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ABSTRACT

The development of more versatile machine tools is addressing the increased
market demand for more complex shapes and workpieces with strict tolerances.
This has resulted in more complicated kinematics, designed to align the cutting
tool with the intricate workpiece surface for its production. New machining op-
erations supported in the advanced kinematics are emerging such as turn-milling
operations, in which rotational movements of the workpiece are coupled with
conventional milling operations. Turn-milling presents significant advantages
over conventional turning: such as lower cutting forces, temperatures, circularity
errors, and surface roughness. In addition, tool life is longer, and the operation
generates intermittent chips which eliminates the continuous chip nests typical
in turning. Despite these advantages however, turn-milling is difficult to op-
erate in the optimal process window because it requires an increased number
of process parameters, making their optional selection challenging. The pre-
diction of process performance can be greatly enhanced by modeling, however
traditional milling models do not consider turn-milling parameters evidencing
the need for specific models for these operations. To address this gap, this thesis
presents analytical and numerical models for orthogonal turn-milling operations
to determine the uncut chip geometry and predict cutting forces. These mod-
els consider workpiece rotation, tool eccentricity, cutting tool profile, and the
process kinematics in the accurate determination of the uncut chip geometry.
The models were validated theoretically and experimentally presenting good
correlation in each of the validation tests. The models were used to confirm the
cutting conditions suggested by the cutting tool manufacturer in a real workpiece
manufacturing plan. The engineered cutting conditions showed a reduction of
20% in the overall manufacturing time. Additionally, the cutting edges were
used more efficiently decreasing the number of inserts needed to finish the part,
which in turn reduced the total manufacturing cost.



LABURPENA

Mekanizazio lanmota desberdinak egiteko gai direnmakina erremintak garatzeak
forma oso konplexuak eta aldi berean tolerantzia estuak dituzten piezen eskaera
gero eta handiagoari erantzuten dio. Horrek, erreminta eta landu beharreko
piezaren azalera lerrokatu ahal izateko, makinaren zinematika korapilatsuagoa
eskatzen du. Zinematika aurreratu hauen bidez mekanizazio eragiketa berriak
sortzen ari dira, esate baterako, torneatze-fresatze eragiketetan, ohiko fresake-
tak dituen mugimenduei piezaren biraketa-mugimendu sinkronizatuak gehitu
behar zaizkio. Torneatze-fresatzeak abantaila garrantzitsuak ditu torneaketa
konbentzionalaren aurrean: esate baterako, ebaketa-indar, tenperaturak eta biri-
biltasun akats txikiagoak eta gainazal zimurtasun leunagoa. Gainera, errem-
intaren bizitza luzeagoa da eta luzera txikiko txirbilak sortzen ditu, torneaketan
ohikoak diren txirbil anabasak ekidituz. Hala ere, abantaila horiek gorabehera,
torneatze-fresatzean zaila da prozesuaren leiho optimoan funtzionatzea, proze-
suak parametro kopuru handiagoa baitu, prozesu honen hautaketa erronka bi-
hurtuz. Prozesu errendimenduaren aurreikuspena asko hobetu daiteke mod-
elizazioarekin, hala ere, fresatze eredu tradizionalek ez dituzte torneatze-fresatze
parametro guztiak kontuan hartzen, torneatze-fresatze eredu zehatzen beharra
dagoela frogatuz. Hutsune horri aurre egiteko, tesi honek torneatze-fresatze
ortogonaleko eragiketen eredu analitikoak eta numerikoak aurkezten ditu, ebak-
itzen den txirbilaren geometria kalkulatu eta ebaketa-indarrak aurreikusteko.
Eredu hauek piezaren biraketa, erremintaren eszentrikotasuna, erremintaren
profila eta prozesuaren zinematika kontuan hartzen dituzte ebakitzen den txir-
bilaren geometria zehaztasunez kalkulatuz. Ereduak era teorikoan eta esperi-
mentalean balioztatu dira, egiaztapen proba bakoitzean korrelazio ona erakutsiz
beraien artean. Modeloak erabiliz hautatutako ebaketa baldintzak eta erreminta
fabrikatzaileak proposaturikoak konparatu dira pieza baten mekanizazioan. Mod-
eloaren laguntzaz hautatutako ebaketa baldintzek piezaren fabrikazio denbora
totala %20 murriztu dute. Gainera, erremintaren ebaketa ertzak modu eraginko-
rragoan erabili ziren, pieza amaitzeko behar ziren aldaketa kopurua murriztuz,
eta horrek fabrikazioaren kostu totala murrizten zuen.



RESUMEN

El desarrollo de máquinas herramienta más versátiles responde a la creciente
demanda del mercado de formas más complejas y piezas con tolerancias estric-
tas. Esto ha dado lugar a cinemáticas más complicadas, diseñadas para alinear la
herramienta de corte con la intrincada superficie de la pieza para su producción.
Están surgiendo nuevas operaciones de mecanizado apoyadas en la cinemática
avanzada, como las operaciones de torneado-fresado, en las que los movimientos
de rotación de la pieza se acoplan a las operaciones de fresado convencionales. El
torneado-fresado presenta importantes ventajas sobre el torneado convencional:
como menores fuerzas de corte, temperaturas, errores de circularidad y rugosi-
dad superficial. Además, la vida de la herramienta es más larga y la operación
genera virutas intermitentes que eliminan los nidos de virutas continuos típicos
del torneado. Sin embargo, a pesar de estas ventajas, el torneado es difícil de
operar en la ventana óptima del proceso porque requiere un número mayor de
parámetros de proceso, lo que hace que su selección opcional sea un reto. La
predicción del rendimiento del proceso puede mejorarse en gran medida medi-
ante el modelado, sin embargo los modelos tradicionales de fresado no consideran
los parámetros de torneado-fresado evidenciando la necesidad de modelos especí-
ficos para estas operaciones. Para abordar esta carencia, esta tesis presenta modelos
analíticos y numéricos para las operaciones de torneado-fresado ortogonal con
el fin de determinar la geometría de la viruta por cortar y predecir las fuerzas
de corte. Estos modelos consideran la rotación de la pieza, la excentricidad de la
herramienta, el perfil de la herramienta de corte y la cinemática del proceso en la
determinación precisa de la geometría de la viruta por cortar. Los modelos fueron
validados teórica y experimentalmente presentando una buena correlación en
cada una de las pruebas de validación. Los modelos se utilizaron para confirmar
las condiciones de corte sugeridas por el fabricante de herramientas de corte
en un plan de fabricación de piezas reales. Las condiciones de corte diseñadas
mostraron una reducción del 20% en el tiempo total de fabricación. Además, los
filos de corte se utilizaron de forma más eficiente, disminuyendo el número de
insertos necesarios para terminar la pieza, lo que a su vez redujo el coste total de
fabricación.
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1 | INTRODUCTION

There is a growing demand for complex geometries in a diverse range of industries
(İç and Yurdakul, 2009), and they are used as functional parts of machinery or
design pieces that give added value to a product. One reason to employ complex
shapes is to integrate several functions in one piece, a typical example of this is the
turbomachinery (Boynton et al., 1992; Zheng et al., 2012). In power generation
manufacturing, complex geometries are designed to transform energy for a
specific objective, and turn-milling operations among others are commonly
employed to achieve these geometries. Examples of workpieces achieved by
turn-milling are large-format crankshaft, landing gear, aeronautical combustion
cases, aeronautical blades as shown in figure 1.1.

(a) Large compressor crankshaft (Sideron, 2021). (b) Aeronautical landing gear (Danobat, 2021).

(c) Aeronautical combustion case (Ingersoll,
2021).

(d) Aeronautical blade machining (Ferrotall,
2021).

Figure 1.1: Examples of parts machined with turn-milling operations.

The machine tool sector impacts directly several markets and Europe is the
leader continent of exportation as shown figure 1.2. The machine tool exports n
has been affected for the crisis of 2020 considerably, however the market start to
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Figure 1.2: Historical exports of machine tools in diverse markets (CECIMO, 2021).

show reactivation signs in the third quarter of 2020. Even with the pandemic, the
third quarter of 2020 reached almost 2000 million e just for Europe (CECIMO,
2021). As the increasing complexity of the workpiece is addressed by augmented
axis machine tools which align the cutting tool with the surface of the component
to be machined. These complex movements are achieved by adding controlled
motions to the machine tool, resulting in increased linear and rotational degrees
of freedom. The objective is to rotate the bulk material to reduce the number
of clamp actions as much as possible; as spatial references are lost with each new
clamping action. Additionally, small misalignments of the workpiece in the
fastening process can induce tolerances errors. Figure 1.3 compares the vertical
architecture of milling machines: A conventional 3-axis milling architecture that
allow the tool spindle to move to he workpiece in the linear degrees of freedom
(𝑋,𝑌, 𝑍 ) is depicted in figure 1.3 (a). On the other hand, figure 1.3 (b) illustrates
a machining center with augmented axis of freedom, a 5-axis machine that is
one of the most common configuration.

(a) 3-Axis milling machine, vertical architecture (b) 5-Axis machining center, rotary table configura-
tion

Figure 1.3: Vertical architecture configuration milling machines.

The increased versatility of the augmented axis machine tool does not exclude
the production of simpler geometries. In fact, the additional axis can be blocked
to produce 3-axis geometries. For this reason, there has been a marked increase
in the produciton of multitasking machine tools (Anand, 2021), which are able to
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Figure 1.4: Ibarmia ZVH multiprocess machining center (Ibarmia, 2020).

perform milling and turning operations in the same machine tool, shortening the
production chain and reducing the number of clamping actions. The machining
center ZVH from Ibarmia is a clear example of multitasking design in the modern
machine tool as shown in figure 1.4.

Table 1.1: 3 & 5-Axis Machine tool characteristics

Contours in 2D
3-Axis Only produces orthogonal features in the workpiece
Milling Simple contours in 3D

Strict tolerances
High convoluted surfaces
More than 4 simultaneous axis movements during machining

5-Axis Can also produce non orthogonal features in the part
Milling Strict tolerances

Low aspect ratio work pieces
Shorter tool length

Table 1.1 summarizes the main characteristics of the 3 & 5 axis. Although
5-axis machines are more versatile than the 3-axis; they are also more expensive
assets. 5-axis machines also present challenges when machining, due to the com-
plex kinematics involved in moving the five axes simultaneously. One common
examples of this is collisions between the tool and the machine tool fixtures.

5-axis machining centers open the window to new operations. One example
is turn-milling, in which the surface is milled while the workpiece rotates around
its center point. This operation has arisen from the need to achieve cylindroid
surfaces impossible to manufacture through conventional turning. Depending
on the machine tool architecture, it is possible to perform three turn-milling
operations with different alignments of the tool and workpiece axes (Karaguzel
et al., 2015b): Orthogonal, Tangential, and Coaxial, see figure 1.5.
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(a) Orthogonal turn-milling (b) Tangential turn-milling

(c) Coaxial turn-milling

Figure 1.5: Turn-milling operation classified by the rotational its rotational axes.

The industrial applications of turn-milling are those cylindrical surfaces
which are not achievable via conventional turning, for example, aeronautical
combustion cases. These workpieces have a cylindrical or conic base with a set
of bosses or holes to perform various tasks in the power generation process, see
figure 1.6 (Rk, 2021).

Certain characteristics of turn-milling operations present advantages over the
conventional turning. One characteristic is the relatively low workpiece spindle
rotational speed. This feature is associated with the process kinematics and is
of particular interest when manufacturing big format workpieces (Karaguzel
et al., 2015b; Wu et al., 2014). One further advantage is that a relatively low
surface roughness is achieved, whit values comparable with those resulting from
grinding (Savas and Ozay, 2007). This has the effect of shortening the production
chain, as less operation are necessary to achieve the finished part. In addition,
tool life increased considerably in comparison with that of conventional milling
in comparable cutting conditions (Karaguzel et al., 2015a). This makes turn-
milling a feasible alternative to conventional turning when manufacturing hard-
to-cut materials. The intermittent cutting typical in milling, presents lower
cutting forces and temperatures compared with the continuous cutting in turning
(Karaguzel et al., 2012). These decrements in the cutting forces and temperature
benefits the thermo-mechanical behavior of the workpiece-tool set, resulting
in lower geometrical errors (Karaguzel et al., 2012). Intermittent cutting also
produces discontinuous chips, favoring chip management and preventing the
chip nest typical in conventional turning (Karaguzel et al., 2012).

