 2748
0.7 0.059 2.8 0.216 1.43 2608
0.8 0.057 2.9 0.424 1.50 2487
0.9 0.058 3.0 0.539 1.57 2367
1 0.059 3.2 0.694 1.64 2256
1.1 0.059 3.3 0.762 1.72 2154
1.2 0.060 3.5 0.766 1.80 2057

produces higher waviness by 48%.

3. Linear-elliptical trochoidal tool path: a developed elliptical
trochoidal tool path

Szaloki et al. [4] in addition to Waszczuk et al. [12] proved that
conventional milling produces a better surface quality than that of
trochoidal milling. This can be explained by the difference between the
processes kinematics, as in trochoidal milling, the cutting tool suddenly
changes its direction several times, increasing the produced vibrations at
these locations. Waszczuk et al. proved that adding a linear motion to a
stretched quasi-trochoidal path improved the surface quality by 60%
[26].

In order to reduce the produced waviness and surface roughness at
the slot walls due to the elliptical path, linear paths at the slot walls are
suggested to be introduced through the elliptical tool path, forming a
new path nominated as linear-elliptical tool path, Fig. 10. In this
developed path, the tool moves forward a distance d from point A to
point B in the linear path (1), followed by a forward elliptical path (2)
from point B to point C. Thereafter, the tool travels backward a distance
d in the linear path (3) from point C to point D. Finally, it transfers
through the backward elliptical path (2) from point D to point E, where
the path is repeated. In this tool path, the tool accomplishes both

E 007 :
£ [ —re=0.5
% 0.06 | ~—re=0.6
g 1 re=0.7
o | —re=0.8
s 0.05] ~—re=0.9
7] [ -
-4 ‘ —re=1
£ 0.04] —re=1.1
L i —re=1.2
<€ 0.03
2
<
© 0.02
©
3]
S 0.01
%
© 0 J_J l_J J ) )
=
0 0.5 1 1.5 2 2.5 3 3.5
Time, t [s]

Fig. 7. Variation of the local maximum chip thickness, hy,.y, of elliptical tool path with time, t, for different aspect ratios, re, using conditions in Table 1.
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Fig. 8. Schematic drawing showing the waviness of the slot walls due to cutting tool motion in its path for (a) true trochoidal tool path and (b) circular-type

trochoidal tool path.
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Fig. 10. The linear-elliptical tool path (a) and its four components (b).

conventional milling and elliptical trochoidal milling motions, where
the tool performs conventional milling at the sides of the machined slot,
decreasing the walls surface waviness and roughness, and elliptical
trochoidal milling in between, improving the material removal rate and
tool life. The method is a step toward combining roughing and finishing
operation. The density of the tool imprints at the slot base is increased,
improving the slot base surface roughness as well. By comparing the
developed path with the elliptical path followed by a finishing path, it
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can be concluded that if the linear distance, d, is less than the trochoidal
step, the tool path length of the developed path will be shorter. Hence,
the material removal rate of the linear-elliptical trochoidal tool path will
be larger, by using the same cutting conditions. On the other hand, the
reduction of the linear distance will limit the improvement of the walls
waviness and surface roughness.
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3.1. Effect of the linear-elliptical tool path on path length, walls waviness,
and cooling time

Although the insertion of linear paths into the elliptical path im-
proves the slot walls texture, the tool path length increases, reducing the
material removal rate. Hence, the linear distance, d, should be selected
to reduce this side effect and achieve a proper development in the walls
waviness and surface roughness. Fig. 11 demonstrates four linear-
elliptical trochoidal tool paths of different linear distances. By
increasing the linear distance, d, the waviness decreases, depending on
the value of this distance, till this distance equals the trochoidal step,
then the waviness is kept constant. As the linear distance equals or
greater than the trochoidal step, the waviness depends on the feed per
tooth instead of the trochoidal step. The waviness height at walls can be
determined by substituting by (s-d)/2 in yq in Eq. (3) to find the value of
Xo, to calculate the waviness at both. The relationships between the
linear distance, d, of the linear-elliptical tool path and both the tool path
length and the theoretical waviness of the slot walls, W, are illustrated in
Fig. 12. The increase of the linear distance has a small effect on
increasing the tool path length with a maximum increase of 4% at 1.2
linear distance, while the waviness reduces significantly by 98%.
Therefore, the increase of the linear distance is effective in reducing the
slot walls waviness until 0.85 s, where the waviness is not enhanced
anymore.

