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Face milling is one of the most common machining processes used for the production of high quality flat surfaces.
Another important feature of the process is the high material removal rate that can be achieved, or in the case of
milling performed at one pass, the high surface rate. Surface rate is increased by increasing feed and cutting speed;
both are bound by technological limitations and are limited to rather small variations, especially cutting speed. In
finishing face milling, if feed per tooth is increased, subsequently the shape of the chip cross section is altered. This
results in the change of the loads of the cutting edges, which influences the cutting forces and process efficiency.
In this study, an experimental investigation is carried out in order to determine the influence of feed on chip size
ratio. For this purpose, five different values of feed, at two different cutting speeds are tested for face milling. It is
concluded that an increase in feed from 0.1 to 1.6 mm results in eight-fold increase of cutting force Fc while surface
rate proportionally increases 16 times and specific cutting force only 0.5 times.
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1 Introduction

Manufacturing of high-end parts is usually accom-
plished through machining, in modern industry [1]. One
of the most productive and effective processes for flat sur-
faces is face milling, due to its ability to remove material
from the workpiece at high rates and at the same time
achieve excellent quality of the machined part [2, 3]. Be-
cause of the aforementioned characteristics, face milling
has been the main subject of many researches; the focal
topics of research pertain to cutting forces estimation, sur-
face roughness minimization and tool wear assessment
[4, 5]. With the optimization of the process in mind, both
theoretical and experimental works have enriched the rel-
evant literature [6-8]. However, the complicated kinemat-
ics of face milling, in comparison to other manufacturing
processes, e.g. turning, have rendered the studies more
demanding [9, 10]. Experimental works pertain usually to
the observation of the influence of cutting parameters on
cutting forces and surface quality, tool wear being a com-
mon subject as well [4, 11-14].

A further bibliographic review reveals that modelling
is commonly employed, either through mathematical or
numerical models. Li et al. [7] used Oxley’s theory to pre-
sent mathematical models for the prediction of forces in
face milling. Sai and Bouzid [15] also presented a math-
ematical model for the estimation of surface roughness in
up-face milling. Franco et al. [16] employed a geometric
model for face milling, while Hadad and Ramezani [17]
used mathematical models to produce a Computer Aided
Design (CAD) software that is able to evaluate the influ-
ence of different milling process parameters on pattern
geometry. Soft computing methods are also used by many
researchers for the analysis of milling, with the use of
neural networks, genetic algorithm and particle swarm
optimization techniques [18-21]. Most numerical models

on manufacturing processes in general [22, 23] and face
milling in particular [24, 25] are realized through the use
of the Finite Element Method (FEM). However, Gyliené
and Eidukynas [26] presented a three dimensional
Smooth Particle Hydrodynamics (SPH) model of face
milling. Most of the models are able to predict cutting
forces and are validated by experimental results.

The analysis of face milling have shown that the pa-
rameters that significantly affect the process are the geo-
metrical features of the tool, the tool and workpiece ma-
terial properties and of course cutting conditions, includ-
ing the depth of cut, feed rate and cutting speed. More
particularly, the combination of high values for the latter
parameters leads to high productivity, through the in-
crease of the material removal rate Q, [mm?/min], with
an adverse effect on cutting forces and tool wear. How-
ever, with the adoption of near-net-shape manufacturing
and the development of prefabrication technologies, the
prescribed allowance can be removed by one pass and
machining efficiency can be evaluated through the sur-
face rate A,, [mm?min] achieved; the increase of surface
rate is possible at a constant depth of cut a, [mm] by in-
creasing of cutting speed and feed rate [27]. Note that, the
increase of cutting speed has technological limitations in
industrial practice. Furthermore, the ever smaller allow-
ance of the pre-fabricants and the ever more frequent ma-
terial removal in one clamp, qualifies feed rate increase
as the most important factor in the efficiency improve-
ment of the process.

