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Abstract
Trochoidal milling has been developed to enhance tool life during slot machining. It is characterized by reduced cutting
forces, cutting temperature, and tool wear as compared to conventional milling processes. It is effective in machining
difficult-to-cut materials, high-speed machining, and groove corners. However, this process has not been deeply
investigated enough to discover its advantages and optimize its parameters. A full factorial design of 144 experiments
has been applied in this paper to investigate extensively the effects of axial depth of cut, feed rate, and trochoidal step
on material removal rate, cutting forces, and specific energy in trochoidal milling. Trochoidal step and axial depth of cut
almost have the same contributions on cutting forces by 32% and 31% respectively, followed by feed rate by 25%. Feed
rate, trochoidal step, and axial depth of cut influence the material removal rate by 37%, 30%, and by 19% respectively.
The contributions of feed rate, trochoidal step, and axial depth of cut on relative specific energy are 57%, 24%, and 8%
respectively. The increase of axial depth of cut increases the maximum resultant force till a threshold value, then it
stabilizes. This behavior occurred due to the increase of the maximum engagement angle to a certain limit, then it does
not increase any more. Both feed rate and trochoidal step linear affect maximum resultant force and material removal
rate, while the relationships are non-linear for specific energy. It is recommended to machine slots in full depth with
the highest possible trochoidal step and feed rate, considering the increase of tool wear and surface roughness. It is
preferred to use a cutting tool of a large helix angle and small diameter to reduce the threshold axial depth of cut.
Overall, this study is significant in characterizing, designing, and optimizing of trochoidal milling through experimental
work.
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Introduction

Trochoidal milling, Figure 1, is a milling process that
has been developed to enhance the cutting tool life by
introducing a cooling path after each cutting path. In
this process, a rotating cutting tool with a speed n,
moves typically in a predetermined closed path with a
feed rate fr. After each revolution, the tool translates
linearly a distance defined as trochoidal step, s.
Cutting is performed in the linear part and half of the
circular part of the tool path, then the cutting tool is
cooled down in the other half, improving the tool life
and consequently the process cost-effectiveness. The
tool path is typically circular, but there are other
developed types, such as true trochoidal, elliptical,
etc., to improve the process efficiency.1–3 Since the
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tool diameter is less than the slot width, the engage-
ment angle between tool and workpiece is lower as
compared to that of conventional milling. Therefore,
cutting forces, cutting temperature, and tool wear are
lower.1,4,5 Trochoidal milling is efficient in the machin-
ing of difficult-to-cut materials such as Ti-6Al-4V,5–8

duplex stainless steel,9 Inconel superalloys,10,11 etc., in
high-speed machining12,13 and machining of cor-
ners.14,15 Uddin et al. proved experimentally that tro-
choidal milling is suitable for deep and narrow
grooves.16 On the other hand, the process suffers from
a lower material removal rate and surface finish as
compared to conventional milling under the same cut-
ting conditions due to the process kinematics.1,17

Several efforts have been exerted to improve the
material removal rate in trochoidal milling through
optimization of process parameters or development of
new techniques or paths. The increase of material
removal rate, by increasing process parameters, is con-
strained by machine tool and cutting tool capabilities,
product accuracy, and surface finish requirements.
This can be related to the accompanied increase of cut-
ting forces,6,18 tool temperature,19 tool wear,9,20 sur-
face roughness,18,19,21 etc. Hence, in order to improve
material removal, these factors should be considered.
Szalóki et al. studied experimentally the effects of axial
depth of cut, trochoidal step, and feed per tooth on
material removal rate during true trochoidal milling of
40CrMnMo7 alloy.18 They conducted only six experi-
ments out of 27 available ones, where only two levels
of each variable have been investigated. They con-
cluded that trochoidal step has the most significant
effect on material removal rate, followed by feed per
tooth, and then axial depth of cut. They built their
conclusions and statistical models on only two points
on the curve. M. Otkur and I. Lazoglu concluded that
using double trochoidal milling, as an alternative to
conventional trochoidal milling, can improve the
material removal rate by 50%, but the cutting forces
raised by the same ratio and the cooling path has been

eliminated.22 Salehi et al. improved the material
removal rate by 20% on using a developed epicycloi-
dal tool path at the expense of a 10% increase in the
forces.2 However, it has been proved that dynamic tro-
choidal milling and variable feed trochoidal milling
are better than the static one,23,24 but high-dynamic
machine tools are required. Adaptive trochoidal
milling with a variable step or a variable trochoidal
radius showed its capability to stabilize the cutting
forces along the tool path, consequently, the material
rate has been improved.15,25