4. Experimental work

Experimental work has been conducted to study the effects of the
elliptical tool path on cutting forces, material removal rate, surface
texture, and performance index. In addition, the effect of the linear-
elliptical trochoidal tool path on improving surface texture and mate-
rial removal rate will be studied.

Fig. 13 shows the equipment and measuring system used in the ex-
periments. A square TiSiN-coated carbide endmill, from PAN TIGER
(model of model P-SE1004 SI), has been used to machine a slot of 20 mm
width, 20 mm length, and 6 mm depth in the workpiece using elliptical
and linear-elliptical trochoidal tool paths with different aspect ratios as
demonstrated in Table 4. The experiments have been conducted on DMG
Mori ecoMill 600V CNC milling machine equipped by Siemens Sinu-
merik 840D. The machine tool is characterized by 12,000 rpm
maximum speed, 20,000 mm/min maximum feed rate, and 1 um table
resolution in all directions. The tool used was 10 mm diameter of four
cutting edges, and 35° helix angle. The tool extension length has been set
to its minimum value, the flute length, 30 mm and it’s fixed in all tests.
The material of workpiece was P20 alloy steel in its unhardened state,
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which is used in molds manufacturing and other tooling applications
due to its good mechanical properties and machinability. Its chemical
composition is shown in Table 3. The workpiece was 60 mm width,
20 mm length, and 15 mm thickness.

The forces measuring system consists of a Kistler 4-component
piezoelectric dynamometer of type 9272, a charge amplifier of type
50704, and a data acquisition of type 5679A. The measuring ranges of
the dynamometer were — 5:5kN for the x and y directions and
— 5:20 kN for the z direction. The total maximum sampling rate of the
data acquisition is 10° samples/s for the four channels of the amplifier.
The used sampling rate in the measurements was 10* samples/s. The
arithmetic average value of the surface roughness, R,, at the bottom and
the walls of the machined slot, has been measured using Taylor-Hobson
Surtronic 3 Roughness gauge of 0.01 um resolution and 99.9 um range.
The bottom roughness has been measured in three places: beside the two
slot walls and in the middle region of the slot. The cut-off distance has
been selected to be 0.8 mm. The waviness height of the produced slot
walls has been measured using Mitutoyo tool maker microscope of 1 ym
resolution.

The experiments set arrangement is shown in Table 4, where the
cutting conditions were kept constant, and only the elliptical tool path
aspect ratio has been varied. The range of the aspect ratios 0.8-1.2 has
been selected based on the low effect of these aspect ratios on the
cooling time. The other cutting conditions have been selected based on
preliminary experiments. Each experiment has been repeated three
times. Additional three linear-elliptical trochoidal milling experiments
have been conducted to study the effect of the linear distance d on
material removal rate, waviness, surface roughness, and performance
index. The distance d, as a function of the trochoidal step, has the values
0.75s, s, and 1.25 s, where the trochoidal step equals 1 mm.

5. Results and discussion
5.1. Cutting forces and material removal rate

The measured forces in x, y, and z directions for the elliptical tool
path of 0.8 aspect ratio and the circular tool path (r.=1), using the
conditions listed in Table 4, are shown in Fig. 14. The forces trends and
values can be explained by the change of the tool-workpiece engage-
ment value and position along the tool path. The curves consist of
multiple tiny tooth-shaped curves due to the intermittent cutting nature
of the milling process. The non-uniformities of the curves are due to the
tool runout. There is no significant difference between the two curves in
values but only the time of occurrence of the maximum force. For better
clarification, the resultant cutting forces and their mean values are

@)

(b)

() (d)

Fig. 11. Linear-elliptical tool paths of (a) d= 0, (b) d=s/2, (c) d=s, and (d) d=1.25s.
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Fig. 13. Equipment and measuring system used in the experiments.

Table 3

Chemical composition of P20 steel alloy.
Element C Cr Fe Mn Mo P S Si Other
Content (Wt%) 0.374 1.8 95.6 1.44 0.259 0.0064 < 0.0005 0.299 < 0.07

Table 4
Process parameters used in the elliptical and linear-elliptical trochoidal milling
experiments.