Due to the joint influence of feed rate and cutting
speed, the chip cross section changes. Material removal
is performed by the major cutting edges on the plain sur-
face, but in the forming of the machined surface also the
minor cutting edges take part, located in the face plain;
the role of these edges is altered, depending on the varia-
tion of the feed. It is important to examine the ratio of the
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depth of cut and feed per tooth f, [mm/tooth], i.e. chip size
ratio, because by increasing the feed, the shape of the chip
changes, and the role of the cutting edges in chip removal
changes as well. In the case that a,/f, >> 1, chip defor-
mation is predominantly perpendicular to the edge on the
outer surface, while in the case of a,/f, << 1, it is perpen-
dicular to the edge on the face of the tool, see Figure 1. In
this figure, the experimental procedure and calculations
performed are shown; furthermore, the results of a finite
element simulation with AdvantEdge software are briefly
depicted for the two extreme cases of a,/f, in order to il-
lustrate the chip formation variation.
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Fig. 1 Experimental work and calculations for face mill-
ing.

By increasing feed per tooth f,, at constant depth of
cut a,, the medium chip thickness hy, increases and as a
consequence, several cutting technical parameters
change, too, among them the cutting forces. Kundrak and
Felh6 [28] and Kundrak et al. [8] have shown that the in-
crease of feed rate and the variation of the chip cross-sec-
tion shape influence the cutting forces and the roughness
of the machined surface. In other works, Karpuschewski
and Batt [29] and Karpuschewski et al. [30] seek to
achieve such a high increase in feed that a,/f, ratio will be
lower than 1, namely the case of “inverse cutting”.

From the published works found in the relative litera-
ture, there are only a few studies that investigate the in-
fluence of feed on chip size ratio, especially at different
cutting speeds. In the present paper, experimental work is
carried out for the evaluation of the effect of feed per
tooth on chip size ratio and consequently on cutting
forces, in face milling of steel. The analysis is carried out
for the forces in the coordinate system attached to the

workpiece, as well as the coordinate system attached to
the tool edge, by appropriate conversion between the two
systems. As a novelty, the specific cutting forces, i.e. the
cutting forces divided by the chip cross section, are con-
sidered and useful conclusions are drawn. Finally, the
analysis is carried out for two different high cutting
speeds, namely 200 m/min and 300 m/min and the results
are compared.

2 Experimental work and results

For the realization of the analysis, several experiments
were carried out. All the experiments were performed in
a Perfect Jet MCV-MS8 vertical machining center, sup-
plied with a Sandvik R252.44-080027-15M face milling
head of diameter Ds=80 mm. The workpiece material was
normalized C45 (1.0503) carbon steel of hardness HB
180. Width and length of the machined surface were 58
mm and 50 mm, respectively.

The aim was to examine how the changes of the feed
rate influence the components of cutting force, as more
intensive cutting parameters lead to an increase in the cut-
ting forces, in general. In other words, given that the
depth of cut is constant, the focus of the experiments is
the investigation of the influence of chip size ratio varia-
tion on cutting force components, at two different cutting
speeds. It was chosen to use a milling head supplied with
one insert, so that the effect of one cutting edge at the time
is evaluated. For the experiments a Sandvik R215.44-
15T308M-WL GC4030 coated carbide insert, with
=90°, 7,=0°, 0,=11° and r.=0.8 mm was used. Five dif-
ferent feeds per tooth, commonly used in practice for ma-
chining of steel, were selected. Table 1 contains the feeds
per tooth, the corresponding chip size ratio, the chip
cross-section A. and feed rate vi, for the two cutting
speeds ve. For depth of cut 0.4 mm, the chip size ratio
decreases from 4 to 0.25, divided by 2 in each experiment.

Forces were measured by a Kistler 9257A dynamom-
eter, with three components, connected to three 5011A
charge amplifiers, one for each force component. Further-
more, a CompactDAQ-9171 data collector with 4 chan-
nels, by National Instruments was used and measurement
software, made by LabView programming language, was
employed. With the described configuration, continuous
force measurement was possible at 10kHz sampling fre-
quency while machining, and the values of Fy, Fy and F,
components were recorded, as depicted in Figure 2.

