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Abstract: Face milling is frequently used for the rendering of flat surfaces with a high degree of
precision. With this machining process, high material removal rate is possible to be attained but
management of cutting forces values is also desirable, in order to avoid excessive power
consumption, tool wear or vibrations. This can be achieved by selecting the process parameters
within an appropriate range for each case. In the present study, an experimental investigation is
conducted with a view to determine the effect of two important process parameters, namely cutting
speed and feed on the cutting forces and the specific cutting forces during face milling, in cases
where a round insert is used.
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1. INTRODUCTION

Face milling is among the most important machining operations and one
of the most popular as well, due to its high degree of versatility, emerging from
the capabilities of using a large variety of cutting inserts at different process
conditions. During face milling, parts with flat surfaces perpendicular to the
milling head axis are machined, with a view to remove a desired amount of
bulk material or improve surface quality and dimensional accuracy. Thus, it is
preferred to be employed in a large variety of industrial applications in the
automotive and aerospace industries. In order to maintain the integrity of
machined surfaces, it is desirable to control the cutting forces so as not to
exceed the limits which lead to low levels of damage, lower energy
consumption, higher tool life and fewer vibrations. In order to be able to
control the process outcome for given process parameters, it is preferable to
conduct experimental and numerical studies [1, 2].

In the previous research works, the influence of process conditions such
as feed rate, cutting speed and chip cross-section shape on cutting forces were
investigated [3, 4] and it was shown that the feed rate plays a more important
role in cases with the use of common rectangular inserts. Thus, in the present
study, the influence of these parameters in cases of face milling with the use of
a round insert will be investigated. In the relevant literature, there were
reported various cases where round cutting inserts are employed both in
turning and milling processes. Regarding milling, it is reported that round
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cutting inserts have several peculiarities due to their shape, e.g. the entering
angle is a function of the axial depth of cut [5], they can spread the force and
heat distributions more evenly, reducing the cutting edge wear and increasing
surface quality. Furthermore, it is observed that the chip thickness distribution
along the cutting edge, varies along this edge [6]. For milling with a round
cutter it is stated that the depth of cut should be less than 2/3 or the insert
radius in order to avoid vibrations [7] and that the cutting edge angle varies
with the axial depth of cut [8].

Antonialli et al. [5] conducted experiments with a view to reduce
vibrations during face milling of a titanium alloy by using tools with low
entering angles. More specifically, they employed cutters with square and
round inserts. Their findings indicated that for the round insert, higher
frequencies were detected when analyzing the cutting force signal due to the
specific shape of the chip, which has a comma-like shape in the rake face of the
tool. This shape was associated with severe friction between the tool and
workpiece, as in this case, a part of the chip has always a thickness equal to
zero regardless of the instantaneous angle of the feed direction leading to
vibrations, and shorter tool life. Euan et al. [9] developed an analytical model
for the modeling of both static and dynamic cutting forces during milling, with
round geometry inserts, in order to determine the optimum process parameters.
They stated that previous analytical models did not account for the dynamic
part of the forces. Their findings showed that the model was accurate enough
for the study of face-milling with round inserts. Ghorbani and Moetakef-Imani
[6] developed also a mechanistic model of cutting forces for cases of face
milling with round inserts, for which improved models need to be used due to
the complex geometry. In their model, calculation of specific cutting force
coefficients was performed with the aid of Non-dominated Sorting Genetic
Algorithm Il (NSGA I1) and artificial neural networks. This methodology was
proven successful in capturing the variation of specific cutting force
coefficients under various process conditions.

Gurdal et al. [8] compared the performance of various types of milling
inserts for cases of rough milling. They found that the round insert exhibited
relatively lower rate of deterioration, uniform flank wear, but stronger
tempering effect. It was also shown that it was less sensitive to process
parameters variation than the other inserts and it was suggested that high axial
depths should be preferred in order to be competitive to the high-feed insert.
This cutting insert was preferred for use in several special milling cutters. For
example, Baro et al. [10] presented a model of cutting forces during face
milling with a self-propelled milling cutter with round inserts. They stated that
round inserts are common in rotary tools. The diameter of the round insert is
similar to the tool nose radius of a stationary insert although usually the
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diameter of round inserts is very large compared to the tool nose radius.
Furthermore, in their investigation of the appropriate orientation of a torus
milling cutter, Gilles et al. [7] used round inserts, as they stated that this type of
cutting insert has significant advantages over the other insert types.