Despite these many advantages, turn-milling operations are not regularly
operating in the optimal process window. This is due to the increased amount of
parameters required to define the kinematics. The rotational movement of the
workpiece is not considered by the traditional models developed for conventional
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Figure 1.6: Aeronautical combustion case manufacturing Rk (2021).

milling, and it is not entirely clear how the kinematic parameters impact the
operational variables such as width per pass or feed per tooth.

To address this gap, the main objective of this thesis is to improve the per-
formance of orthogonal turn-milling operation using the cutting forces as limit
of process indicator and the material removal rate as productivity indicator. To
achieve this objective the following specific objectives are proposed:

1. To model the orthogonal turn-milling process to determine the cutting
forces of the process.

2. To determine the effect of the eccentricity over the uncut chip geometry
in orthogonal turn-milling operations.

3. To determine the combined effect of the tool profile and eccentricity
considering torus and spherical tools.

4. To ascertain the cutting conditions provided by the manufacturer in
turn-milling operations to reach improved material removal rates.

This thesis presents analytical and numerical models for orthogonal turn-
milling operations to determine the uncut chip geometry and predict cutting
forces. These models consider workpiece rotation, tool eccentricity, cutting tool
profile, and the process kinematics in the accurate determination of the uncut
chip geometry. These models contribute to the virtualization of the process
by representing its behavior and opening the chance to implement them in
CAD/CAE/CAM software or to develop specific process cutting conditions
calculators. At its core, virtual manufacturing seeks to make available modeling
tools to make informed manufacturing decisions that increase the workpiece
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quality and reduce production costs.

This document is structured as follows:

The Chapter 2 is the State of the Art here is provided an overview of the
literature related with turn-milling operations and cutting force prediction in
machining. The Chapter 3 presents an analytical model of the orthogonal
centric case with flat end mills in the large and small depth of cut regimens,
where the uncut chip geometry is modeled and validated experimentally via
cutting force prediction. Chapter 4 consider the eccentricity effect over the uncut
chip geometry in flat end mills; where the model is experimentally validated
via cutting force prediction. The chapter 5 presents the numerical model that
considers eccentricity and tool profile (torus and ball end mills); where the
model is validated experimentally via cutting forces and evaluates the effect of
eccentricity in orthogonal turn-milling operations. The Chapter 6 presents an
industrial application of the models in a workpiece that resembles an aeronautical
combustion case; the turn-milling cutting conditions were confirmed through
the models in Chapters 3 to 5. Chapter 7 present the conclusions raised from the
development of this thesis and the future lines recommended from this academical
exercise. Figure 1.7 presents a graphical structure of the thesis.

The research set out in this thesis resulted in two scientific papers published
in reputable, first quartile journals. Additionally, a poster was presented at the
22𝑡ℎ national congress of machine tools in Spain, and an oral presentation in
the first manufacturing seminar between Colombia and Spain. These scientific
developments are intended to contribute to the state of the art and provide a
deeper understanding of the process and its application in industrial conditions.
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Figure 1.7: Schematic structure of the thesis.





2 | STATE OF THE ART

The State of the Art intends to show the evolution of the interest of several
researchers that have dealt with turn-milling in their publications. This quest
covers the scientific aspects of uncut chip geometry determination, cutting forces,
vibrations, and cutting temperature. The industrial aspects covered are the tool
wear, surface finishing, and geometrical errors. Publications in virtual machining
and artificial intelligence are also considered due to the modeling nature of the
thesis contribute to this knowledge area. Subsequently, is presented a critical
review of the State of the Art in which the research opportunities are detected.
The last section presents the research objectives and the hypothesis that support
this thesis.

Turn-milling is not a simple combination of turning and milling; it uses the
rotation movements of the cutting tool and workpiece to achieve the synthetic
machining on the workpiece (Yuan et al., 2012). This machining process consists
of the milling of the workpiece means while it rotates slowly. However, it is
possible to align the tool in diverse orientations. In this context, the process
has been cataloged by the orientation of the tool axis to the workpiece axis.
The machining case selection depends on the application, and machine tool
architecture presenting differences between each other, see figure 2.1. These
differences depend on the cutting zone of the edge that performs the chip removal
modifying the uncut chip geometry (Karaguzel et al., 2015b). Despite the
differences that the cases could present, they have seven parameters in common.
These parameters define the kinematics of the machining process. Figure 2.1
illustrates the cases and the parameters for each one deeply. These parameters
are presented below with the variable name:

• Work piece radius (𝑅𝑤)
• Work piece rotational speed (𝑛𝑤)
• Tool radius (𝑟𝑡 )
• Tool rotational speed (𝑛𝑡 )
• Axial feed (𝑓𝑎)
• Depth of cut (𝑎𝑝 )
• Number of teeth (𝑧)
• Eccentricity (𝑒) only for eccentric turn-milling

The eccentricity is the only parameter exclusive of orthogonal eccentric
turn-milling, see figure 2.1 (d and e). It is the separation distance between the
workpiece and tool rotational axes. In the case that those axes intersect in the
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space, the orthogonal case is called centric. In other words, if the distance 𝑒 is
zero, then the machining operation is called orthogonal centric turn-milling;
otherwise, it is called eccentric turn-milling.

(a) Parameters in orthogonal turn-milling. (b) Parameters in tangential turn-milling.

(c) Parameters in coaxial turn-milling.

(d) Centric turn-milling (e) Eccentric turn-milling

Figure 2.1: Defining parameters in the dierent turn-milling cases.
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Turn-milling operations are versatile, and they produce a wide range of
rotary surfaces, see figure 2.2. The process selection depends on the feature to
be obtained. For instance, if the task is to generate an inner diameter, coaxial
turn-milling is the most appropriate operation. In another scenario, if the job is
profiling, the orthogonal operation is the right choice to achieve it.

(a) Profiling with orthogonal turn-milling (b) Internal holing with coaxial turn-milling

Figure 2.2: Cylindroid surfaces produced with turn-milling operations.

In conventional milling, the cutting tool is intended to remove the material
with a specific edge portion. For example in face milling, the flank edge removes
the material; while in plunge milling, the cut is performed by the end edge.
This fact does not distinguish the geometry for the tool profile, as it is presented
in both flat and torus mills, see figure 2.3. The edge classification is necessary
because it clarifies which part of the tool performs the cut. In turn-milling, the
complexity of the process kinematics demands simultaneous cutting with the
flank and end edges. This condition determines the uncut chip geometry and the
zone of maximum tool wear. (Choudhury and Mangrulkar, 2000; Uysal et al.,
2014; Karaguzel et al., 2015b, 2016; Savas et al., 2016).

Figure 2.3: Flat end and torus end mill. Edge classification.
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Although the turn-milling operations are implemented in the early 90’s with
the development of multi-axis CNC machine tools, there are many aspects to
be researched yet. Indeed, there is a lack of consensus in basic aspects. For
example, the authors state systematically that turn-milling is a high productivity
process (Ekinović et al., 2007; Karaguzel et al., 2015a, 2017; Zelinski, 2021).
However, the material removal rate (MRR) reached in academic publications
does not corroborate this statement. During the literature review, it was identified
some research groups performed experimental trials of orthogonal turn-milling
(Choudhury and Mangrulkar, 2000; Choudhury and Bajpai, 2005; Zhu et al.,
2013, 2016b; Karaguzel et al., 2012; Uysal et al., 2014; Karaguzel et al., 2015b,a,
2016, 2017; Qiu et al., 2015, 2016; Yan et al., 2016; Utsumi et al., 2020; Comak
and Altintas, 2017). Then along with their multiple publications, the cutting
conditions were extracted to find the material removal rate if possible. Figure 2.4
displays a comparative summary of the material removal rate reached in their
researches. This figure shows clearly that the MRR of turn-milling operation
is three times below conventional machining. Another characteristic of this
figure is that the researchers are performing turn-milling operations at similar
rates. Although this comparison does not consider the bulk material and does not
represent the maximum capabilities of the process gives an idea of the productivity
reached in laboratory conditions.

Figure 2.4: Material removal rate in turn-milling compared with conventional machining.

The comparative studies between conventional turning and turn-milling
might not be fair because of the differences in the kinematics of the processes.
For example, turn-milling perform multi-edge cutting while turning does a
single-edge cutting. If the axial feed is equaled, the load in the mill will not be
the same as in the turning insert. Otherwise, if the load of the edges is equaled,
then the axial feeds do not match. That is why comparative studies have to focus
on one specific feature such as the chip load on the edge, or the material removal
rate, but they might be the target of strong critics.

The turn-milling research has begun early in the ’90s, and the first subject
treated by the researchers was the wear and the surface finishing of hard-to-cut
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materials. The research focus has been diverging with time to understand the
diverse faces of this machining process. The evolution of the subjects has been
increasing, and even the wear has recent publications, which means that the
interest in the first subject of study still prevails. Figure 2.5 shows the time
appearance of the subjects of study. This list is limited to the publications that
treat specifically turn-milling, as this is a milling operation, and the list could
be easily increased. Turn-milling operations are relatively new considering the
machining history (Karaguzel et al., 2012).Schulz and Spur (1990) published a
study related to the different edges wear during coaxial turn-milling operations;
they also considered the effect of the cutting parameters in the surface roughness
and concluded about the geometric accuracy of the process.

Figure 2.5: Time line of the publications related with turn-milling operations.

Following, every research subject is going to be discussed, presenting the
remarkable outcomes of the authors. The main subjects presented in figure 2.5
are scientific and industrial parameters. The appearance order of the fundamental
parameters is (uncut chip geometry, force prediction, vibration analysis, and
temperature), followed by the industrial parameters in the following order (tool
wear, surface finish, geometric errors). Subsequently, the virtual machining in
turn-milling is discussed that has a special relationship with this research. Finally,
it is presented a critical review of the State of the Art finding pertinent questions
over the literature reviewed to recognize the research opportunities.

Tables 2.1, 2.2, and 2.3 present a summary of the topics treated in this chap-
ter. The name of the authors has been coded to them three first letters and
the year of publication. It is seen the is a strong disregard to tangential and
coaxial turn-milling cases. However, even the orthogonal case shows a lack of
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paper publications. This scenario presents the opportunity to contribute to the
knowledge related to turn-milling operations.

Table 2.1: Summary table of the publications in turn-milling wear, surface finishing, virtual
machining, Artificial Intelligence, dynamics, geometrical errors.

Wear Surface Finish
Turn-
milling
case

Exp.
Cut.
cond.

Empiric
model

Ecc.
effect

Exp.
Cut.
cond.

Ecc.
effect

Conv.
turn-
ing Vs
T-M

Analytical
model

Orthog. Shu90,
Hua12,
Cai12,
Kar14,
Kar15A,
Uys14,
Kara15

Su13 Kar15A,
Kar14,
Uys14,
Kara15

Kop97,
Cho00,
Cho05,
Cai12,
Uys14,
Jin14,
Ega15,
Cal15

Kop97,
Cai12,
Uys14

Eki07 Zhu13

Tangent. Karp17 N/A Sav07,
Sav08,
Sav16,
Karp17

N/A Rat16 Fun16

Coaxial Shu94 N/A Shu90,
Shu94

N/A

Table 2.2: Summary table of the publications in turn-milling virtual machining, Artificial
Intelligence, Dynamics, Geometrical Errors.

Virtual Mach.
& AI

Dynamics Geometrical erros

Turn-
milling
case

Virt.
Mach.

AI Mach.
Desgn.

Stability Exp. Mod.

Orthogonal Zhu08A,
Zhu08B,
Yua09,
Zhu10,
Zha10,
Yu13,
Zhu15,
Hen17

Sav08,
Yus12,
Wan12,
Chen13,
Dwi14,
Leo14,
Sav16

Zhu07,
Zhu09,
Zhu11A,
Zhu11B,
Zhu12,
Wan14,
Jin13,
Liu13

Bud13,
Zhu15,
Yan16

Shu90,
Neg05,
Olv12,
Uys14,
Ega15,
Wan15,
Kar16,
Kar17

Kar12,
Kar15,
Kar15

Tangential Karp17
Coaxial
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Table 2.3: Summary table of the publications in turn-milling uncut chip geometry, cutting forces,
temperature.