Tab. 1 Feed values and corresponding chip size ratios used in the experiments.

v
No. E a/t Ac [mm/min]
[mm/tooth] ratio - [mm’] ve=200 [m/min] ve=300 [m/min]
1 0.1 4 0.04 79.58 119.37
2 0.2 2 0.08 159.15 238.73
3 0.4 1 0.16 318.31 477.47
4 0.8 0.5 0.32 636.62 954.93
5 1.6 0.25 0.64 1273.24 1909.86
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Fig. 2 Coordinate systems and cutting force compo-
nents.

The xyz axes coordinate system is attached to the
workpiece and can be measured by the dynamometer.
However, cutting force components F, Frand F, referring
to a coordinate system attached on the tool edge, are of
particular interest. Due to the kinematics of the insert, the
forces from the two coordinate systems are different.
Nevertheless, geometrical considerations and analysis of
the components of the latter system to axes parallel to the
former system, can provide the conversion between the
two, e.g. see the analysis of F in points 1 and 2, in Figure
2. However, there are specific points that forces of the two
systems may coincide, e.g. F. and Fy at point 3 of Figure
2. The force components for the coordinate system at-
tached to the tool edge were calculated from the measured
force components, through the following equations:
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Fig. 3 Cutting forces variation for f=0.4 mm/tooth, for a
full rotation of the milling head and for coordination
system attached to (a) workpiece and (b) tool edge for
v.=200 m/min and (c) workpiece and (d) tool edge for

ve=300 m/min .

Based on the geometrical characteristics of the exper-
imental set-up, as described in the previous section and
with reference to Figure 2, the insert engages the work-
piece at angle ©;=43.53° and exits at ¢;=136.47°, which
is also the period where cutting forces are recorded in a
full rotation of 360° of the milling head. The variation of
the cutting forces for a full rotation of the milling head,
for feed 0.4 mm/tooth and cutting speed equal to 200
m/min, for the coordination system attached to the work-
piece and the tool edge are shown in Figure 3a and 3b,
respectively. The same, but for cutting speed of 300
m/min, is shown in Figure 3¢ and 3d.

Figure 4a and Figure 4b show the variation of the cut-
ting forces, for cutting speed of 200 m/min and for all the
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Fig. 5 Cutting forces variation for all tested feeds and
v.=300 m/min, for a full rotation of the milling head and
for coordination system attached to (a) the workpiece
and (b) tool edge.

Figure 4a shows that among the three measured force
components the values of F, are the highest in the two
lower feeds, i.e. with high ratio a,/f,. For further increase
of the feed, the values of Fy exceed those of F,. This is
quite apparent at feed equal to 1.6 mm/tooth, where Fy is
almost double the value of F,. In general, for the feeds
tested, F, grows almost three times, namely from 165 N
to 550 N, with increasing feed. Force component F also
increases, as an absolute value, with increasing feed, as
was expected. From Figure 4b, the analysis of F., Fr and
F, shows that their value is nearly constant, for no varia-
tion in feed, at the stage where cutting edge removes a
whole chip cross section, forming a plateau at the graphs.
The cutting forces are only nearly constant because of the
change of the motion track of the tool edge, the momen-
tum values of the resulting motion and the chip cross sec-
tion; due to these attributes, the curve is not symmetrical
with the middle plain. For varying feed, it is worth noting
that F. increases proportionally with the increase in feed.
More specifically, an eight times increase in feed results
in eight-fold increase of the force. Regarding Fp, it is
higher than the other force components for the two lower
feed values, with its value increasing four times with the
increase in feed. Finally, Fr has the lowest value among
the other two force components, for all experimental
cases, showing the smallest increase with an increase in
feed. The same trends may be observed for the force com-
ponents in Figure 5a and Figure 5b, referring to higher
cutting speed.