Tapoglou and Antoniadis [11] presented a comprehensive model based on
CAD and analytical models in order to predict surface topography and cutting
forces during face milling with various milling strategies and insert types,
among them round inserts. Denkena et al. [12] presented models for hard
milling with modified cutting inserts with special undercut geometry in order
to assess their influence on hard milling outcome. Qing Zhang et al. [13]
performed FEM simulations for hard milling of AISI H13 steel with a round
cutting insert. In their work, only the cutting edge was modeled and they were
able to predict cutting forces and temperature for various cases with
considerable accuracy. In their work, Felhd and Kundrak [14] compared the
performance of octagonal and circular cutting inserts and found that the
circular cutting insert produced significantly lower surface roughness during
face milling for the same cases.

In the present paper, the effect of two main process parameters, hamely
feed rate and cutting speed on the cutting forces and specific cutting forces
during face milling with round inserts will be investigated in order to be able to
choose the suitable values of these process parameters which can lead to the
achievement of adequate material removal rate without excessive deterioration
of workpiece integrity and tool life.

2. METHODOLOGY

In the present work, face milling experiments with a milling head with a
single round cutting insert (Figure 1) were performed in a Perfect Jet MCV-M8
vertical machining centre. The milling head was a Sandvik CoroMill R200-
068Q27-12L face milling head with a diameter (Ds) of 68 mm while the cutting
insert was a Sandvik Coromant RCKT1204MO-PM FC4230 coated carbide
insert.

The face milling experiments were conducted on normalized C45
(1.0503) carbon steel workpieces with hardness of HB180, cutting width 58
mm and cutting length 50 mm. The experiments were conducted in two series;
in the first one, the depth of cut and cutting speed were kept constant at 0.8 mm
and 200 m/min respectively and the feed per tooth was varied in the range of
0.1-0.8 mm/tooth, namely 0.1, 0.2, 0.3, 0.4, 0.8 mm/tooth whereas in the
second series of experiments, the depth of cut and feed per tooth values were
kept constant at 0.8 mm and 0.4 mm/tooth respectively and the cutting speed
was varied in the range of 100-500 m/min, namely 100, 200, 300, 400 and 500
m/min. All experiments were conducted under dry machining conditions.
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During the experiments, the three components of cutting force were recorded
using a Kistler 9257A dynamometer and the measured signals were amplified
by using three Kistler 5011A charge amplifiers for signals corresponding to
each component of the cutting force. Finally, the amplified signals were
processed through a CompactDAQ-9171 data collector with 4 channels and
recorded in a laptop using specialized measurement software, prepared by
Labview programming language. It is to be noted that cutting forces are
measured in a coordinate system (xyz) defined on the workpiece rather than the
cutting tool.

Figure 1 — The applied milling head with one round insert

3. RESULTS AND DISCUSSION

After the completion of experiments, the evolution of cutting forces
during the experiments is analyzed in order to determine the influence and
relative importance of feed rate and cutting speed regarding cutting forces and
special cutting forces. In every case, the maximum cutting forces are used in
the figures and the calculations.

Regarding the results from the first set of experiments, it can be seen at
first from Figure 2, that, increasing feed rate results clearly to an increase of
every component of cutting force, as anticipated due to the increase of the
engagement between cutting tool and workpiece.
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Figure 2 — Variation of cutting force components at different
feed rate values (ap=0.8 mm, vc=200 m/min)

It is noteworthy that cutting forces values are considerably higher in all
cases in the z-axis, especially at low feed rate values, followed by the Fy and Fy
values. However, the influence of feed rate is not the same for each cutting
force component; as can be seen from Figure 2, the highest increase between
cases with the lowest and highest feed rate values is observed for the y-axis
component of cutting forces and the lowest one for the z-axis component of
cutting forces. More specifically, the maximum cutting force between cases
with the highest and lowest value of feed rate, for an 8-fold increase of its
value, in the x-axis was increased by almost 3 times, in the y-axis it was
increased by almost 3.5 times and in the z-axis almost 2 times. Regarding the
results from the second set of experiments, it can be clearly seen that an
increase of cutting speed results in a decrease of Fx and Fy, components of
cutting force whereas it results in an increase of F, component of cutting force.
The observed trend for Fx and Fy cutting forces in Figure 3 can be attributed to
increased cutting temperature, which causes softening of the workpiece
material.