Uncut
Chip
Mod

Cutting Forces Temperature

Turn-
milling
case

Predict Applicat. Predict Exp. Cut.
Cond.

Analytic

Orthog. Kop97,
Kop00,
Fil11,
Kar12,
Kar14,
Kar15B,
Kar15C,
Kar16,
Kar17,
Uys14,
Qui15,
Qui16,
Zhu16A,
Zhu16B,
Com17

Ko00,
Wu14,
Zhu15,
Jin17

Tlu00,
Fil11,
Alt00,
Kar12,
Kar14,
Pen14,
Kar15,
Qui15,
Qui16,
Yan16

Liu14,
Put16

Peng14,
Kar17

Tangential Kar12,
Kar15,
Kar16

Coaxial Shu94,
Kar15B

2.1 Uncut chip geometry

The uncut chip geometry prediction is an essential feature in the fundamental
analysis of the turn-milling process because it is the primary variable for the
cutting forces and thermic predictions. The coupled movement of the workpiece
and the tool generates a complex geometry that depends on the cutting parameters
and the case of turn-milling (orthogonal, tangential, coaxial). The experimental
validation of the proposed models is always through indirect validation. The
authors usually measure the cutting forces (Crichigno Filho, 2012; Karaguzel
et al., 2014, 2017; Putz et al., 2016; Qiu et al., 2015, 2016; Uysal et al., 2014; Yan
et al., 2016; Utsumi et al., 2020). However, Zhu et al. (2016a,b) have validated
the chips via weight measuring and geometrical analysis of the cut chips.

2.1.1 Coaxial turn-milling

Schulz and Kneisel (1994) made the first mention of the uncut coaxial geometry,
but there was not deeply explained how this geometry is constructed, the process
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is schemed in figure 2.6. However, only Karaguzel et al. (2015b) proposed an
analytical model to predict the uncut chip geometry. The main approach of
the model is based on key points and connecting functions, which variables are
the cutting parameters. However, there is no explicit validation of the model
proposed by Karagüzel et al. The key points are shown in figure 2.7 as points 1,
2, & 3. Besides, the connecting functions are stated as the line that connects the
point 1 & 2 (Ra), 1 & 3(Rt), and 2 & 3 (Re). These points and lines are drawn
over a rotated Cartesian plane X-Y shown in Figure 2.7.

Figure 2.6: Coaxial turn-milling scheme

Figure 2.7: Schematic coaxial uncut chip geometry (Karaguzel et al., 2015b).

The research work presented from Karaguzel et al. does not explain how
to calculate the key points 1, 2, 3 that are the physical boundaries of the chip.
It is not clear neither, the domain of the equations that define the geometry
of the chip. It is essential to say that this work is the most complete found for
this machining case. Nevertheless, it was impossible to use the mathematical
expressions to represent the uncut chip geometry in 3D coordinates.
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2.1.2 Orthogonal turn-milling

There are different approaches to predict the uncut chip geometry in the orthog-
onal case schemed in figure 2.8; Kopač and Pogačnik (1997) mentioned how
they believed the uncut chip is; however, there is no validation of this proposed
geometry. The same team did a numerical simulation of the engage zone of the
tool. The authors state that only eccentricity, axial feed, and the depth of cut
are the cutting parameters that define the chip geometry (Pogacnik and Kopac,
2000).

Figure 2.8: Orthogonal turn-milling scheme

The first researcher that introduces the key point approachwas Crichigno Filho
(2012), in his only work published about this subject. In this work, the author
presents the rough down process of a flat end mill while the workpiece rotation.
However, the axial feed is not taken inside the model. The main equations are
quite similar to the results reached after by Karagüzel et al.

The Karaguzel et al. (2012, 2014, 2015b, 2017); Uysal et al. (2014) teams
has worked on the prediction of this geometry a few years ago. They were
consistent in their publications in the model proposed for the prediction of
the geometry. The general approach of the model is based on key points and
connection functions between each other calculated from the cutting conditions
as shown in figure 2.9. According to Karaguzel et al. (2014, 2016, 2017); Uysal
et al. (2014), there is a modification on the chip geometry when the eccentric is
added to the tool. This change is represented in the general connecting equations
and is studied in different works. It is essential to say that all these models stated
by this team of researchers are validated indirectly by measuring the cutting
forces on the machining process.

Qiu et al. (2016) worked on a different approach for predict the chip geometry,
using the tool-workpiece engage zone. This approach generates a different
geometry than the Karagüzel et al. team stated. Figure 2.10 (a) shows the focus
taken by the authors to generate the mathematical model of the geometry. The
team focused on the enclosed volume during the equivalent trajectory of the tool
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Figure 2.9: Schematic uncut chip geometry orthogonal turn-milling (Karaguzel et al., 2015b).

(a) Centric orthogonal turn-milling Qiu approach (Qiu et al., 2016).

(b) Orthogonal turn-milling round insert approach (Qiu et al., 2015).

Figure 2.10: Qiu research results (Qiu et al., 2015, 2016).

if the workpiece would be static. The same group generated another research
that changed the tool geometry using round inserts instead of flat end mills
(Qiu et al., 2015). The model proposed by the authors can simulate the process
of turn-milling starting from the cutting parameters, see figure 2.10 (b). The
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authors validated the model proposed indirectly by measuring the cutting forces.
Qiu only treated the orthogonal centric case do not have publications in the
other cases.

Zhu et al. (2016b,a) have worked in the modeling of the uncut chip geometry
based on the engagement zone but with a different approach than the Qiu team.
The main difference is that Zhu et al. propose the boundaries equations of the
geometry enclosed between two edge passes during the coupled movement of
the tool and the workpiece. This research team develops a differentiated model
for centric and eccentric cases shown in Figure 2.11. It is crucial to notice that
the validation of the models presented is done by analyzing the chips collected
after machining and measuring the weight of the material removed.

(a) Schematic uncut chip geometry orthogonal turn-milling.

(b) Schematic uncut chip geometry orthogonal turn-milling.

Figure 2.11: Zhu et al. research results (Zhu et al., 2016b).

Comak and Altintas (2017) developed a vector approach of the chip geometry
on the engagement zone. This model considers a 5-axis movement of the tool
around the workpiece, see figure 2.12. The model discretizes the tool geometry
to estimate the engage zone in the cutting zone and is validated indirectly by
force measuring. The experimental validation process is weak, testing only one
cutting condition and comparing it with the predicted cutting forces.

Utsumi et al. (2020) based their development on a point-cloud approach. In
this research, the round insert profile and workpiece are modeled as an intersect-
ing point cloud. Then, based on the vector relationships of the points clouds, the
engagement zone is determined and used to determine the cutting forces, see
figure 2.13. This work tested the model in diverse cutting conditions.
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Figure 2.12: Kinematics in 5 axis turn-milling (Comak and Altintas, 2017).

Figure 2.13: Point cloud for uncut chip geometry determination (Utsumi et al., 2020).

2.1.3 Tangential turn-milling

The tangential case is the less studied and is schemed in figure 2.14. Karaguzel
et al. (2012, 2015b, 2016) presented a model where some key points connect
through functions that depends on the cutting parameters, see figure 2.15. The
work presented by the authors is just theoretical because there is not explicit
validation of the tangential model in neither of the cited papers. The approach
presents some of the problems described in the orthogonal case. Besides, the
connecting line between points 1 & 2 has undetermined variables shown in figure
2.15.
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Figure 2.14: Tangential turn-milling scheme

Figure 2.15: Scheme of uncut chip geometry for tangential turn-milling (Karaguzel et al.,
2015a).

For example, the equation 𝑧 (𝑥) = tan\𝑥 +
(
𝑅𝑤 −

[√
𝑅2
𝑡 −𝑦2−(𝑅𝑡−𝑎𝑝 )

]
cos\

)
presented

in the Karaguzel et al. (2015b) publication includes the variable “𝑦” and it is not
described at all. The introduction of this “𝑦” variable do not describe a line but a
surface, because the expression has two independent variables “𝑥” & “𝑦”. This
undetermination is just one example of the mathematical incongruities presented
in this approach. Additionally, the orthogonal views do not correspond between
each other, it does not appear to be describing the same geometry, see figure
2.14.

2.1.4 Turn-milling modeling approaches comparison

A comparison with the reference work of Karaguzel et al. (2015b, 2016) and
Crichigno Filho (2012) is performed below. In this work, uncut chip models of
turn-milling operations were modeled. The orthogonal (centric and eccentric),
coaxial and tangential cases were described. In this case, only the orthogonal
centric model is compared because this is the only case that has been validated
experimentally.
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CAD representation of the chip

Karaguzel et al. (2015b, 2016) presented a CAD representation of the uncut chip
that does not seem to consider the workpiece curvature but the mathematical
model does consider it, as shown in figure 2.16 (a). Additionally, it is interesting
that the modeling approach of Karaguzel et al. (2015b) is the same than that
presented by Crichigno Filho (2012) years previously but the described uncut
chip geometry is different, see figure 2.16 (b). It is not clear in the models how
the width of pass affect the uncut chip geometry. Despite of the geometrical
differences of the approaches they are trying to describe the same process. It
seems that Karaguzel et al. (2015b) describe the process in a “large depth of cut
regimen” and Crichigno Filho (2012) describes the process in a “small depth of
cut regimen”.

(a) Comparison of the CAD representation of the uncut chip geometry (Karaguzel et al., 2015b).

(b) Uncut chip geometry predicted by (Crichigno Filho, 2012).

Figure 2.16: Comparison of approaches Karaguzel et al. (2015b) and Crichigno Filho (2012).
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Critical analysis of Karaguzel analytical approach

Karaguzel et al. (2015b) modeled the uncut chip geometry from key points
projected on the 𝑥 axis called 𝑥1, 𝑥2, 𝑥3, figure 2.17. These points are linked
through lines that represent the height in the 𝑍 axis. For instance, the end
cutting zone is represented at the bottom by linking points 1-3 and the top by
1-2. The flank zone is built by linking points 2-3 with the 2’-3’ function. The
equations 2.2, 2.3, and 2.4, determines the geometry that the authors considers as
the uncut chip geometry. The only angular parameter is \ which is the rotation
of the workpiece per edge pass.

Figure 2.17: Comparison of the CAD representation of the uncut chip geometry (Karaguzel
et al., 2015b).

𝑥1 = (𝑅𝑤 − 𝑎𝑝) sin(\2 )

𝑥2 =

(
𝑟𝑡 −

(
(𝑅𝑤 − 𝑎𝑝) + tan

(
\

2

)
tan(\ )

)
sin(\ )

)
cos(\ )

𝑥3 = 𝑟𝑡

(2.1)

𝑧 (𝑥1−3) = 𝑅𝑤 − 𝑎𝑝 (2.2)

𝑧 (𝑥1−2) = tan(\ )𝑥 +
(
𝑅𝑤 − 𝑎𝑝
cos(\ )

)
(2.3)

𝑧 (𝑥2′−3′) =
√︃
(𝑅2

𝑤 − 𝑥2) (2.4)

𝜙𝑠𝑡 =
𝜋

2 + arcsin
(
𝑟𝑡 − 𝑎𝑒
𝑟𝑡

)
𝜙𝑒𝑥 = 𝜋

(2.5)
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From equation 2.1 to equation 2.5 is only possible to plot a 2D geometry,
see figure 2.17. There are not mathematical expressions to convert this 2D
geometry into a 3D geometry as presented in the CAD representation. The
model presents the start and exit angles where the cut is performed as presented
in equation 2.5. These angles are stated in the plane 𝑋 −𝑌 . The model relates the
independent variable 𝑥 with the distance in the 𝑧 coordinate. However, there are
not mathematical expressions to set the geometry in the 𝑦 direction that should
determine the geometry in the 3D space.

Table 2.4: Comparison between dierent authors approach.