Cutting forces are principal factors that determine
cutting power, machine tool loads, cutting tempera-
ture, tool life, etc., to select the machine tool, cutting
tool, and process parameters.26 Studies regarded to
cutting forces are either analytical or experimental.
The analytical studies focus on the modeling of cut-
ting forces using the determination of chip thickness
and coefficients of cutting forces.27,28 The experimen-
tal studies give a more comprehensive investigation of
the process, as it includes other parameters which will
complicate the analytical models if they are consid-
ered, such as system stability, built-up edge, etc.29 In
addition to material removal rate, Szalóki et al. stud-
ied the effects of axial depth of cut, trochoidal step,
and feed per tooth on cutting forces.18 They found
that trochoidal step has the most significant effect on
increasing the cutting forces, followed by the axial
depth of cut, and then the feed per tooth. Oh et al.
studied the effects of feed per tooth and cutting speed
during trochoidal milling of Ti-6Al-4V alloy.6 The
results proved that feed per tooth has a significant
effect on cutting forces while cutting speed has not.
They considered three levels of feed per tooth and
two for cutting speed. Šajgalı́k et al. examined the
effects of both trochoidal step and engagement angle
on the resultant cutting force for hardened steel tro-
choidal milling.30 They selected three levels of each.
They found that the engagement angle is more signifi-
cant than the trochoidal step in increasing the cutting
force. In their study, Pleta et al. concluded, during
trochoidal milling of Inconel 738, that axial depth of
cut has the greatest influence on resultant forces fol-
lowed by feed rate, and then the cutting speed.31 They
used only two levels of each. Other researchers proved
that tool path considerably affects cutting forces.1,2,32

Specific energy, U, is being employed to evaluate
the process efficiency.6,19 It can be defined as the con-
sumed energy, E, to remove a unit volume of work
material, MRV, or the ratio between cutting power, P,
to material removal rate, MRR, equation (1).6,33 The
cutting power is the product of tangential force, Ft,
and cutting speed, v. In the studies by Santhakumar
and Iqbal,19 and by Oh et al.6 the effects of cutting
parameters on specific energy have been investigated.
They observed that the increase of feed per tooth or
cutting speed decreases specific energy slightly because
each of them affects both cutting forces and material
removal rate with almost the same value

Figure 1. Schematic drawing of circular type trochoidal
milling process.
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The discussed literature showed that there are lim-
ited research papers that studied the effects of cutting
parameters on material removal rate, cutting forces,
and specific energy simultaneously. Even these papers
include only two levels for each parameter. This paper
aims to investigate extensively the effects of axial
depth of cut, feed rate, and trochoidal step, on cutting
force, material removal rate, and relative specific
energy during trochoidal milling process. This study
is significant in characterizing, designing, and opti-
mizing of trochoidal milling.

Materials and methods

In this section, the equipment, materials, and measur-
ing devices will be presented, in addition to the
applied design of experiments.

Equipment and measurements

The experiments have been conducted on DMG
Mori ecoMill 600V CNC milling machine tool of
12,000 rpm maximum speed, 20,000mm/min maxi-
mum feed rate, and 1mm table resolution in all