Parameter Examined levels
Axial depth of cut, @, [mm] 6
Tool center feed rate, f, [mm/min] 600

Trochoidal step, s [mm] 1

Rotational speed, n [rpm] 2000
Elliptical tool path aspect ratio, r, 0.8,0.9,1,1.1,1.2
Linear-elliptical tool path linear distance, d [mm] 0.75,1,1.25
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displayed in Fig. 15. The resultant force increases to a maximum value
then it diminishes. This trend is the same as the chip thickness variation
along the tool path, Fig. 7. There is no significant difference between the
values of maximum resultant forces in the two cases, but in the elliptical
tool path, the force increases rapidly then it decreases slowly, while for
the circular type, it increases and decreases at almost the same rate. The
maximum force is attained after 9.7% and 16% of the cycle time from
the start of the elliptical and circular tool paths respectively. This result
is close to that of the chip thickness, where the maximum chip thickness
occurred after 14.7% and 21.7% of the cycle time for the elliptical and
the circular paths respectively.

Fig. 16 summarizes the effect of elliptical path aspect ratio, r,, on the
maximum resultant force, Fg max, and the material removal rate, MRR.
The aspect ratio of the elliptical tool path affects the material removal
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conditions listed in Table 4.

rate significantly, without a significant effect on the maximum resultant
force (<3%). The decrease in aspect ratio from 1 to 0.8 increases the
MRR by 11%, while it is reduced by 9% by increasing the aspect ratio to
1.2. These results are compatible with that of the chip thickness, where
the chip thickness was not affected by the aspect ratio, while the ma-
terial removal rate has been increased by 9%.

5.2. Surface texture

In this section, the surface texture of the produced slot by the ellip-
tical trochoidal milling will be discussed. The waviness and surface
roughness will be used as factors of surface texture evaluation. Fig. 17
shows the produced slot by elliptical trochoidal milling of 0.8 aspect
ratio, where the machining marks due to the cutting tool rotation and
feed are obvious on the slot bottom. The walls of the slot suffer from high
waviness due to the lack of overlaps between successive tool revolutions.

5.2.1. Slot walls waviness

Fig. 18 demonstrates the experimental and the corresponding theo-
retical results of the left slot wall waviness, Wj, and that of the right one,
W;. The figure shows the consistency between the experimental and the
theoretical results for the slot walls waviness with an error of less than
11%. The experimental results show that at low aspect ratios, 0.8 and
0.9, the left wall waviness is higher than that of the right wall, opposite
to the theoretical results. This can be related to the increase of vibrations
at the place of cutting tool direction change while the tool is performing
machining. At low aspect ratios, the change of cutting tool direction is
sharper than that at higher ratios. At higher ratios, the waviness of the

left wall is slightly more than that of the right one. The walls waviness
increases by decreasing the elliptical tool path aspect ratio. The elliptical
tool path of 0.8 aspect ratio has a larger waviness by 45% than that of the
circular one (r,=1).

5.2.2. Slot surface roughness

Figs. 19 and 20 show the arithmetic average surface roughness, R,, at
the bottom and the walls of the machined slot by elliptical trochoidal
milling at different aspect ratios, respectively. For the slot bottom, the
surface roughness decreases significantly from left to right. These results
can be explained by two main factors: the cutting tool imprints of
overlapping successive revolutions at the slot base and the effects of the
chip thickness on the tool forces and vibrations. In general, the average
surface roughness over the slot bottom width, Fig. 19, is twice as low as
at the slot walls, Fig. 20,. This was attributed to the increase of radial
vibrations as compared to the axial vibrations and due to the high
density of cutting edges imprints at the slot bottom due to the over-
lapping successive motion of the four cutting edges as it will be
explained in Fig. 22.