Improvement opportunities Karaguzel
et al. (2015b)

Zhu et al.
(2016b)

Crichigno Filho
(2012)

Identification of the “small
and large depth regimen”

X

Mathematical description of
the “large depth regimen”

X X

Mathematical description of
the “small depth regimen”

X

Identification expression of
the operating regimen

X

Analytical model includes
rotation edge angle (𝜙)

X X

Geometry described mathe-
matically in 3D

X X

Mathematical description of
the variable depth of cut due
to the workpiece radius

X X X

Experimental validation of
the cut geometry measuring
the cut chip mass

X

Experimental analysis of the
cut chip geometry

X

CAD representation of the
chip

X X X

Validation of the geometrical
model comparing with the
CAD
CAD and model describe
the same analytical geome-
try

X

The features described previously are also presented in the Karaguzel et al.
(2016) publication. Table 2.4 is presented as a summary of the main features that
different authors have proposed in their approaches. The table shows the huge
advance presented by the previous author in the literature; their analytical contri-
butions have strongly developed the field in a relatively short time. However, the
approach presented in this thesis proposes a novel methodologies to reproduce
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the analytical uncut chip geometry trying to propose a general framework to
the orthogonal turn-milling operations.

2.2 General overview of cutting force prediction in machining

The cutting force prediction is a matter of study not only in turn-milling but also
in all machining operations because of its impact on tool and machine tool design,
geometrical errors for tool-workpiece deformations, surface roughness, process
stability, tool wear, etc. The prediction process is reduced to the proposal of
mathematical models intending to represent the behavior experimented during
the cutting process. In this line, there are three methods to predict cutting forces
in machining operations the analytical, empirical, and finite element model
(FEM) approaches.

The following is a review of the work of authors with publications related to
cutting forces in turn-milling. After that, is presented a review of the current
methods for cutting force prediction in machining operations, exposing their
main ideas. The diverse methodologies reviewed are compared at the end of this
section to consider the advantages and disadvantages of each approach.

2.2.1 Cutting force prediction in turn-milling operations

In turn-milling the force prediction is used for two proposes: the first one is as
experimental validation parameter from the uncut chip geometry that present a
complex shape in this machining process. the second is less common but some
researches uses the cutting forces as performance indicator of the process.

Except Pogacnik and Kopac (2000) that do not show explicitly how to obtain
the cutting forces, all of the authors reviewed employ the mechanistic approaches
to determine the cutting coefficients and subsequently develop their respective
predictions. Crichigno Filho (2012) presented an approach to model the orthog-
onal turn-milling and used the linear homogeneous model for the cutting force
estimation, the most relevant results are presented in figure 2.18 (a). Karaguzel
et al. (2012, 2014, 2015a, 2016, 2017), Uysal et al. (2014), Liu et al. (2014), Qiu
et al. (2015, 2016), Comak and Altintas (2017), and Utsumi et al. (2020) achieve
the cutting force prediction with the linear affine methodology, figure 2.18 (b)
and (c) shows the most relevant results of the Karaguzel et al. and Comak et al.
publications. All of the authors that use the cutting force as validation parameter
report accurate predictions. Karaguzel et al. (2016) studied the effect of the
eccentricity in the orthogonal turn-milling stating that there is an “optimum”
value of eccentricity that increase the tool life. However, this statement was not
demonstrated with theoretical evidence, just a set of experiments that suggested
this behavior.
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(a) Crichigno Filho (2012). (b) Karaguzel et al. (2016).

(c) Comak and Altintas (2017).

Figure 2.18: Comparison of instantaneous cutting forces diverse authors.

2.2.2 Analytical models

The analytical approaches interpret the physics of the cutting process, considering
mechanical properties of the material, geometrical properties of the edge, and
cutting parameters of the process for predicting the cutting forces resulting from
the new surfaces generation.

Merchant approach

Merchant (1945a,b) published in 1945 two papers modeling the orthogonal
cutting process. This research consisted of an analytical cutting force predictive
model considering the plastic behavior of the bulk material, as shown in equation
2.6. Where 𝐹𝑐 is the cutting force, 𝜏𝑠 is the shear stress, 𝛾 is the rake angle, 𝛽
is the friction angle, 𝜙 𝑓 𝑟 is the shear angle, and 𝐴0 is the uncut chip area. This
variables are related in the cutting process as shows figure 2.19. One of the
most challenging parameter to determine by in this approach is the shear angle
𝜙 𝑓 𝑟 . An analytical approach to find the shear angle (𝜙 𝑓 𝑟 ) was proposed using the
Minimum Energy Principle (MEP); see equation 2.7. This approach considers
that the cut is performed at an angle where the consumed energy is minimum.
However,Astakhov and Xiao (2008) criticized the inaccurate predictions, arguing
that the MEP approach oversimplified the phenomena. Additionally, Usui et al.
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(1978) stated that this method could not be applied in oblique cutting, which
means that the approach can not be extrapolated to industrial cutting operations
such as milling, turning, boring, etc.

Figure 2.19: Orthogonal cutting mechanics (Merchant, 1945a).

𝐹𝑐 =
𝜏𝑠𝐴0 cos(𝛽 − 𝛾)

sin(𝜙 𝑓 𝑟 ) cos(𝜙 𝑓 𝑟 + 𝛽 − 𝛾)
(2.6)

𝜙 𝑓 𝑟 =
𝜋

4 + 𝛾 − 𝜏2 (2.7)

The use of MEP of Merchant (1945a,b) defined in equation 2.7, and Shear
Stress Principle (MSSP) of Krystof (Krystof, 1939) defined in equation 2.8 was
analyzed by Shamoto and Altıntas (1999), but both were proved to be inaccurate.
Besides, in some cases, the shear plane angle could be predicted as zero, which is
not possible (for example, when friction angle is 𝜋

4 and the rake angle is zero).
Furthermore, Kaneko et al. (Kaneko et al., 2018) applied different cutting theories
to reduce the number of cutting parameters required for milling force prediction:
rake angle, helical angle, shear stress, shear angle, and rotational radius deviation.

𝜙 =
𝜋

4 + 𝛾 − 𝛽 (2.8)
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Energy-based models

A different solution for predicting cutting forces was proposed by considering
energy-based models. This model looks to estimate cutting forces from the
energy spent during the cutting process. A simplification of the 3D cutting
process is done using the orthogonal cutting proposed by Usui et al. (1978).
Then, in orthogonal cutting, the cutting energy (𝑈 ) is the sum of the shear (𝑈𝑠 )
and friction energies (𝑈𝑓 ). Simultaneously, the cutting energy was equal to the
product between the cutting force 𝐹𝑐 and the cutting speed (𝑉𝑐 ), as defined in
equation 2.9. Nevertheless, they concluded that the model loses accuracy in high
inclination and helix angles and low rake angles. Matsumura and Usui (2010b,a)
implemented the same approach for ball end mills in peripheral milling finding
that this approach is only valid for single edge tools.

𝑈 = 𝑈𝑠 +𝑈𝑓 = 𝑉𝐹𝑐 (2.9)

Astakhov and Xiao (2008) included additional energy parameters to increase
the accuracy of the prediction. In this publication, the energy was found by
adding five components (energy partition model): plastic deformation, friction at
the tool-chip interface, friction at the tool-workpiece interface, the formation
of new surfaces, and the effect of the minor cutting edge angle. Kishawy et al.
(2012) also used this model to determine the cutting forces in broaching, and
also to analyze the surface integrity in the resulting surface. Despite the efforts
to increase the accuracy of the models, the improvement of predictions was not
enough for that presented in the experimental data.

Zou et al. (2009) developed a different approach consisted of replacing the
chip flow angle and the apparent coefficient of friction with two variables: SLIP
and RATIO. In that way, the use of the chip flow angle and the apparent friction
coefficient were avoided, two variables challenging to measure. SLIP was related
to the kinematics and RATIO to the forces in the two main deformation zones.
These variables are detailed in equation 2.10. Where,𝑉𝑠𝑡 is the tangential velocity
in the shear plane of the chip, 𝑉0 sin(𝑖) is the velocity of the material along the
cutting edge, 𝐹𝑓 𝑟𝑖𝑐 is the friction force in the rake face, and 𝐹𝑠 is the resultant
force in the shear plane; both forces are obtained experimentally and are shown
in figure 2.20. For brittle materials, the cut chip thickness is not possible to
be measured, and then the shear angle can not be determined by experimental
data. Nevertheless, the shear angle also depends on the cut chip thickness (chip
compression ratio), and this approach was not taken into account, leading to
inaccuracies.

𝑆𝐿𝐼𝑃 =
𝑉𝑠𝑡

𝑉0 sin(𝑖)

𝑅𝐴𝑇𝐼𝑂 =
𝐹𝑓 𝑟𝑖𝑐

𝐹𝑠

(2.10)

The Merchant approach is analytical, which means that based on external
properties and the physics analysis, mathematical expressions intend to describe
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Figure 2.20: Orthogonal cutting mechanics (Zou et al., 2009).

the cutting exerted in the orthogonal cut. The fact of being analytical reduces the
cost of experimentation in cutting trials. However, this approach is not accurate,
despite the efforts to increase the accuracy for some authors. This feature makes
it less attractive to apply this methodology in industrial operations.

A wide range of material properties is needed in energy-based models, de-
manding material characterization and expensive experimental trials. For exam-
ple, it is necessary to test like the Split Hopkinson Pressure Bar (SHPB) to obtain
the dynamic stress-strain response of the materials. However, these tests suppose
high time and economic costs, which have made them not widely used in the
industry.

In general terms, the analytic approaches for cutting force prediction do not
seem to be the most practical way to achieve accurate predictions. Inaccurate
results or expensive and difficult characterization trials become severe obstacles
to consider in implementing these methodologies.

2.2.3 Empirical models

Empirical models are those based on experimental cutting trials. The cutting
forces are measured during the cutting process and later they are fitted with
mathematical expressions that model the behavior of the forces in terms of
the cutting parameters of the process. It has been detected three approaches:
the specific force or linear homogeneous, linear affine and exponential. This
characterization corresponds to the form of the mathematical expression that
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models the physical phenomena. However, the publications all have in common
the determination of the uncut chip geometry, then the estimation of cutting
coefficients and the cutting force prediction in any machining operation.

Linear homogeneous approach

In calculus, the linear functions have the typical form of 𝑦 =𝑚𝑥 + 𝑏 and always
that the parameter 𝑏 = 0 the function is called “homogeneous”, and the line passes
through the origin of coordinate system (Stewart et al., 2020). Based on this, it
is considered that the cutting force 𝐹 is proportional to the uncut chip area 𝐴,
and the proportion constant is called specific cutting force 𝐾𝑠 , see equation 2.11.
This linear approach depends exclusively of the uncut chip area, and considering
the specific force 𝐾𝑠 constant, the model would take the form shown in figure
2.21. This approach works fine in an interval when the area 𝐴 is relatively large,
because when the model is close to (𝐴 = 0) the predictions are not very accurate.

𝐹 = 𝐾𝑠𝐴 (2.11)

Figure 2.21: Linear homogeneous model behavior scheme.

Fu et al. (1984) developed a model for face milling where cutter geometry,
workpiece, and process geometries (relative positions of the cutter to workpiece,
spindle tilt, runout) were taken into account, this work used the specific force
approach to determine the cutting forces. Jayaram et al. (2001) calculated cutting
forces using equations 2.12 for radial forces, see figure 2.22. Face milling tests
were performed to obtain the cutting coefficients. Defining 𝐾𝑡 and 𝐾𝑟 as the
specific cutting coefficients for tangential and radial directions, 𝐴𝑐 is the cut chip
area. These two research considered the evolution of the uncut chip area along
the edge rotation in face milling operations. Additionally, the experimental data
showed that the cutting coefficients are not constant and depend on the chip
thickness. For this reason the tangential and radial coefficients (𝐾𝑡 & 𝐾𝑟 ) depends
on the tool angular position or immersion angle (𝜙).

𝐹𝑡 (𝜙) = 𝐾𝑡 (𝜙)𝐴𝑐 (𝜙)
𝐹𝑟 (𝜙) = 𝐾𝑟 (𝜙)𝐴𝑐 (𝜙)

(2.12)

The variable nature of the specific force coefficients is strongly influenced
by the edge geometry. Wojciechowski (2015) presented an approach for ball



State of the Art 31

Figure 2.22: Tangential and radial fores in milling operation (Jayaram et al., 2001).

end mills where the radial runout was considered to determine the uncut chip
geometry. This approach divide the uncut chip geometry in sections based on the
tool profile in polar coordinates and determining the specific force coefficients
for each portion of the area and integrating the force in the tool axial direction
to determine the resultant force see figure 2.23.

Figure 2.23: Chip thickness geometry (𝑡𝑧) on ball-end milling of plane surfaces (Wojciechowski,
2015).