As in the case of varying feed rate, F, values are larger in each case,
followed by Fy and Fx values. However, with varying cutting speed values, it
was found that Fx values are influenced to greater extend whereas Fy values are
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considerably less affected and F, values are inversely affected, as it was
aforementioned. More specifically, a 5-fold increase of cutting speed values
results in a decrease of Fx of 1.4 times and a decrease of Fy of 1.12 times,
whereas F; is increased by 1.16 times. Consequently, it can be deduced that
feed rate has a more important effect on cutting force results, as for an 8-fold
increase compared to a 5-fold for cutting speed, it resulted in a relatively higher
change of cutting force component values.
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Bvc=200 m/min

Ovc=300 m/min

Bvc=400 m/min

®vc=500 m/min

0 200 400 600 800 1000 1200 1400
Force (N)

Figure 3 — Variation of cutting force components at different cutting
speed values (ap=0.8 mm, f,=0.4 mm/tooth)

Furthermore, the specific cutting force components were also calculated
in each case and subsequently analyzed. It is to note that specific cutting forces
are calculated as the ratio of cutting force components to the chip cross-section
value. In the case of cutting speed values, the chip cross-section value does not
change so the trends of specific cutting force components are exactly the same
with the respective cutting force components, as can be seen in Figure 4.

However, in the case of feed rate variation, the chip cross-section value
changes as well. Thus, in this case a decreasing trend of all specific cutting
force components with an increase of feed rate is attested, as it is also depicted
in Figure 5.
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Figure 4 — Variation of specific cutting forces at different cutting
speed values (ap=0.8 mm, f;=0.4 mm/tooth)
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Figure 5 — Variation of specific cutting forces at different
feed rate values (ap=0.8 mm, vc=200 m/min)

4. CONCLUSIONS

In the present study, experimental work on face milling under various
cutting speed and feed rate values was carried out, using a milling head with a
single round milling insert. After the analysis of the experimental results
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regarding cutting forces and specific cutting forces, various conclusions can be
drawn:

In the first set of experiments, with a variable cutting speed, an increase
of cutting speed caused a decrease of cutting force components due to higher
cutting temperature and softening of the material workpiece, whereas in the
second set of experiments, with variable feed rate, an increase in feed rate
caused a clear increase of cutting force values as a more intense engagement of
the cutting tool and the workpiece occurs. These results are in accordance with
the relevant literature, ensuring the validity of the experiments. Moreover, it
was shown that the larger forces are obtained in z-axis in both sets of
experiments but increase of feed rate affects mostly the Fy component whereas
increase of cutting speed affects most the F, component. Analysis of specific
cutting forces revealed trends in accordance with the cutting forces results in
the case of variable cutting speed, whereas the increase of feed rate had an
adverse effect on specific cutting forces due to the increase of chip cross-
section.

The increase of feed rate was shown to lead to larger variation of the
cutting forces than the increase of cutting speed; thus, it can be concluded that
regulation of cutting forces can be more effectively conducted in terms of feed
rate change rather than cutting speed in order to achieve lower power
consumption as well as lower workpiece damage and longer tool life.
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TOPLEBE ®PE3EPYBAHHSA KPYI'JIOIO IIJIACTHUHOIO
IIPHU PI3BHUX NIBUAKOCTAX PI3BAHHSA 1 HOJAYI