Fig. 21 illustrates the imprints of four cutting edges of ten successive
revolutions on the slot base. This figure has been constructed by drawing
a circle representing the cutting-edge path in one tool rotation about its
center and repeating it each feed per tooth distance along the tool path,
forming the tool edges imprints. The local surface roughness value de-
pends on the density of the tool imprints at the slot bottom. The density
value is defined as the number of intersection points between the cir-
cular tool paths and the line X, which represents the measurement po-
sition in the x direction. As the tool imprints density increases, the
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surface roughness value decrease. Variation of the density of the cutting
edges imprints from the left wall to the right wall is demonstrated in
Fig. 22. The density of cutting edges imprints increases from the slot left
wall to reach its maximum at the middle of the slot, then it decreases to
zero at the right wall. This may explain why the surface roughness in the
middle is smaller than that at the slot walls. Fig. 22 shows that the aspect
ratio is not significant in affecting the imprints density.
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By considering the relationship between the chip thickness and
surface roughness. It can be observed that, at the right slot wall, the chip
thickness is the lowest, Fig. 7, therefore the axial cutting forces and the
induced vibrations are the lowest, consequently, the surface roughness is
the lowest at this region. At the left of the slot, the surface roughness
decreases considerably by increasing the aspect ratio, due to the
reduction of the chip thickness, consequently, the axial cutting forces
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Fig. 19. Effect of elliptical tool path aspect ratio, r., on surface roughness, R,, of the slot bottom at different places.

and the induced vibrations are reduced. In the middle and right of the bottom since the effects of the tool vibrations and runout are much

slot, this arrangement is reversed, hence the surface roughness is larger in the transverse direction than that in the axial direction. The
increased by increasing the aspect ratio. reduction of the surface roughness at the wall slot is attributed to the
The surface roughness of the slot walls is almost double that of the improvement of the tool motion smoothness and small vibrations
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Fig. 20. Effect of elliptical tool path aspect ratio, r, on surface roughness, R,, of the two slot walls.

Fig. 21. Illustration of the cutting tool edges bottom imprints of ten successive
revolutions for circular trochoidal tool path.

obtained due to high aspect ratio. For the elliptical paths of 1.1 and 1.2
aspect ratios, the surface roughness is more than the circular path
increased due to the effect of the increased chip thickness. These results
are compatible with that of Waszczuk et al. [12,25,26].

By comparing the surface roughness of the elliptical path with 0.8
aspect ratio and the circular path, it is found that the elliptical path
produces higher roughness at the slot walls and the left bottom side than
that of the circular one. As compared to the circular path, the slot left
and right walls are rougher by 38% and 28% respectively, the left bot-
tom side is rougher by 13%, while the middle and right side of the
bottom are smoother by 19% and 14% respectively.

5.3. Performance Index

The elliptical tool path has different effects on the trochoidal milling,
however, it improves the material removal rate, there are significant
increases in the slot walls waviness and the surface roughness, while the
cutting forces are almost the same. Therefore, in order to determine the
performance of the elliptical tool path in trochoidal milling, a perfor-
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mance index will be utilized. The performance index, PI, can be defined
as the ratio between the material removal rate to the multiplication of
the maximum resultant cutting force, the maximum slot surface
roughness, and the maximum slot waviness, Eq. (7). Fig. 23 illustrates
the effect of the aspect ratio on the performance index. The circular tool
path has better performance than the elliptical paths of 0.8 and 0.9
aspect ratios, however its reduced material removal rate. In comparison
to the elliptical tool path, the circular tool path has a better performance
by 45%. This increased performance is due to its lower waviness and
surface roughness as compared to the elliptical paths. Hence, in order to
improve the elliptical tool path, the waviness and surface quality should
be enhanced. For this purpose, the linear-elliptical trochoidal tool path
is proposed to improve waviness and surface quality, so the performance
index can be enhanced.

MRR
Pl=——m——— 7
FR,maxRa.mameax
Where (MRR) is the material removal rate, (Fg, mqx) is the maximum
resultant cutting force, (Rqmax) is the maximum slot average surface
roughness, and (Wpygy) is the maximum slot walls waviness.