The problem of the uncut chip geometry is not a problem exclusive of milling.
Yang et al. (2002) developed a model for reaming and drilling processes where
the relation between cutting forces and machine tool vibrations was taken into
account, see figure 2.24. The normal (𝐹𝑛) and friction (𝐹𝑓 ) forces were esteemed
as in equation 2.13. 𝐾𝑛 and 𝐾𝑓 are the specific normal and friction forces, and
𝑑𝐴𝑐 is the chip differential of area. This differential of area, is proposed because
although the uncut chip area is regular, the vibration modify the uncut chip
geometry as shows figure 2.24 (b). The specific normal and friction forces were
dependent on workpiece material, cutting velocity, normal rake angle, and chip
thickness. Then, normal and friction forces were projected to obtain thrust force,
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cutting force, and lateral force. The effect of vibrations was taken into account
in the calculation of the chip thickness.

𝑑𝐹𝑛 (𝑡) = 𝐾𝑛𝑑𝐴𝑐

𝑑𝐹𝑓 (𝑡) = 𝐾𝑓 𝑑𝐴𝑐

(2.13)

(a) Top view.

(b) Front view.

Figure 2.24: Eect of the vibration in the uncut chip thickness in drilling (Yang et al., 2002).

Linear affine approach

In calculus, the linear functions 𝑦 =𝑚𝑥 + 𝑏 that the independent term 𝑏 ≠ 0 are
called “affine”, and they do not pass through the origin of coordinate system
(Stewart et al., 2020). With this in mind, the resultant force 𝐹 is divided in two
components. The first component represent the effect of cutting just as the
specific force approach, continuing with the assumption that the cutting force
is proportional to the uncut chip area 𝐴 and the proportional parameter is the
cutting coefficient 𝐾𝑐 . The second component represents the effect of the friction
experimented by the edge being dragged against the bulk material. This new
component is proportional to the length of the edge (𝑙𝑐 ) in contact with the
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material, and the proportional parameter is the edge or friction coefficient 𝐾𝑒

as shown in equation 2.14. If the cutting and edge coefficients (𝐾𝑐 & 𝐾𝑒 ) are
considered constant the model behavior is shown in figure 2.25. This approach
improved the accuracy of the predictions when the area is relative when the
model operates in zones close to (𝐴 = 0) without impact negatively in larger
values of area.

Figure 2.25: Linear ane model behavior scheme.

𝐹 = 𝐾𝑐𝐴 + 𝐾𝑒𝑙𝑐 (2.14)

Yucesasn and Altintas considered the ball end mill tool profile as the main
parameter to study. This publication predicted the cutting forces but considered
that the edge support pressure and friction at the same time during the cutting
process. Atabey et al. (2003) analyzed the mechanics of boring, the resultant
force was divided in a their 3D components (see figure 2.26) and the cutting
forces were estimated using the linear affine approach in the differential form
shown in equation 2.15. In this approach the uncut chip geometry was studied
deeply, because it presents strong changes with the feed per revolution. Then,
the nose radius generates a circular profile defining important the direction of
the cutting forces as presented in figure 2.27. As the uncut chip geometry is
complex, it is divided in differentials with determine the overall state of force
of the tool. The cutting forces are represented by the tangential force (𝐹𝑡 ) and
the friction force (𝐹𝑓 𝑟 ) that groups the feed and radial forces. The differential of
forces are then (𝑑𝐹𝑡 ) & (𝑑𝐹𝑓 𝑟 ) respectively. The cutting coefficients (𝐾𝑡𝑐 & 𝐾𝑓 𝑟𝑐)
are these which multiply the differential of area (𝑑𝐴), and the edge coefficients
(𝐾𝑡𝑒 & 𝐾𝑓 𝑟𝑒) are these which multiply the differential edge contact length (𝑑𝑙𝑐).
Yussefian et al. (2008) also worked with boring operations and the determination
of the uncut chip geometry based on the cutting parameters.

𝑑𝐹𝑡 = 𝑑𝐹𝑡𝑐 + 𝑑𝐹𝑡𝑒 = 𝐾𝑡𝑐𝑑𝐴 + 𝐾𝑡𝑒𝑑𝐿𝑐
𝑑𝐹𝑓 𝑟 = 𝑑𝐹 𝑓 𝑟𝑐 + 𝑑𝐹 𝑓 𝑟𝑒 = 𝐾𝑓 𝑟𝑐𝑑𝐴 + 𝐾𝑓 𝑟𝑒𝑑𝐿𝑐

(2.15)

As the specific force approach the linear affine transcends the operations,
because is based in uncut chip geometry and cutting coefficients. Gao et al.
(2013) developed a mechanistic model for bull-nose milling. The model analyzed
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Figure 2.26: Illustration of cutting direction in boring process (Atabey et al., 2003).

(a) Depth of cut and feed rate bigger than nose radius. (b) Axial depth of cut bigger and feed rate smaller
than nose radius.

(c)Depth of cut and feed rate smaller than nose radius. (d) Axial depth of cut smaller and feed rate bigger
than nose radius.

Figure 2.27: Chip thickness geometry in boring for dierent cases. (Atabey et al., 2003).
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the variations of cutting speed along the tool axis over the cutting coefficients
prediction. The approach used to estimate the cutting forces also is the linear
affine. However in this research the resultant force division considers the ge-
ometry of the tool as tangential (𝑑𝐹𝑡 ), radial (𝑑𝐹𝑟 ) and axial (𝑑𝐹𝑎), see equation
2.16. In equation 2.16 𝐾𝑡𝑐, 𝐾𝑟𝑐, 𝐾𝑎𝑐 are the cutting coefficients contributed
by the shearing action during the cutting process in the tangential, radial, and
axial directions, respectively. There are also the 𝐾𝑡𝑒, 𝐾𝑡𝑒, 𝐾𝑡𝑒 coefficients that
correspond to the edge friction coefficients in the mentioned directions .The
studied tool profile (bull end nose) is complex and the approach considers the
effect of the helix angle then the authors use a coordinate transformation matrix
to align the differential of forces to the general coordinate system of the tool,
see figure 2.28. Zhu et al. (2001) used this approach to predict cutting forces for
multi-axis ball end milling of free-form surfaces.

Figure 2.28: Immersion angle, cutting force components, cutting width and chip load at point P
in bull nose end mill (Gao et al., 2013).


𝐹𝑥 (𝜙, 𝑧)
𝐹𝑦 (𝜙, 𝑧)
𝐹𝑧 (𝜙, 𝑧)

 =

𝑛∑︁
𝑖=1


𝑑𝐹𝑡,𝑖 sin(𝜙)
𝑑𝐹𝑟,𝑖 sin(𝜙)

𝑑𝐹𝑎,𝑖

 =

𝑛∑︁
𝑖=1


𝐾𝑡𝑐ℎ(𝜙) + 𝐾𝑡𝑒

𝐾𝑟𝑐ℎ(𝜙) + 𝐾𝑟𝑒
𝐾𝑎𝑐ℎ(𝜙) + 𝐾𝑎𝑒

 𝑑𝑧 (2.16)

Aristimuño et al. (2018) developed a methodology to refine the behavior of
the linear affine approach in small chip thickness conditions. They performed
an extensive experimental characterization measuring the forces in thickness
even lower than the edge radius, see figure 2.29. Then, it was proposes four
different linear models for each edge section (from S1 to S4). Consequently, the
model was validated in face milling trials predicting accurately the cutting force
behavior in the 3D coordinate system.
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Figure 2.29: Comparison between the geometry of the walter ODMT060512-D57 insert and
the values of the orthogonal experimental feed forces (Aristimuño et al., 2018).

The presented examples of the application of the linear affine approach for
cutting force prediction does not cover the big number of publications related to
this approach. This is due to this approach is one of the most popular in literature.
There are more studies that cover but are not limitated to the study of effect of
the tool profile (flat, torus, ball end mill inserts) cutting conditions, uncut chip
geometries, 2 to 5-axis kinematics, etc. (Martellotti, 1941; Lee and Altintaş, 1996;
Checchi et al., 2018; Smyczek et al., 2018; Chen et al., 2018; Gradišek et al.,
2004; Kaymakci et al., 2012; Crichigno Filho, 2012; Karaguzel et al., 2015b).

Non-linear approaches

The non-linear approaches are the less commons in literature. These approaches
are the linear homogeneous and affine approaches but with a term raised to the
power of a constant to reduce the errors concerning the experimental data, see
figure 2.30. This literature review has detected two publications that use these
approach. Kienzle and Victor (1957) proposed in 1957 a model to determine the
tangential forces in milling. The authors considered the uncut chip geometry as
a constant rectangle formed by the chip thickness (𝑡 ) and the depth of cut(𝑎𝑝 ). If
the depth of cut is considered constant, the independent term in the chip area
function is the chip thickness, modeling the tangential force as shows equation
2.17. Where (𝐾𝑠𝑡 ) is the specific tangential coefficient and the exponent (1 − 𝑐𝑡 )
is constant and determined from the experimental characterization data. Salehi
et al. (2018) considered the effect of the friction suffered for the edge in the
cutting process introducing the friction tangential coefficient (𝐾𝑡𝑒 ) to the model
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presented by Kienzle and Victor (1957) as shows equation 2.18.

𝐹𝑡 = 𝐾𝑠𝑡𝑎𝑝𝑡
1−𝑐𝑡 (2.17)

𝐹𝑡 = 𝐾𝑠𝑡𝑎𝑝𝑡
1−𝑐𝑡 + 𝐾𝑡𝑒𝑎𝑝 (2.18)

Figure 2.30: Non-linear models behavior scheme.

2.2.4 Cutting coefficient determination

As presented previously in machining, the cutting forces depend on the uncut
chip geometry and the cutting coefficients. The uncut chip geometry depends
on the kinematics of the machining operation and the edge morphology. The
cutting coefficients summarize the interrelationship between the edge and the
material, considering parameters such as chip thickness, cutting speed, edge ge-
ometry, edge coating, and bulk material. In this way, the mechanistic approaches
are supported in characterization cutting trials. These trials are complete experi-
mental designs that determine the value of the coefficients relating the measured
forces with the considered parameters via parameter variations. This literature
review identified two methodologies to determine the cutting coefficients the
characterization trials and the orthogonal to oblique transformation.

Characterization trials

Altintas and Ber (2001) explain in their book the process to determine the cuting
coefficients with characterization trials. This methodology is the most direct
method to determine the cutting coefficients but require a fixed cutting force
sensor as shown in figure 2.31 (a). This method consist on the definition of
a experimental plan varying the cutting trials usually the feed per tooth and
measure the cutting forces to generate fitting expressions that are going to be
used lately in the cutting force predictions, see figure 2.31 (b). Qiu et al. (2016)
used this methodology to determine the cutting coefficients trough the mean
force and the equations exposed by Altintas and Ber (2001), obtaining accurate
force predictions lately.
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(a) Experimental set up. (b) Cutting force results.

Figure 2.31: Cutting coecient determination Qiu et al. (2016) in aluminum 2A12 (2024).

Grossi (2017) proposed a novel method to determine the effect of the spindle
speed to the cutting coefficients in face milling. This research accelerates the
spindle speed and capture the cutting forces maintaining the feed and depth
of cut constant. The acceleration is discrete but the sampling time is just two
spindle rotations, so it can easily cover huge intervals of cutting speeds in one
pass, as shows figure 2.32. Gonzalo et al. (2010) developed a method to obtain
the cutting coefficients by measuring the cutting forces in face milling trials.
Then as the uncut chip geometry is known then they can solve equation 2.16
for the cutting coefficients that are unknown.

Figure 2.32: Coecients validation compared to fixed spindle speed in aluminum 6082-T4

The characterization trials methodology is relatively simple to implement.
However, it is only valid for the machining operation performed and it losses
accuracy when the cutting conditions are far from those used in the characteriza-
tion trials. Considering the variables to introduce in the models the experimental
time and cost in tools and material might be considerably high.
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Orthogonal to oblique transformation

Orthogonal cutting is a simplification of the machining process, transforming a
3D problem into a 2D one. Astakhov (2010) describes the orthogonal cutting as
that type of cutting where the straight cutting edge of the wedge-shaped cutting
tool is at right angle to the direction of cutting; hence its name, a scheme of the
process is shown in figure 2.33 (a). The distinctive features of orthogonal cutting
are:

• The cutting edge is wider than the width of cut.
• No side spread of the layer being removed occurs on its transformation into
the chip.
• Plane strain condition is the presented during the chip formation process.