directions. It is equipped with Siemens Sinumerik
840D. Figure 2 shows the experimental setup and
the measuring system. The workpiece material used
was P20 alloy steel in an unhardened state, where its
chemical composition is shown in Table 1. This
alloy is used in molds and dies manufacturing and
other tooling applications due to its mechanical
properties and good machinability. The workpiece
was 60mm width, 20mm length, and 15mm thick-
ness. In order to reduce the setting time and number
of specimens, several experiments have been exe-
cuted on each workpiece. The circular type trochoi-
dal milling has been applied to machine a slot of
20mm length and 20mm width using the conditions
shown in Table 2. In the present work, the process
parameters have been selected based on recommen-
dations of pilot experiments as given by ASM hand-
book Machining, volume 16. The pilot experiments
will ensure avoiding tool failure that may occur
beyond the selected machining conditions.34 All the
experiments have been performed under dry condi-
tions. Before the implementation of the experi-
ments, face milling of the upper surface was applied
to determine the reference plane for the axial depth
of cut. A square endmill of model P-SE1004 SI from
PAN TIGER has been used in the experiments. The
cutting tool was TiSiN-coated carbide of 10mm dia-
meter, four teeth, and 35� helix angle.

Figure 2. Experimental setup and measuring system used in experiments.

Table 1. 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

Wagih et al. 3



The used forces measuring system consists of
Kistler 4-component dynamometer type 9272, charge
amplifier type 5070A, and data acquisition type
5679A. The dynamometer is a piezoelectric type of
measuring ranges 25:5 kN in x and y directions and
25:20 kN in z direction. The data acquisition can
read up to 106 total sampling rates for the four chan-
nels equipped in the amplifier. The measured forces
signals are converted into charges, which are ampli-
fied and conditioned using the charge amplifier. The
processed signals are converted to the PC using the
data acquisition device. The signals are monitored
and processed using DynoWare software. A custo-
mized fixture has been used to clamp the workpiece
on the dynamometer, which is fixed tightly on the
machine tool table.

Design of experiments and data analysis

The experiments have been carried out as a full factor-
ial experiment, where each experiment is replicated
three times. The statistical software Minitab has been
used to design the experiments and analyze the results.
Table 3 shows a sample of 10 experiments out of 144
experiments. For the analysis of this large number of
data, analysis of variance (ANOVA) and regression
have been performed for each response variable, in
addition to using the main trends of them for data
visualization.

The strength of the proposed experimental
approach is invested in studying three interacting pro-
cess parameters with three to five levels, unlike the
previously published articles in the same topic that

studied only two levels. This approach helps deeply
understand and discover advantages and disadvan-
tages of the trochoidal milling process and is needed
for optimizing the cutting process. In addition, this
experimental methodology will expand and open new
applications for the trochoidal milling process.
However, other factors such as surface roughness,
form accuracy, and tool wear are not included in this
research work.

Results and discussion

In this section, the results of experiments regarding
cutting forces, material removal rate, and relative
specific energy, will be presented and analyzed
comprehensively.

Cutting forces

Figure 3 shows an example of the measured cutting
forces in x and y directions using the conditions of
6mm axial depth of cut, 600mm/min feed rate, and
1mm trochoidal step. The values of forces vary
depending on the tool position in its path and the cor-
responding chip thickness. The force in x-direction
increases to a maximum value, where the cutting
force is horizontal and the chip thickness is maxi-
mum, where the force in y-direction is almost null.
The force in y-direction increases to its maximum
value and declines to 0, where the cutting force is hor-
izontal, then it increases in the negative direction,
where the cutting forces y-component is in the nega-
tive direction. The forces fluctuate due to the inter-
mittent cutting nature of the milling process, while
the non-uniformity is due to the presence of tool run-
out. The resultant force for the same conditions is
shown in Figure 4, the resultant force increases till a
maximum value then it decreases to 0. This behavior
is similar to that of the chip thickness. It is observed
that in the middle area of the curve, the forces do not
fall to zero due to the increase of the engagement
angle between tool and workpiece, so several teeth
are engaged to the workpiece simultaneously.