Figure 6 contains the maximum values for each force
component, for cutting speeds of 200 m/min and 300
m/min. Analyzing the maximum values of force compo-
nents Fy, Fy, F, and F, Fy, F, it can be stated that under
the influence of the feed increase, the cutting forces in-
crease nearly linearly. With the increase in feed, machin-
ing time decreases by almost 6% while the maximum F.
needed to remove the cross section of a unit, decreases to
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its half. At the same time, the removed volume increases
sixteen-fold, while the cutting force increases only by 8.2
times. Furthermore, it is of particular interest that the
maximum forces are lower for the higher cutting speed of
300 m/min, in comparison to the ones in the cutting speed
of 200 m/min. Although it is quite interesting to observe
the variation of the cutting forces in connection to feed
variation, it is also useful to analyze the cutting forces per
chip cross section, i.e. the specific cutting forces, and the
influence of feed on them.
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Fig. 6 Maximum values of the force components for
v.=300 m/min for coordination system attached to (a)
workpiece and (b) tool edge for v.=200 m/min and (c)

workpiece and (d) tool edge for v.=300 m/min.

In Figure 7, the maximum specific cutting forces, for
all the feeds and cutting speeds are shown. The specific
forces are denoted with the letter k, with subscript that
corresponds to the force component that was used for its
calculation. A closer observation of the data contained in
Figures 5 to 7 indicates that indeed more intensive cutting
conditions, namely higher feed, lead to an increase in cut-
ting forces. However, a higher feed, increases chip cross
section, which leads to a significant decrease of the spe-
cific cutting forces. In Figure 7, it can be clearly seen that
specific cutting forces for all force components decrease
significantly with the increase in feed. Although the cut-
ting forces are higher, the load on the cutting insert is
lower.
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Fig. 7 Specific cutting forces for cutting speed (a)
ve=200 m/min and (b) v.=300 m/min.
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4 Conclusions

In this paper, the characteristic cutting forces of face
milling are examined. The change of their values is
demonstrated in the process of chip removal as function
of the angle of the tool rotation. The variation of forces is
measured both in a coordinate system attached to the
workpiece, also complying with the measuring system
used in the experimental procedure, and calculated in a
coordinate system attached to the tool edge.

By increasing the feed in the examined range, the sur-
face rate proportionally increased 16 times. As the depth
of cut was constant, with increasing f, the ratio a,/f, pro-
portionally decreased. As a consequence the exploitation
of the main and subsidiary edge changed. The cutting
forces measured in the coordinate system of the work-
piece increased and their relation to each other changed.
It is of special interest, though, that the values of specific
forces decreased. This is an indication that the overall
loading of the cutting insert is low, even though the feed
increased. Regarding maximum force values, it may be
observed that for higher cutting speed, lower cutting
forces were measured.

Because the maximum value of the cutting forces
grew nearly linearly, the increase of feed requires a highly
stiff machine tool. Further investigation is planned to de-
fine the chip size ratio ay/f, with which a lower scale in-
crease in cutting force and proportional efficiency can be
achieved.

Acknowledgements

The authors greatly appreciate the support of the Na-
tional Research, Development and Innovation Office —
NKFIH (No. of Agreement: OTKA K 116876).

This study was carried out as part of the EFOP-3.6.1-
16-00011 “Younger and Renewing University — Innova-
tive Knowledge City — institutional development of the
University of Miskolc aiming at intelligent specializa-
tion” project implemented in the framework of the
Szechenyi 2020 program. The realization of this project
is supported by the European Union, co-financed by the
European Social Fund.

References

[1] ILLES, B., TAMAS, P., DOBOS, P,
SKAPINYECZ, R. (2017) New challenges for
quality assurance of manufacturing processes in
industry 4.0. Solid State Phenomena. 261, 481—

486, DOI 10.4028/www.scien-
tific.net/SSP.261.481.
[2] MUNOZ-ESCALONA, P., MAROPOULOS,

P.G. (2015) A geometrical model for surface
roughness prediction when face milling Al 7075-
T7351 with square insert tools. Journal of Manu-
facturing  Systems. 36, 216-223, DOI
10.1016/j.jmsy.2014.06.011.

[3] HABRAT, W., MOTYKA, M., TOPOLSKI, K.,

[10]

[11]

[12]

[13]

milling process of micro-and nanocrystalline tita-
nium. Archives of Metallurgy and Materials.
61(3), 1033-1038, DOI 10.1515/amm-2016-0226.