AHotanis. Topyese ppesepysanns Hacmo BUKOPUCMOBYEMbCS ONSL  OMPUMAHHA  NIOCKUX
NOGEPXOHb 3 GUCOKUM CMyneHeM MouHOCmi. 3a 0onomozorn ybo2o npoyecy 00pOOKU MOJICHA
docsizmu 6UCOKOI WBUOKOCH 6UOANIEHHA MAMepIay, ale MaxKodc OAXdCAHO Mamu MONCIUBICMb
VIPABNIHHA 3HAYEHHAMU CUN DI3AHHA, W00 VHUKHYMU HAOMIPHO20 CHOMCUBAHHA eHepeii, 3HOCY
incmpymenmy abo eiopayii. Lle modice 6ymu docscHymo waxom eubopy napamempis npoyecy y
8ION0GIOHOMY  OIANA30Hi 0Nl  KOMCHO20 BUNAOKY. Y ybomy O0O0CHIONCEHHI eKchnepumeHm
npo6OOUMbCsL 3 MEmOI0 BUSHAYEHHSI BHIUBY 080X BANCIUBUX NAPAMEmpI8 npoyecy, a came
weuoxocmi pizanns i noodayi Ha cunu pizamus i numomi cunu pi3amHs ni0 4ac mopyesozo
pesepysanns, y 6unaokax, Kou GUKOPUCMOBYEMbCA OOHA Kpyeaa niacmuua. Ilicas awanizy
EKCNEePUMEHMATIbHUX Pe3YIbMAmi6, Wo CMOCYIOMbCs CUL PI3AHHSA | RUMOMUX CUTL DI3AHHS, MONCHA
3pobumu pizni ucnoeKu. Y nepwiii cepii excnepumenmie 3i 3MIHHOIO WBUOKICMIO PI3aHHA,
30inbWEeHHS WEUOKOCMI PISAHHA BUKTUKANIO 3MEHUEHHs KOMNOHEHMI6 Cunu pisants yepes Oinvul
BUCOKI memnepamypu pi3auHs i po3m SKUEHHs 3a20MoeKu mamepiany, moodi ak y opyeii cepii
eKCNepUMeHImi6 3i 3MIHHOIO WBUOKICMIO Nooayi, 30ITbueHHs WEUOKOCTI NO0ayl GUKIUKANO SAGHE
30L1bWEHHS 3HAYEHb CUNU PISAHHA NPU OLTbUW IHIMEHCUBHOMY 3AUeNNIeHHI PIXCY1020 IHCMPYMEeHmY i
3acomosku. Li pesynomamu y3200%cylomucs 3 6iON0GIOHOW Jimepamypor, wjo 3abesneuye
docmogipuicme excnepumenmis. Ananiz nUMomMux cui pisanHs euAeu@ menoenyii 6ionogiono 0o
Pe3yIbmyIouux cul pizanus 6 pasi 3MIHHOL WeUOKocmi pizanns, mooi sk 36i1buleHHs WEUOKOCTIT
nooayi 3p0OUNO HECNPUAMAUGUL GNAUE HA NUMOMI CUNU PISAHHA Yepe3 30LNbUleHHS NONepeuHO20
nepepizy cmpyoicku. bByno nokazano, wjo 30insuients weuoKocmi nooaui npuzeooums 00 6iibuioi
smMinu cun pisanns, uigc 30inbuwienHs weuokocmi pizamnus. Takum 4uHOM, MOJICHA 3podOUmu
BUCHOBOK, WO Pe2YIIO8AHHS CUIL DI3AHHS MOdce Oymu Oiibil egheKmuUBHO nPOeOeHo 3 MOYKU 30PY
SMINU  WUOKOCMI nooaui, a He WeUOKOCmi pi3anns, O O0O0CACHeHHs! Oilbul  HU3bKO2O
€HeP2OCNOJNCUBAHHSA, A MAKONC MEHUIO20 NOWKOONCEHHS 3A20MO6KU [ 30IMbUIeHHS MEPMIHY
Cayorcou iHcmpymenmy.

Kuarouosi cioBa: mopyese pesepysanns; weuokicmv pizanus; weuoKicms nooaui; Kpyaia
NAACMURA, CUNU DISAHHA, NUMOMI CUU DI3AHHA.
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