5.4. Linear-elliptical tool path

Fig. 24 demonstrates the enhanced slot quality from linear-elliptical
trochoidal milling of 0.8 aspect ratio and 1.25 mm linear distance, d.
The produced walls are similar to that of conventional milling, i.e., less
waviness and surface roughness. Figs. 25, 26, and 27 illustrate the
positive effect of increasing the linear distance, d, on reducing the walls
waviness, and bottom and walls surface roughness. Using the linear-
elliptical tool path of linear distance 0.75 mm reduced the waviness
three times as compared to the elliptical tool path, d= 0, while further
increase improved it by only 60%. The surface roughness in the left and
middle region of the bottom of the slot significantly decreased. The
surface roughness of the left of the slot bottom has been decreased by
9%, 7%, and 16% for 0.75 mm, 1 mm, and 1.25 mm distance d respec-
tively, while in the middle, it decreased by 8%, 26%, and 40% respec-
tively. In the right region of the slot bottom, the surface roughness
increased significantly. The reduction of surface roughness of the slot
bottom can be explained by the increase of the cutting tool imprints. For
slot walls, the surface roughness of the left side decreased by large ratios
of 66%, 60%, and 68% for 0.75 mm, 1 mm, and 1.25 mm linear dis-
tance, d, respectively, while for the slot right wall, the reduction ratios
are 61%, 72%, and 74% respectively. As shown, the waviness and sur-
face roughness decreased significantly when the linear distance, d,
equals 0.75 of the trochoidal step, then fewer reductions occurred by a
further increase of this distance.
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Fig. 24. The produced slot from linear-elliptical trochoidal milling of r.= 0.8 and d= 1.25 mm.
However, the advantage of the linear-elliptical tool path in Fig. 28 reveals the effect of the linear distance, d, on material removal
improving the surface texture, the material removal rate will be reduced rate and performance index. The material removal rate has been
due to the increase of the tool path. Hence the performance index will be decreased slightly by increasing this distance, where it decreased by
used to evaluate this improvement concerning the process performance. 2.6%, 3.4%, and 4.2% for the distances 0.75 mm, 1 mm, and 1.25 mm
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Fig. 27. Effect of the linear distance, d, of the linear-elliptical on surface roughness, R,, of the

respectively. The introduction of linear paths at the ends of the elliptical
path increases the tool path length, consequently, a reduction in the
material removal rate occurs. The performance has been improved
greatly by 7.7, 18, and 16.7 times for 0.75 mm, 1 mm, and 1.25 mm
linear distance respectively. Therefore, by comparing the elliptical and
linear-elliptical tool paths, it is observed that the application of the
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slot walls at 0.8 aspect ratio.

developed linear-elliptical tool path improved the trochoidal milling
performance by reducing the walls waviness and surface roughness
significantly. By comparing the typical circular and linear-elliptical tool
paths, it can be found that the linear-elliptical tool path has a larger
material removal rate, enhanced surface quality, and better
performance.
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6. Conclusions

In this paper, the effects of the elliptical tool path on material
removal rate, cutting forces, waviness, surface roughness, and perfor-
mance index, in trochoidal milling, have been investigated. The linear-
elliptical tool path has been proposed as a development of this elliptical
path. The proposed path improved the performance of the trochoidal
milling significantly by enhancing the material removal rate and
reducing waviness and surface roughness. The following conclusions
were obtained:

1) The application of elliptical tool path of 0.8 aspect ratio in trochoidal
milling improves the material removal rate by 11% without a sig-
nificant effect on cutting forces, however, it increases walls waviness
and surface roughness by 36% and 38% respectively.

2) The reduction of elliptical path aspect ratio improves the material
removal rate, but the walls waviness and surface roughness consid-
erably increase with a slight effect on cutting forces.

3) The surface roughness of the machined slot walls in trochoidal
milling is much more than that of its bottom.

4) In the developed linear-trochoidal tool path, the tool path combines
linear and elliptical tool paths resulting in increasing the perfor-
mance by about 18 times, the material removal rate by 5%, and the
surface quality by 74%, with a slight reduction of the cutting forces
in comparison to the circular tool path.

5) The increase of linear distance in the linear-elliptical tool path im-
proves the waviness and surface roughness significantly, while the
material removal rate is slightly reduced.

This study demonstrated that the linear-elliptical tool path has a
significant influence on increasing trochoidal milling performance,
which will contribute to the improvement of the process cost-
effectiveness and machinability, however, a possible negative impact
might be that when using this tool path; the tool cooling time will be
decreased, increasing the tool wear. Hence, the cooling path effect re-
quires more investigation in the future.
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