(a) Orthogonal cutting scheme. (b) Oblique cutting scheme.

Figure 2.33: Orthogonal and oblique cutting scheme (Astakhov, 2010).

The author continues describing the oblique cutting as that type of cutting
where the straight cutting edge of the wedge-shaped cutting tool is not at right
angle to the direction of cutting, see figure 2.33 (b). The angle which the straight
cutting edge makes with the direction of the cutting speed is known as the
cutting edge inclination angle 𝑖. The plastic deformation of the layer being
removed in oblique cutting is more complicated than that in orthogonal cutting.
Therefore, this type of cutting is represented by a 3D model (Astakhov, 2010).

The characterization trials approach is shown to depend on milling force
coefficients determined from milling test for each tool geometry. By contrast the
unified mechanics of cutting approach relies on an experimentally determined
orthogonal cutting data base (i.e., shear angle, friction coefficient and shear
stress), incorporating the tool geometrical variables and milling models based
on a generic oblique cutting analysis. This methodology finds the milling force
coefficients for all force components and tool geometrical designs based on
the cutting data base and the generic oblique cutting analysis for use in the
mechanistic models. this method eliminates the need for experimental calibration
of each milling cutter geometry for the mechanistic approach and can be applied
in more complex tool designs (Budak et al., 1996).

Regarding orthogonal to oblique models, Budak et al. (Budak and Altintas)
proposed a model for calculating milling force coefficients from orthogonal data.
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The model consisted of establishing a material database where the values of shear
stress, friction angle, chip compression ratio, and edge force coefficients were
defined, as in table 2.5. Where 𝜏 is the shear stress, 𝛽 is the friction angle, 𝑟𝑡 is
the chip compression ratio, 𝛼 is the rake angle, 𝑡 is the uncut chip thickness, and
𝐾𝑡𝑒 and 𝐾𝑟𝑒 are the specific tangential and radial edge coefficients.

Table 2.5: Material database for Ti6Al4V (Budak and Altintas).

𝜏 613 MPa
𝛽 19.1 + 0.29𝛼
𝑟𝑡 𝑟0𝑡

𝑎

𝑟0 1.755-0.028𝛼
𝑎 0.331 - 0.0082𝛼
𝐾𝑡𝑒 24 N/mm
𝐾𝑟𝑒 43 N/mm

The orthogonal data necessary to develop the material database (cutting
forces, feed force, and cut chip thicknesses) were obtained from orthogonal
turning tests. To calculate the parameters of the database, equations developed
by Merchant (Merchant, 1944) were used as shown in equations 2.19, 2.20, and
2.21. Where 𝑟𝑡 is the chip compression ratio, 𝜙 is the shear angle, 𝐹𝑝𝑐 & 𝐹𝑞𝑐 are
the power and thrust cutting forces respectively, 𝑏 is the width of cut and 𝑡 is
the chip thickness, and 𝑐 is a recurrent combination of variables presented in the
cutting coefficients. once the material database was obtained, cutting coefficients
were estimated using equations 2.22, 2.23, 2.24, and 2.25.

tan(𝜙) = 𝑟𝑡 cos(𝛼)
1 − 𝑟𝑡 cos(𝛼) (2.19)

𝜏 =
𝐹𝑝𝑐 cos(𝜙) − 𝐹𝑞𝑐 sin(𝜙) sin(𝜙

𝑏𝑡
(2.20)

tan(𝛽) =
𝐹𝑐𝑞 + 𝐹𝑝𝑐 tan(𝛼)
𝐹𝑐𝑞 − 𝐹𝑝𝑐 tan(𝛼) (2.21)

𝐾𝑡𝑐 =
𝜏 cos(𝛽𝑛 − 𝛼𝑛) + tan([𝑐) sin(𝛽𝑛) tan(𝑖)

sin(𝜙𝑛)𝑐
(2.22)

𝐾𝑟𝑐 =
𝜏 sin(𝛽𝑛 − 𝛼𝑛)
sin(𝜙𝑛) cos(𝑖)𝑐 (2.23)

𝐾𝑎𝑐 =
𝜏 cos(𝛽𝑛 − 𝛼𝑛) tan(𝑖) − sin(𝛽𝑛) tan([𝑐)

sin(𝜙𝑛)𝑐
(2.24)
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𝑐 =

√︃
cos(𝜙𝑛 + 𝛽𝑛 − 𝛼𝑛)2 + tan([𝑐)2 sin(𝛽𝑛)2 (2.25)

Figure 2.34 shows a comparison between the orthogonal and oblique cutting,
illustrating the relationship presented in the previous set of equations. The
orthogonal to oblique transformation is a methodology that characterizes the
material being machined. This method uses orthogonal cutting data to determine
the cutting coefficients. One of the main advantages of this approach is that the
database developed applies to diverse machining operations and tool geometries.
The cutting coefficients are not constants but mathematical expressions that
consider diverse parameters such as the edge geometry, cutting speed, uncut
chip thickness, etc. The main disadvantage of this approach is considering all
machining parameters, an extensive experimental design must be implemented
to include the relationship between various parameters. This situation implies
procuring customized edges to cover the wedge-shape interval available in the
market. Despite the extensive experimental work, the material database can be
used in diverse machining operations with diverse cutting conditions, and in some
industries, this is a piece of precious knowledge, for example, the aeronautical
propulsion sector.

(a) Orthogonal cutting mechanics.

(b) Oblique cutting mechanics.

Figure 2.34: Comparative forces in orthogonal an oblique cutting.

2.2.5 FEM Approach

The orthogonal cutting is widely simulated due to the kinematic simplicity of the
process. Arrazola et al. (2008) proposed a method to identify the friction during
machining. This variable and the cutting temperature are very challenging
to measure experimentally; then, the FEM models are interesting approaches
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to determine them. Gonzalo et al. (2009) presented an approach to determine
the cutting coefficients through FEM software substituting the experimental
trials for orthogonal simulations in AISI 4340 steel. Considering the extensive
experimental work that the orthogonal to oblique transformation demands, the
simulation results in a cheap solution to avoid the experimental expenses.

The simulations scopes are becoming bigger with the years. Altintas et al.
(2014) presented an overview of digital technologies to simulate diverse manufac-
turing process such as turning, milling and grinding. The efforts are focused to
generate a digital twin where diverse aspects are considered such as geometrical,
kinematic, thermomechanical, and sufrace generations. This work considers but
is not limited to devleopments in CAD/CAM techniques and the novel imple-
mentation of cutting forces, uncut chip geometry determination, stability and
geometrical errors, see figure 2.35.

(a) Tool path of a stamping die

(b) Predicted cutting forces (c) Measured cutting forces

Figure 2.35: Virtual machining of a stamping die. Comparison between the modeled and
measured cutting forces during machining.

The FEM approaches are an interesting method to determine cutting forces,
moreover if the expensive experimental process want to be avoided. However,
the costs of experimental setups are transferred the the rental of software licenses
that might be considerably high. These software are continuously evolving year
to year and sometimes there are incompatibilities between versions. As the theory
of some critical variables are still under development sometimes the simulations
do not coincide with experimental data; and being this software commercial
developments there is limited access to the models. This approaches are usually
considered as trending guide more than accurate representation of machining
processes.
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2.2.6 Comparison of the approaches to predict cutting forces in turn-
milling

After the review of methodologies for cutting forces prediction, it was identified
some advantages and disadvantages summarized in table 2.6. These features are
fundamental to determine the methodology to be used in this thesis. Based on
this, and following the trend of the researchers with cutting force in turn-milling
operations the mechanistic methodology seems to be the most versatile, accurate
and relatively easy to implement.

Table 2.6: Cutting force methodology comparison

Approach Advantages Disadvantages

• Predictions achieved in
short time.

• Expensive trials for mate-
rial characterization.

• No need of expensive soft-
ware.

• Non industrial machine to
material characterization.
• Inaccurate predictions.

• Highly accurate predic-
tions.

• Extensive experimental tri-
als for material characteriza-
tion.

Mechanistic • Relatively fast and cheap
characterization trials.

• Expensive measuring
setup.

• Characterization trials
achieved with industrial
machinery.

• Might need of customized
tools.

• No need of expensive soft-
ware.
• Predictions achieved in
short time.
• in the case of orthogonal to
oblique database works for
all machining operations.

• Cover huge scenarios with
no financial cost

• Expensive trials for mate-
rial characterization.

FEM • Predictions in challenging
to measure variables such as
temperature and strain rate

• Non industrial machine to
material characterization.

• Analysis in several param-
eters simultaneously

• Questionable accuracy in
the predictions.

• No need of industrial ma-
chinery

• Expensive software to per-
form simulations
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2.3 Other topics associated with turn-milling

The study of turn-milling operations does not limit to the topics already discussed.
There are also interesting research on other aspects that are not directly aligned
with this thesis but shows the potential of this manufacturing process.

2.3.1 Geometrical errors

Modern industry requires high-precision machines and processes, which implies
the identification and avoidance of all possible sources of error (Olvera et al., 2012).
The turn-milling kinematics, fastening system result in geometrical discrepancies
(Egashira et al., 2016). Negau et al. studied the fundamentals of straight shaft
manufacturing where some fundamentals aspects such as generation geometry,
machining accuracy, cutting kinematics, and tool functional geometry have been
proposed (Neagu et al., 2005).

(Schulz and Spur, 1990) mentioned that to avoid wavy and non-circular
surfaces during intermittent circular solids is a very important aspect to consider.
However, there is a lack in analyzing this characteristic; few research teams have
publications in this area. Wang et al. (2012) developed a method for getting the
scallops of the same height or cylindricity error and being as small as possible in
orthogonal turn-milling reaching heights of scallop close to 50 µm. In this work,
the authors developed an algorithm to calculate the optimum path interval for
the lowest height geometrical errors.

Figure 2.36: Cusp and circularity errors in orthogonal turn-milling operations Karaguzel et al.
(2015b).

Karaguzel et al. (2012, 2015b) and Kara and Budak (2015) proposed that the
circularity errors can be modeled from the kinematics analysis of orthogonal
turn-milling by subtracting the produced shape, which depends on the cutting
parameters minus the circle of design. The model developed is an asymptotic
function that depends strongly on the ratio of rotational speeds from the tool and
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the workpiece; this means that there will always be a circularity error (Kara and
Budak, 2015; Karaguzel et al., 2015b, 2012). Despite the discussion presented,
there is no experimental validation of this theoretical work. Uysal et al. (2014) and
Karaguzel et al. (2015b) researched a validated model to predict the cusp height
error in orthogonal turn-milling. This model related the cutting conditions with
the geometrical errors in cusp and circularity, see figure 2.36.

Karpuschewski et al. (2017) researched the tangential turn-milling obtaining
lower roundness errors than those from grinding and hard turning. The results
oscillate around 3 µm in the roundness deviation, reducing almost half the geo-
metrical errors compared with hard turning. Figure 2.37 shows the results of
Karpuschewski, the sample 1 to 4 are turn-milled surfaces with different cutting
conditions and they are compared with the resulting surfaces from hard turning
and grinding in similar productivity conditions.

Figure 2.37: Roundness images of the turn-milled and reference samples (Karpuschewski et al.,
2017).

The primary approach taken in the study of the turn-milling operations is for
roughing for a cylinder. In this approach, circularity and cusp errors are studied
analytically and experimentally. The main conclusion of the circularity error is
that the workpiece rotational speed should be considerably lower compared with
the tool rotational speed to decrease these errors. Additionally, the cusp errors are
due to excessive axial feed; thus, if this variable decreases, the cusp error will have
minor height. Besides this, the comparative study performed by Karpuschewski
suggests that turn-milling operations produce more accurate circles than hard
turning and grinding.

2.3.2 Vibrations and dynamics in turn-milling

The stability of turn-milling is an essential factor for machining quality and
efficiency. Most researchers and experts have been focusing on general turning
or milling but turn-milling have relatively few publications (Zhu et al., 2015a).
Budak et al. (2013) worked on the stability and high-performance machining
conditions in simultaneous milling where is proposed chatter stability where
determined. Yan et al. (2016) researched the stability prediction in the frequency
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domain , modeling the uncut chip geometry and considering the variable cutting
depth and cutting thickness during the mill rotation. This work concluded that
the varying cutting depth effect decreases with the increment of the tool radius
(Yan et al., 2016). Nevertheless, the complete work of Yan does not define which
of the cutting parameters affects more in the chattering behavior. The geometry
model states that the axial feed and the cutting depth are significant to determine
the uncut chip geometry that is the primary input for the posterior development.