Effect of axial depth of cut. The maximum resultant
force is used to express the cutting forces of each con-
dition. Figure 5 shows the effect of depth of cut on
the maximum resultant force at different feed rates
and trochoidal step. Generally, for all conditions, the
maximum resultant force increases with the axial
depth at a rate that depends on the other cutting con-
ditions. As shown in Figure 5(a), for 400mm/min feed
rate and 0.5mm trochoidal step, the force increases
by increasing the axial depth of cut from 2to 4mm,
then it is kept constant. For the 1mm trochoidal step,
the force is stabilized after 6mm, while for the 1.5mm
trochoidal step, it is increasing within the full range.
This pattern is the same for the other feed rates as

Table 2. Process parameters in trochoidal milling
experiments.

Parameter Examined levels

Axial depth of cut, ap (mm) 2, 4, 6, 8
Tool center feed rate, fr (mm/min) 400, 600, 800, 1000
Tool center feed per tooth, fz
(mm/tooth)

0.05, 0.075, 0.1, 0.125

Tool edge feed per tooth, fze

(mm/tooth)
0.1, 0.15, 0.2, 0.25

Trochoidal step, s (mm) 0.5, 1, 1.5
Rotational speed, n (rpm) 2000

Table 3. Sample of the 144 implemented experiments.

Run order ap (mm) s (mm) fr (mm/min)

1 4 1.5 1000
2 6 1.5 600
3 6 1.5 400
4 4 1 600
5 2 1.5 600
6 4 1.5 600
7 2 0.5 600
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shown in Figure 5(b)–(d). Hence, the threshold of sta-
bilization of the force depends on the trochoidal step
and is independent of the feed rate. The threshold of
stabilization is 4 and 6mm for the 0.5 and 1mm tro-
choidal step, while for the 8mm step, this limit is not
available for the 1.5mm trochoidal step. This phe-
nomenon is more clear in Figure 5(e)–(g), for 0.5 and
1mm trochoidal step and any feed rate, the force is
laid out after 4 and 6mm respectively, while it is
always increasing for the 1.5mm step.

Altintasx and Lee reported that the maximum
engagement angle and the maximum chip thickness
are the main parameters affecting cutting forces.35 In
order to explain the reason for the discussed trend of
the maximum resultant force with the axial depth of
cut, the relationship between the axial depth of cut,
helix angle, and engagement angle is illustrated in
Figure 6. ABCD is the removed chip by the cutting
edge and O is the center of the bottom cutting tool
circle. The figure shows the maximum engagement
angles between the tool and chip at the four depths of
cut, using a 1mm trochoidal step and 600mm/min.
The cutting edge is engaged gradually into the work-
piece, increasing the engagement angle between them
to a maximum value, where it is kept constant before

disengagement takes place. In the first three cases,
Figure 6(a)–(c), the maximum engagement angle is
attained when the tool edge intersects the chip at
point B. At these positions, the maximum engage-
ment angle is a function of the axial depth of cut,
helix angle, and tool radius, equation (2). Hence, by
increasing the axial depth of cut or helix angle, or by
decreasing the tool diameter, the engagement angle
increases significantly, increasing force consequently.
Further increase of axial depth of cut, Figure 6(d),
the maximum engagement angle is attained when the
tool edge intersects the chip at point C. By increasing
the axial depth of cut, the engagement will not be
increased anymore and so as the cutting forces, as the
maximum engagements are the same. The maximum
engagement angle, in this case, depends on the tro-
choidal step, tool radius, and trochoidal radius, equa-
tion (3). Therefore, the axial depth of cut does not
affect the cutting forces when the cutting edge reaches
the exit part of the chip, or in other words when the
axial depth of cut is larger than a threshold value
ap,th. This threshold axial depth of cut depends mainly
on tool diameter, tool helix angle, and trochoidal
radius, equation (4). For the experiments set, the
threshold axial depths of cut are 4.7, 6.7, and 8.4mm
for the trochoidal steps 0.5, 1, and 1.5mm respec-
tively. These results are consistent with the experi-
mental results presented in the previous section.
Figure 7 reveals the effect of axial depth of cut on
both maximum engagement angle and maximum
resultant force at 600mm/min feed rate. Both of them
stabilize after the same axial depths of cut. For 0.5
and 1mm trochoidal steps, the maximum engagement
angles stabilize after 4.7 and 6.7mm, accordingly, the
forces are kept constant after 4 and 6mm respec-
tively. For the 1.5mm trochoidal step, the force is
always increasing with the axial depth of cut because
the limiting depth is 7.9mm.