KORKUT, I., DONERTAS, M.A. (2007) The in-
fluence of feed rate and cutting speed on the cut-
ting forces, surface roughness and tool-chip con-
tact length during face milling. Materials & De-
sign. 28, 308-312, DOI
10.1016/j.matdes.2005.06.002.

SILLER H., VILA, C., RODRIGUEZ, C.
ABELLAN, J. (2009) Study of face milling of
hardened AISI D3 steel with a special design of
carbide tools. International Journal of Advanced
Manufacturing Technology. 40, 12-25, DOI
10.1007/s00170-007-1309-0.

ZHENG, H.Q., LI, X.P., WONG, Y.S., NEE,
A.Y.C. (1999) Theoretical modelling and simula-
tion of cutting forces in face milling with cutter
runout. International Journal of Machine Tools
and  Manufacture. 39, 2003-2018, DOI
10.1016/S0890-6955(99)00023-1.

LI, X.P., ZHENG, H.Q., WONG, Y.S., NEE,
A.Y.C. (2000) An approach to theoretical model-
ing and simulation of face milling forces. Journal
of Manufacturing Processes. 2(4), 225-240, DOI
10.1016/S1526-6125(00)70024-7.

KUNDRAK, J., GYANI, K. FELHO, C.,
DESZPOTH, I. (2017) The Effect of the Shape of
Chip Cross Section on Cutting Force and Rough-
ness when Increasing Feed in Face Milling. Man-
ufacturing Technology. 17(3), 335-342.

KUNDRAK, J., DESZPOTH, 1., MOLNAR, V.
(2014) Comparative study of material removal in
hard machining of bore holes. Tehnicki Vjesnik.
21(1), 183-189.

PIMENOV, D. YU, GUZEEV, V. 1,
MIKOLAJCZYK, T., PATRA, K. (2017) A study
of the influence of processing parameters and tool
wear on elastic displacements of the technological
system under face milling. International Journal
of Advanced Manufacturing Technology. 92,
4473-4486, DOI 10.1007/s00170-017-0516-6.

MATRAS, A., ZEBALA, W., KOWALCZYK, R.
(2014) Precision milling of hardened steel with
CBN tools. Key Engineering Materials. 581, 182-
187, DOI 10.4028/www.scien-
tific.net/ KEM.581.182.

PIMENOV, D.Y. (2015) Mathematical modeling
of power spent in face milling taking into consid-
eration tool wear. Journal of Friction and Wear.
26(1), 45-48, DOI 10.3103/S1068366615010110.

IZOL, P., VRABEL, M., MANKOVA, 1. (2016)
Comparison of milling strategies when machining
freeform surfaces. Materials Science Forum. 862,

SIENIAWSKI, J. (2016) Evaluation of the cutting 18-25, DOI 10.4028/www.scien-
force components and the surface roughness in the tific.net/MSF.862.18.
indexed on: http://www.scopus.com 437



June 2018, Vol. 18, No. 3

MANUFACTURING TECHNOLOGY

ISSN 1213-2489

[14]

[15]

[17]

(21]

DUDAS, 1., VARGA, G. (2005) 3D topography
for environmentally friendly machined surfaces.
Journal of Physics: Conference Series. 13 (1), 24-
27, DOI 10.1088/1742-6596/13/1/006

SAI, K., BOUZID, W. (2005) Roughness model-
ing in up-face milling. International Journal of
Advanced Manufacturing Technology. 26, 324—
329, DOI 10.1007/s00170-004-2305-2.

FRANCO, P., ESTREMS, M., FAURA, F. (2008)
A study of back cutting surface finish from tool
errors and machine tool deviations during face
milling. International Journal of Machine Tools
and  Manufacture. 48, 112-123, DOI
10.1016/j.ijjmachtools.2007.07.001.