2.3.3 Temperature in turn-milling

The cutting temperature in turn-milling is a challenging variable to measure
because of the coupled movement of workpiece and tool. (Peng et al., 2015)
developed experimental research to find the cutting parameters that have a high
effect on the workpiece temperature, finding that the depth of cut ant the cutting
speed increase considerably the workpiece temperature. Also a heat transfer
inside the workpiece has been presented and validated experimentally, see figure
2.38.

Figure 2.38: Comparisons of temperature profiles examples (the number of thermocouples are
1-5 from left to right) (Peng et al., 2015).

Putz et al. (2016) researched the turn-milling improvement by controlling
forces and thermally induced center (TPC) displacement and finding that the
tool is deformed by the temperature effect and will affect the next pass showing
that the second pass applies more force than the first one. Karaguzel et al. (2017)
researched the unified analytical model to predict the cutting temperatures based
on the cutting forces. This work presented a theoretical study of variating cutting
speed, axial feed over the cutting temperature on the time domain. The most
potent cutting parameter is the axial feed, doubling the temperature with an
increment of feed from 0.3 to 1.2 mm .

In the temperature literature review, most authors concur that the axial feed
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has a strong effect on the temperature. The following parameter that has the
most influence on the temperature is the cutting depth and cutting speed; the
theory and the experiments confirm it. The cutting temperature measurement is
a problem to solve yet even in conventional machining.

2.3.4 Tool wear

Schulz and Spur (1990) determined which of the cutting edge (the flank edge
and the end edge) suffers more wear in coaxial milling. Finding that the wear on
the edge that is perpendicular to the feed suffer higher wear, in this case the end
edge. This research implies a complex cutting zone in operation and exposes that
the cutting load is not equally distributed. Schulz and Kneisel (1994) researched
on the influence of the cutting speed and the feed per tooth over the tool wear
in coaxial turn-milling. The experimental trials suggested that the cutting zone
is heated intensely, and with increasing the cutting speed, there is a softening
of the material with positive effects on the tool path. On the other hand, low
feeds per tooth cause increased friction and result in longer cutting paths, but
higher feeds lead to higher mechanical stresses on the cutting edge due to the
increasing chip section.

Huang and Cai (2013) correlated the wear suffered by the tool with the
surface generated; therefore, a model is proposed to predict the tool wear based
on the cutting parameters for orthogonal turn-milling. The experimental test
showed that changing the cutting parameters in different sections of workpieces
is a handy method to balance the cutter wear. Nevertheless, the work is not
clear on how this relationship is done and the most sensitive cutting parameters
of the process.Cai et al. (2012) presented an experimental approach concluding
that the eccentricity, the number of flutes, and the axial feed rate are the most
sensitive parameters over the tool wear (Cai et al., 2012). This work states that
when the eccentricity is close to the the half of the cutter radius, the cutting edge
is using the maximum length distributing the uncut chip geometry increasing
the tool life.Su et al. (2013) developed an empiric model based on exhaustive
experimentation to relate the effect on the variation of the cutting conditions
over the wear experimented by the tool.

(Karaguzel et al., 2015a, 2014) andUysal et al. (2014) also studied the effect
of the eccentricity in the orthogonal turn-milling operations. The research
began with an experimental approach where the evidence suggests an optimal
eccentricity value to maximize the tool life, stating that the optimal eccentricity
is when 𝑒𝑜𝑝𝑡 = 𝑟𝑡 − 𝑙𝑠 ; however there is any kind of theoretical foundation to state
this. Where 𝑟𝑡 is the tool radius and 𝐿𝑠 is the radial length of the edge of the
insert.

Kara and Budak (2015) developed an empirical model where the effect of
increasing the cutting speed over the tool wear has been studied, obtaining
a decrement in the tool life if the speed increases. (Karaguzel et al., 2015b,
2014) have compared orthogonal turn-milling performance with conventional
turning on difficult-to-cut materials reaching longer tool life for the turn-milling
operations from 3 to 40 times better than conventional turning depending on the
material . Figure 2.39 shows the results which evidence of the effect of implement
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(a) Tool wear results for Ti6Al4V.

(b) Eect of the tool axis oset on tool wear.

Figure 2.39: Life trials in turn-milling (Karaguzel et al., 2015a, 2016).

turn-milling instead of conventional turning and implementing eccentricity for
orthogonal turn-milling in AISI 1045 steel.

Karpuschewski et al. (2017) presented a tribological analysis of contact parts.
In this work, wear is understood as the amount of mass loss after constant op-
eration of the part for 24 hours. Parts are machined by tangential turn-milling
operations, conventional turning, and grinding. As a conclusion of this work, the
authors found that tangential turn-milling achieve the surface quality comparable
with grinding.

2.3.5 Surface finishing and roughness

The surface finishing obtains through turn-milling operations has been studied
over the machining cases (Coaxial, Orthogonal and Tangential) due to the
significant differences in the set-up and kinematics. Following is presented the
literature review about the surface finish. The main findings are going to be
discussed at the end of this section.

Coaxial turn-milling

The turn-milling operations are associated with low roughness manufacturing
process. Schulz and Spur (1990) reports surface roughness Ra lower than 0.5
µm with optimized axial feed rates, considering the effect of edge wear over the
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surface finishing. This research team has reported values below 10 µm for coaxial
turn-milling operations in hard steels.

Orthogonal turn-milling

Kopač and Pogačnik (1997) compared the surface roughness of the orthogonal
centric eccentric turn-milling, finding that the eccentricity (𝑒𝑜𝑝𝑡 = 𝑟𝑡−𝑙𝑠 ) presents
the best surface roughness. Choudhury and Mangrulkar (2000) developed an
empirical analysis of the centric orthogonal turn-milling considering the axial
feed, the rotational speed of the workpiece and tool to determine the effect
over the surface roughness; finding that the increment of the cutting speed and
decrement of the axial feed decrease improves the surface roughness. (Choudhury
and Bajpai, 2005) presented an empirical study of increasing the workpiece
rotational speed, the tool diameter, and the cutting depth in centric turn-milling,
finding that the increment of the workpiece rotational speed until 10 rpm and
the augment of the cutting tool diameter is beneficial to the surface finish. Cai
et al. (2012) found that the the eccentricity level close to the tool radius increases
the surface finish.

Ekinović et al. (2007) developed a comparative study between high-speed
turn-milling and conventional turning making equal the material removal rate
an the axial feed; finding a better surface finish with the turn-milling operation.
Zhu et al. (2013) presented models experimentally validated to predict the surface
topography considering the cutting parameters within the model.

Tangential turn-milling

(Savas and Ozay, 2007) presented an experimental study of tangential turn-
milling where the depth of cut, axial feed, the rotational speed of the workpiece
and tool were considered to observe the effect over the surface roughness. This
study presented similar results than the orthogonal case addition and outstanding
surface roughness around than 1 `𝑚. Savas and Ozay (2008); Savas et al. (2016)
through a genetic algorithm of the cutting parameters to find the combination
with the minor surface roughness. This method is used because turn-milling
operations have an increased number of parameters and this makes difficult to set
the optimal window by trial and error.

Funke and Schubert (2016) studied the surface topology for different end
mill geometry to increase the static friction coefficient over cylindrical parts,
developing a mathematical model that predicts the surface topography of the
turn-milled part. Obtaining besides the topography of the machined part that the
chamfer mill augments the friction coefficient. Ratnam et al. (2016) performed a
comparative study between the orthogonal and tangential turn-milling confirm-
ing the suggestion of the data of the early work Funke and Schubert (2016); Savas
and Ozay (2007, 2008); Savas et al. (2016). With the same cutting conditions,
the tangential turn-milling beats with a wide margin the roughness product of
the orthogonal process Ratnam et al. (2016). The roughness from the tangential
setup is so low that it can be compared with grinding. Indeed, Karpuschewski et
al. studied the behavior of a rolling part manufactured by tangential turn-milling,
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grinding, and hard turning, see figure 2.40 (Karpuschewski et al., 2017). This
study varies the rotational speed of the workpiece and the tool, the axial feed,
and the tool inclination to do a tribological analysis of the rolling parts (working
piece). The roughness obtained from grinding and hard turning lower than
the turn-milling parts. The workpieces are contact parts for a rolling system.
The friction coefficient and tribological trials reached by turn-milling parts gave
better results than the grinding and hard turning parts. This work concludes
that manufacturing these parts by turn-milling operations increases productivity
by the reduction of reprocesses. Besides this, the quality of the part is increased,
resulting in better tribological behavior (Karpuschewski et al., 2017).

Figure 2.40: Roughness of the samples compared with the references specimen (Karpuschewski
et al., 2017).

Jiang et al. (2011) developed a mathematical model that predicts the texture
of the workpiece machined, considering the turn-milling kinematics that allows
performing simulation in different cutting conditions. The texture height in-
creases from 0.25 to 0.8 with the increase of 𝑓𝑧 from 0.314 to 0.628 mm. The
feed effect in a set of trials of the turn-milling operation was studied, presenting
contradictory results. Rahman et al. (2017) studied the effect on the surface
finishing and error if the feed is raised from 100 to 400 mm/min. In this case,
the low feed resulted in the best finish surface, and it decreases with the increase
of the feed. However, it seems that increasing four times the feed the roughness
does not increase proportionally.

In general terms the turn-milling operations produce low roughness surfaces.
This is the most outstanding feature of turn-milling compared with conventional
or hard turning. However, there is no consensus over the parameters that reach
these results. The case of turn-milling presents considerable differences between
each other; figure 2.41 summarizes the reported roughness in the reviewed
publications.
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Figure 2.41: Summary of the experimental values found in the literature per case of turn-milling.

2.3.6 Virtual machining and artificial intelligence

Virtual machining is a computational graphic environment that simulates the
machining process introducing the machine tool CAD design, kinematics, and
mechanics of the machining process; several disciplines within the machining aim
to produce the digital twin of the process. In this area, Wang et al. (2008) have
worked in the development of a turn-milling simulator with a 5-axis machine tool
considering statics, kinematics, dynamics, thermal, and vibration characteristics.
Zhu et al. (2008) published a study of the rigidity of the machine tool as a whole
by co-simulating the coupling systems in ANSYS® and ADAMS®. The main
milestone of this research is the study of the effect of the kinematics on the
rigidity of the machine tool that opens the possibility to iterate the design to
improve the flaws in the presented design. (Zhu et al., 2011) presented the
process of designing high-grade CNCmachine tools, using the virtual prototype
technology based on the analysis of the kinematics simulation runs and analyzes
directly, see figure 2.42. (Yu et al., 2013; Zhu et al., 2015b) presented a different
web-based virtual turn-milling system that helps users and process planners
obtain more information and production functions globally. It comprises three
main functions: machining simulation function, movement demonstration of
turn-milling center function, and information communications functions.

Artificial Intelligence (AI) has been applied to turn-milling. In general terms,
there are two different approaches: the first one is for optimization proposes, due
the turn-milling is a process with an ample amount of initial parameters and is
difficult to see at first view how they affect over the finished part (Yusup et al.,
2012). (Savas and Ozay, 2008; Savas et al., 2016) applied a genetic algorithm to
find the optimum cutting conditions to get a better surface finishing in order to
determine the optimum point. (Wang et al., 2012) have worked in the optimiza-
tion of toolpath to reduce the geometry errors (scallops or cusp errors) as much
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Figure 2.42: 3D model of turn-milling centre in Unigraphic software (Zhu et al., 2011).

as possible and getting a uniform geometry, see figure 2.43.

Figure 2.43: Contrast of scallops height distribution (Wang et al., 2012).

2.4 State of the Art conclusions

The literature review covered diverse aspects related with turn-milling operations.
This machining technology results an interesting alternative conventional turn-
ing and also to manufacture large format, slender and protuberance workpieces.
This technology

• Despite Karaguzel et al. (2017); Uysal et al. (2014); Zhu et al. (2015a)
say that turn-milling is a high productivity process, the MRR values found in
literature are not especially high compared with the conventional machining.
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This comparison does not consider the machine tool power, and also that the
laboratory tests do not seek to maximize the MRR.