Therefore, in order to limit the increase of engage-
ment angle as the axial depth of cut increases and

Figure 4. Variation of resultant cutting forces versus time for
the conditions: 6 mm axial depth of cut, 600 mm/min feed rate,
and 1 mm trochoidal step.

Figure 3. Variation of cutting forces with time for the conditions: 6 mm axial depth of cut, 600 mm/min feed rate, and 1 mm
trochoidal step.

Wagih et al. 5



Figure 5. The effect of axial depth of cut on the maximum resultant cutting force at different feed rates and trochoidal steps: (a)
fr = 400 mm/min, (b) fr = 600 mm/min, (c) fr = 800 mm/min, (d) fr = 1000 mm/min, (e) s = 0.5 mm, (f) s = 1 mm, and (g) s = 1.5 mm.

Figure 6. The maximum engagement angle between the tool and workpiece at different axial depths of cut using 1 mm trochoidal
step and 600 mm/min feed rate, and (a) 2 mm, (b) 4 mm, (c) 6 mm, and (d) 8 mm axial depths of cut.
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consequently the cutting force, it is recommended to
reduce the threshold axial depth of cut. This can be
attained by increasing the helix angle and/or decreas-
ing the tool diameter. It should be considered that
increasing the helix angle causes the increase of num-
ber of cutting edges in contact, increasing the cutting
forces. While tool diameter reduction increases the
cycle time, reducing the material removal rate. Hence,
optimization of these factors should be implemented.

ueng1 =
ap tan vð Þ

Rt
ð2Þ

ueng2 =p � cos�1 s
1

Rtr
+

1

Rt
� s

2RtrRt

� �
� 1

� �

ð3Þ
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Rt

tan vð Þ p � cos�1 s
1

Rtr
+

1

Rt
� s

2RtrRt

� �
� 1
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ð4Þ

Where (ueng1), is the maximum engagement angle for
the first three cases in Figure 6, (ueng2) is the maxi-
mum engagement angle for the last case in Figure 6,
(ap,th) is the threshold axial depth of cut, (v) is the
tool helix angle, (Rt) is the tool radius, (Rtr) is the tro-
choidal radius; Rtr=0:5B� Rt, and (B) is the slot
width.

Effect of feed rate and trochoidal step. The results of the
relationship between the feed rate and trochoidal step
with the maximum resultant force are shown in
Figures 8 and 9. As shown in Figure 8, the maximum
resultant force increases with the feed rate by a rate
that depends on the other factors. This is due to the
increase of the maximum chip thickness, equation (5),
and consequently the cutting forces. This rate
increases with the increase of trochoidal step as

demonstrated in Figure 8(a)–(d). Figure 8(e)–(g) show
the different effects of axial depth of cut on this rate.
For the 0.5mm trochoidal step, the axial depth of cut
increase from 2 to 4mm increases this rate signifi-
cantly. Whereas for 1 and 1.5mm trochoidal steps,
the ranges of effectiveness of the axial depth of cut
are 2–6 and 2–8mm respectively. This has been
explained extensively in the previous section.

Figure 9 demonstrates the relationship between the
maximum resultant force and the trochoidal step at
different feed rates and axial depths of cut. The maxi-
mum resultant force increases significantly with the
trochoidal step at a rate that depends on the other fac-
tors. This behavior is due to the increase of both the
maximum chip thickness and the maximum engage-
ment angle, consequently the cutting forces. This rate
increases with the increase of feed rate as demon-
strated in Figure 9(a)–(d). Figure 9(e)–(g) shows the
different effects of axial depth of cut on this rate,
which is similar to that discussed in the relationship
between feed rate and maximum resultant force.

hmax= fz sin p � cos�1 s
1

Rtr
+

1

Rt
� s

2RtrRt

� �
� 1

� �� �

ð5Þ

Where (hmax) is the maximum chip thickness, and (fz)
is the feed per tooth.