HADAD, M., RAMEZANI, M. (2016) Modeling
and analysis of a novel approach in machining and
structuring of flat surfaces using face milling pro-
cess. International Journal of Machine Tools and

Manufacture. 105, 32-44, DOI
10.1016/j.ijjmachtools.2016.03.005.
SURESH KUMAR REDDY, N.,

VENKATESWARA RAO, P. (2005) Selection of
optimum tool geometry and cutting conditions us-
ing a surface roughness prediction model for end
milling. International Journal of Advanced Man-
ufacturing Technology. 26(11-12), 1202-1210,
DOI 10.1007/s00170-004-2110-y.

AYKUT, S., GOLCU, M., SEMIZ, S., ERGUR,
H.S. (2007) Modeling of cutting forces as function
of cutting parameters for face milling of stellite 6
using an artificial neural network. Journal of Ma-
terials Processing Technology. 190(1-3), 199—
203, DOI 10.1016/j.jmatprotec.2007.02.045.

JESUTHANAM, C.P., KUMANAN, S,
ASOKAN, P. (2007) Surface roughness predic-
tion using hybrid neural networks. Machining Sci-
ence and Technology. 11(2), 271-286, DOI
10.1080/10910340701340141.

BHARATHI RAJA, S., BASKAR, N. (2012) Ap-
plication of particle swarm optimization technique
for achieving desired milled surface roughness in
minimum machining time. Expert Systems with
Applications. 39(5), 5982-5989, DOI
10.1016/j.eswa.2011.11.110.

[22]

(23]

[24]

[26]

[30]

ARRAZOLA, P.J., OZEL, T., UMBRELLO, D.,
DAVIES, M., JAWAHIR, L.S. (2013) Recent ad-
vances in modelling of metal machining pro-
cesses. CIRP Annals-Manufacturing Technology.
62(2), 695-718, DOI 10.1016/j.cirp.2013.05.006.

KASELOURIS, E., PAPADOULIS, T,
VARIANTZA, E., BAROUTSOS, A,
DIMITRIOU, V. (2017) A study of explicit nu-
merical simulations in orthogonal metal cutting.
Solid State Phenomena. 261, 339-346, DOI
10.4028/www.scientific.net/SSP.261.339.

NIESLONY, P., GRZESIK, W., BARTOSZUK,
M., HABRAT, W. (2016) Analysis of mechanical
characteristics of face milling process of Ti6Al4V
alloy using experimental and simulation data.
Journal of Machine Engineering. 16(3), 58-66.

ZHANG, Q., ZHANG, S., L1, J. (2017) Three Di-
mensional Finite Element Simulation of Cutting
Forces and Cutting Temperature in Hard Milling
of AISI H13 Steel. Procedia Manufacturing. 10,
37-47, DOI 10.1016/j.promfg.2017.07.018.

GYLIENE, V., EIDUKYNAS, V. (2016)The nu-
merical analysis of cutting forces in High Feed
face milling, assuming the milling tool geometry.
Procedia CIRP. 46, 436-439, DOI
10.1016/j.procir.2016.03.132.

KUNDRAK, J., MAKKAI, T., DESZPOTH, L
(2017) Effect of cutting feed and chip size ratio on
cutting force. Solid State Phenomena. 261, 3-8,
DOI 10.4028/www.scientific.net/SSP.261.3.

KUNDRAK, J., FELHO, C. (2016) 3D roughness
parameters of surfaces face milled by special
tools. Manufacturing Technology. 16(3), 532-538.

KARPUSCHEWSKI, B, BATT, S. (2007) Im-
provement of Dynamic Properties in Milling by
Integrated Stepped Cutting. CIRP Annals-Manu-

facturing  Technology. 56(1), 85-88, DOI
10.1016/j.cirp.2007.05.001.
KARPUSCHEWSKI, B., KUNDRAK, 1.,

EMMER, T., BORYSENKO, D. (2017) A new
strategy in face milling - inverse cutting technol-
ogy. Solid State Phenomena. 261, 331-338, DOI
10.4028/www.scientific.net/SSP.261.331.

10.21062/ujep/117.2018/a/1213-2489/MT/18/3/431

Copyright © 2018. Published by Manufacturing Technology. All rights reserved.

438

indexed on: http://www.scopus.com