In order to show the contribution of each factor
on the maximum resultant force, analysis of variance
(ANOVA) of the maximum resultant force has been
implemented. Table 4 shows the contribution and sig-
nificance of each parameter on the maximum resul-
tant force with a 95% confidence level. Since
p \ 0.05 for all the parameters, each has a significant
effect on the maximum resultant cutting force. Axial
depth of cut and trochoidal step have almost the same
influence on the maximum resultant force by 32%,
while feed rate has less influence by 7%. Equation (6)

Figure 7. The effect of axial depth of cut on both maximum engagement angle and maximum resultant force at 600 mm/min feed
rate and different trochoidal steps.

Wagih et al. 7



gives the non-linear regression model of the maxi-
mum resultant force as a function of axial depth of
cut, feed rate, and trochoidal step with R2 of 99.7%.

Fres,max =112:4� 40ap � 211:4s+0:2447fr +2:58a2p

+73:4s2 � 0:000318f2r +112:9aps+0:1031apfr

�6:38a2ps� 0:01147a2pfr � 17:19aps
2 +0:07035apsfr

�0:1381s2fr +0:000264sf2r ð6Þ

Material removal rate

In circular-type trochoidal milling the exact material
removal rate, MRR, can be calculated from equation
(7). Each axial depth of cut, feed rate, and trochoidal
step affects the material removal rate significantly.
The increase of any of these parameters increases
material rate linearly but at different rates, where the
increasing rates depend on the other conditions.
Figure 10 shows the main trends of MRR concerning

Figure 8. The effect of feed rate on maximum resultant cutting force at different axial depths of cut and trochoidal steps: (a)
ap = 2 mm, (b) ap = 4 mm, (c) ap = 6 mm, (d) ap = 8 mm, (e) s = 0.5 mm, (f) s = 1 mm, and (g) s = 1.5 mm.
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Figure 9. The effect of trochoidal step on maximum resultant cutting force at different axial depths of cut and feed rates: (a) ap = 2 mm,
(b) ap = 4 mm, (c) ap = 6 mm, (d) ap = 8 mm, (e) fr = 400 mm/min, (f) fr = 600 mm/min, (g) fr = 800 mm/min, (h) fr = 1000 mm/min,.

Table 4. ANOVA values for the maximum resultant force.

Parameter SS DoF MS Contribution (%) F p

Axial depth of cut, ap 2,575,249 3 858,416 31 123 \ 0.01
Trochoidal step, s 2,665,615 2 1,332,807 32 192 \ 0.01
Tool center feed rate, fr 2,032,730 3 677,577 25 97 \ 0.01
Error 939,054 135 6956 11
Total 8,212,647 143 100

SS: sum of squares; DoF: degree of freedom; MS: means square; F: F ratio; p: p value.

Wagih et al. 9



the examined parameters. The feed rate has the great-
est effect on MRR, followed by the trochoidal step,
and finally the axial depth of cut. The ANOVA for
MRR presented the contribution of each parameter
as in Table 5 for a 95% confidence level. The feed
rate of cut has the most contribution on MRR by
37%, followed by the trochoidal step by 30%, and
finally the axial depth by only 19%.

MRR=
frap

s+2pRT
sRT +R2

Tcos
�1C+

1

2
sRTC

� �

ð7Þ

Where (C) is a constant; C=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� s

2RT

	 
2r
.

Relative specific energy

As shown in the previous sections, the increase of
either axial depth of cut, feed rate, or trochoidal step,
raises both maximum resultant force and material
removal rate significantly. The increase in material
removal rate is favorable for productivity

enhancement, while the rise of cutting forces increases
the consumed energy and reduces both surface qual-
ity and accuracy. In order to evaluate the efficiency
of trochoidal milling, relative specific energy, Ur, will
be utilized. The relative specific energy can be defined
as the ratio of the multiplication of maximum resul-
tant force, FR, and cutting speed, v, to the material
removal rate, MRR, equation (8). Figure 11 illus-
trates the relationship between the machining condi-
tions and the relative specific energy. The cutting
conditions have decreasing effects on the relative spe-
cific energy because they have larger increasing effects
on the material removal rate than on the forces. The
axial depth of cut has the largest influence in reducing
the relative specific energy, while the trochoidal step
has less effect, followed by the feed rate. These results
are consistent with the results of Santhakumar and
Iqbal, and Oh et al.6 These effects are revealed by
ANOVA of Ur of 95% confidence level, Table 6. The
tool center feed rate has the maximum contribution
in decreasing Ur by 57%, followed by the trochoidal
step by 24%, while axial depth of cut has the least

Table 5. ANOVA values for the material removal rate.

Parameter SS DoF MS Contribution (%) F p

Axial depth of cut, ap 5,856,392 3 1,952,131 19 18 \ 0.01
Trochoidal step, s 9,310,345 2 4,655,172 30 44 \ 0.01
Tool center feed rate, fr 11,478,527 3 3,826,176 37 36 \ 0.01
Error 4,173,389 39 107,010 14
Total 30,818,653 47 100

SS: sum of squares; DoF: degree of freedom; MS: means square; F: F ratio; p: p value.

Figure 10. The main trends of the mean of material removal rate as functions of: (a) axial depth of cut, (b) feed rate, and (c)
trochoidal step.
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effect by 8%. Therefore, the efficiency of trochoidal
milling, in addition to the material removal rate, can
be improved by increasing each of the axial depth of
cut, trochoidal step, and feed rate. This recommenda-
tion is constrained to cutting tool mechanical and
thermal properties, machine tool specifications, and
surface quality requirements.

Ur =
FRv

MRR
ð8Þ

Conclusions

The findings of this study reveal the major characteris-
tics of trochoidal milling of slots, which are significant
for process control and optimization. The effects of
cutting conditions: axial depth of cut, feed rate, and
trochoidal step, on cutting forces, material removal
rate, and specific energy have been experimentally
investigated through full factorial design of experi-
ments. The following conclusions were obtained.

(1). Each of trochoidal step and feed rate shows a
linear significant increasing trend with both the
maximum resultant force and the material
removal rate. The rate of increase depends on
the other cutting conditions.

(2). The increase of axial depth of cut significantly
increases the maximum resultant force nonli-
nearly till a threshold value, where the maxi-
mum resultant force does not increase any
more. The relationship between the axial depth
of cut and material removal rate is linearly
increasing. The rate of increase depends on the
other cutting conditions.

(3). The increase of axial depth of cut, feed rate,
and/or trochoidal step significantly decreases
the specific energy nonlinearly.

(4). The ANOVA and contribution ratio assessment
showed that the trochoidal step and the axial
depth of cut have the most influences on the cut-
ting forces by 32% and 31% respectively, while
the feed rate has the least contribution by 25%.

Figure 11. The main trends of the mean of relative specific energy as functions of: (a) axial depth of cut, (b) feed rate, and (c)
trochoidal step.

Table 6. ANOVA values for relative specific energy.

Parameter SS DoF MS Contribution (%) F p

Axial depth of cut, ap 1109 3 370 8 10 \ 0.01
Trochoidal step, s 3271 2 1636 24 45 \ 0.01
Tool center feed rate, fr 7713 3 2571 57 71 \ 0.01
Error 1420 39 36 14
Total 13,513 47 100

SS: sum of squares; DoF: degree of freedom; MS: means square; F: F ratio; p: p value.
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(5). The feed rate has the most contribution in the
improvement of material removal rate by 37%
followed by the trochoidal step by 30%, and
finally the axial depth by 19%.

(6). The decrease of relative specific energy is
induced by the increase of feed rate by 57%,
trochoidal step by 24%, and axial depth of cut
by 8%.

(7). In trochoidal milling, it is recommended to
machine slots in full depth with high trochoidal
step and feed rate, taking into consideration the
increase of tool wear and surface roughness. It
is preferable to use an endmill with a large helix
angle and a small diameter.

However, this study gives a comprehensive investiga-
tion of the trochoidal milling, other factors are rec-
ommended to be included in the future work, such as
surface roughness, form accuracy, and tool wear in a
more generalized index.
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