• There is no a unified model to predict the uncut chip geometry for the
orthogonal case. Furthermore, the current models could not be replicated in this
work because of mathematical inconsistencies detected in the equation of the
models. These errors were related to show more independent variables than the
equation should have.

• A large group of researchers has published works in cutting force predic-
tion in machining operations. However, turn-milling publications tend to use
empirical models due to their practicality and high accuracy results.

• The stability modeling of the process is weak and undeveloped; only one
publication touches the subject directly. Indeed, the geometric model used to
predict cutting forces does not consider the end-cutting zone, only the flank-
cutting zone. The dynamic analysis has been focused on finding the natural
frequencies of the turn-milling machine tool for design but not for chatter
proposes.

• The thermal studies in turn-milling operations only present one publication
that measures the increment of temperature over the workpiece, measuring
and predicting shallow results. There is no consensus between the authors in
the increment of temperature during the cutting. The prediction models state
temperatures around 35ºC and 800ºC that is a significant discrepancy between
the research team. They have in common that the models are a function of the
uncut chip geometry. The power consumption should increase proportionally
to the MRR that is a function of the uncut chip geometry. The cutting speed is
the following parameter that influences the temperature during the cutting. The
measurement of the temperature on the cutting zone has not been performed jet.

• The tool life is enormously increased by augmenting the eccentricity,
number of edges, cutting speed, and reducing the axial feed. Empirical approaches
tackled the modeling of wear.

• The surface finish obtained through turn-milling operations reaches values
in Ra below 0.4 µm. However, there is no consensus over the primary cutting
parameters that influence the surface finish. It seems that the finishing is very
sensitive to all the primary cutting parameters. Although experimental work was
carried out, data has not been presented to identify which factor affects more
than others.

• The geometrical accuracy goes in detriment with the increment MRR.
The data suggest that operating in low feed and high cutting speed will reduce
the geometrical errors beating turning and grinding.

• Virtual machining focuses on the machining process simulation, looking
to develop the digital twin of turn-milling manufacturing centers. A virtual
reality simulator has been developed to process planning and operator forma-
tion. AI applications have been developed to find optimized cutting parameter
combinations due to the extensive set of variables to fix.

• There is a focus on the authors in the orthogonal turn-milling case because
this is the most versatile and used case of turn-milling.
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After the literature review, it is essential to highlight a weak model devel-
opment to find the remarkable cutting parameters. The reviewed authors are
not agree in the effect of the eccentricity over cutting force, tool life and surface
finishing. Some groups conjectured the value of optimal eccentricity without
demonstrate with theoretical foundation at all.

The uncut chip geometry has been studied through different approaches.
However these models have not been replied with the published information in
the consulted papers. This situation raises questions about the validity of the mod-
els since these approaches are not falsifiable. Even when some of these approaches
are validated experimentally, usually the information of the experimental trials is
not complete and it is not possible to repeat them.

The development of falsifiable models that might be reviewed and repeated
for diverse researchers will strongly impact in the understanding of the turn-
milling operations. Considering the variation of the cutting conditions over
industrial parameters such the surface roughness, tool life, geometrical error; and
scientific parameters such as cutting forces and temperature, process stability,
etc. This efforts contributes to increase the industrial productivity of the process
rising the MRR and the quality of the produced parts.

2.4.1 Research opportunities

The lack of comprehensive studies on the industrial application of turn-milling
arises several research opportunities covering the following subjects:

• The development or replication of a reliable model for the uncut chip
geometry prediction in the orthogonal, coaxial, and tangential.

• The research of the relationship between the cutting conditions, MRR and
cutting forces, in order to reach high productivity scenarios.

• The theoretical study of the effect of cutting conditions over the surface
integrity, cutting forces, tool life, etc.

Another important aspects that are not considered in this thesis but are highly
recommended to develop are:

•Developments on Artificial Intelligence and machine tool adaptative control
to operate in the optimal window. Applications of Big Data, analytical modeling,
and Data Analytics to improve the productivity of the process.

• The simulation of the process for further understanding the variation of
the primary cutting conditions over scientific and industrial variables, such as
cutting forces, finishing, and geometrical accuracy.

• The correlation of cutting condition, cutting forces, and effects over the
surface finishing and geometrical accuracy.

• The development of digital twin of the process, based on the available
CAD/CAM software, implementing accurate analytical models that conduce to
the machining strategy analysis.

• The modeling of challenging parameters such as the cutting tempera-
tures, tool wear or surface integrity. This is linked to the previous opportunity
increasing the parameters considered within the digital twin.



3 | CUTTING FORCE PREDICTION IN OR-
THOGONAL CENTRIC TURN-MILLING
OPERATIONS

The orthogonal turn-milling operation in addition to its characteristic rotation
of the workpiece has a parameter that relates the orthogonal distance between
the workpiece and tool rotational axes. This is the eccentricity already presented
in figure 2.1 (d and f ). The simplest case of turn-milling is when the eccentricity
(𝑒) is zero, intersecting the axes at the center of the workpiece. This condition
simplifies the kinematics reducing the amount of parameters to consider and for
this reason this is called “orthogonal centric” turn-milling. This chapter studies
the kinematics in orthogonal centric turn-milling operations with flat end mills
to determine analytically the uncut chip geometry and predict cutting forces.

(a) Flank edge. (b) End Edge.

Figure 3.1: Flat end mill edges.

A square insert mill can remove the material with different edges as shown in
figure 3.1. If the flank edge performs the cut, the depth of cut (𝑎𝑝 ) is aligned with
the flank edge and the instantaneous chip thickness (𝑡 ) with the end edge (figure
3.1 A). Nevertheless, if the cut is performed with the end edge of the insert,
the situation is the opposite (figure 3.1 B). In turn-milling operations, the cut is
performed simultaneously with both edges of the tool due to the coupled tool,
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and workpiece rotation Crichigno Filho (2012); Karaguzel et al. (2015b); Zhu
et al. (2016b). This simultaneous cutting is taken into account for geometrical
modeling and force prediction purposes.

The most common uncut chip geometry representation is shown in figure 3.2
(a), reported by Karaguzel and Zhu Karaguzel et al. (2015b); Zhu et al. (2016b).
However, there is a less studied uncut chip geometry as shown in figure 3.2
(b), reported by Crichigno Crichigno Filho (2012). This atypical geometry is
associated with the depth of cut 𝑎𝑝 and the relationship of tool and workpiece
radius. This phenomenon is called “small depth regimen” and is studied in detail
in the present chapter. The common representation of the chip is identified as
“large depth regimen” and modeled in this chapter.

(a) Large depth regimen (b) Small depth regimen

Figure 3.2: 3D representation of the uncut chip geometry.

This chapter presents a methodology to accurately estimate cutting forces
using the uncut chip geometry and the orthogonal to oblique transformation
methodology. Geometrical prediction models are developed for the “large and
small” depth of cut regimens and validated experimentally in diverse cutting
condition scenarios. To this end, the model takes into account chip thickness
variations in tool rotation and radial directions. The model detail can be increased
if the geometry evolves as the edge rotates during the chip formation process.
The geometry can thus be defined by the interaction of the boundary lines of
the uncut chip.

The uncut chip is divided into flank and end cutting zones, and the differential
cutting force model is applied to each zone to determine the general state of
force in the tool. The original contribution of this study is to use the uncut chip
boundary lines to describe in detail the instantaneous geometry evolution in the
radial, and rotational direction as the edge performs the cut.

The models and results of this research aim to increase the understanding
of turn-milling operations and, in particular, the effect of cutting conditions on
cutting forces. This knowledge increases the final quality of the piece and the
productivity of the machining operation.
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A graphical overview of this approach is presented in figure 3.3, which
explains how the equations are structured to represent the uncut chip geometry
properly. This figure also indicates the procedure to estimate the cutting force
starting to form the initial cutting parameters.

Figure 3.3: Work flow proposed in this research.

3.1 Kinematics in turn-milling operations

Kinematics in turn-milling operations is fundamental to determine the uncut
chip geometry because it determine the boundaries of the uncut chip geometry.
figure 3.4 shows a scheme of the orthogonal centric turn-milling and the move-
ments in this process. As seen in figure 3.4, the tool and workpiece rotational
axes are orthogonal to each other. Additionally, they intersect in the center of
the workpiece. As a result of these features, the machining operation is called
orthogonal centric turn-milling.
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Figure 3.4: Kinematic in turn-milling operations. (𝑅𝑤) Workpiece radius, (𝑛𝑤) Workpiece
rotational speed, (𝑟𝑡 ) Tool radius, (𝑛𝑡 ) Tool rotational speed, (𝑓𝑎) Axial feed, (𝑎𝑝 ) Depth of cut,
(𝑧) Number of cutting edges.

Despite the tool and workpiece are rotating simultaneously, the workpiece
rotation is so slow that its effect over the cutting speed is neglectable. Therefore
the cutting speed (𝑉𝑐 ) is simplified as shown in equation 3.1, depending of the
tool radius (𝑟𝑡 ) and tool rotational speed (𝑛𝑡 ).

𝑉𝑐 =
2𝜋𝑟𝑡𝑛𝑡
1000 (3.1)

The axial feed (𝑓𝑎) is the distance advanced by the tool in each workpiece
rotation in the direction of the workpiece rotation axis. This variable determines
the axial speed (𝑉𝑎) of the tool as shown in equation 3.2. The rotation of the
workpiece produces a tangential speed (𝑉𝑡 ) in the periphery that is determined
by equation 3.3. Besides, the workpiece rotation produces a tangential distance
traversed by the tool that is equal to the perimeter of the workpiece, as shown in
equation 3.4. The combination of the axial and tangential feeds is equivalent to a
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helical trajectory of the tool around the workpiece.

𝑉𝑎 = 𝑓𝑎𝑛𝑤 (3.2)

𝑉𝑡 = 2𝜋𝑅𝑤𝑛𝑤 (3.3)

𝑓𝑡 = 2𝜋𝑅𝑤 (3.4)

The axial feed (𝑓𝑎) and tangential feed (𝑓𝑡 ) distances are established per work-
piece revolution, but they help to determine the magnitude of the feed per tooth
(𝑓𝑧) based on the displacement triangle shown in figure 3.4. The equation 3.5
explains how to obtain the feed per tooth (𝑓𝑧). Additionally, the feed angle (𝛽) is
determined by equation 3.6. The last kinematic variable is the workpiece rotation
angle per edge (\ ) that is determined in equation 3.7.

𝑓𝑧 =
𝑛𝑤

√︃
𝑓 2
𝑎 + 𝑓 2

𝑡

𝑛𝑡𝑧
(3.5)

𝛽 = arctan
(
𝑓𝑎

𝑓𝑡

)
(3.6)

\ =
2𝜋𝑛𝑤
𝑛𝑡𝑧

(3.7)

The kinematic variables are necessary to define the boundary lines of the
chip geometry for both regimens. Therefore, they form the equations of each
boundary line that define the chip geometry.

3.2 Analytical model of large depth of cut chip geometry

The approach presented in this research is only valid to a flat end mill with a
negligible nose radius. The uncut chip geometry model starts by positioning
the coordinate origin in the center of the tool. Thus, the uncut chip is the
engagement between the workpiece and the tool based on the previous edge
position (Dashed lines) and the present position of the tool (Continuous line), see
figure 3.5 (a) and (c). These projections allow identification of the boundary lines
that forms the geometry as shown in figure 3.5 (d). The suggested methodology
of this chapter aims to identify the functions that describe the position in the 3D
cylindrical space of each line. Additionally, it is necessary to define the interval
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(a) Engage zone top view. (b) Key angles

(c) Engage zone front view
(d) 3D Representation of the “large depth” chip ge-
ometry.

Figure 3.5: Zoom of the engagement zone in “large depth” of cut regimen (orthogonal views).
(𝑝𝑒 ) External profile (Flank zone), (𝑝𝑖 ) Interior profile (Flank zone), (𝑝𝑖𝑖 ) Inferior interior profile
(End zone), (𝐼 ) Finish end zone line (End zone), (𝐿) Oblique feed line (End zone), (𝑎𝑝 (𝜙))
Variable depth of cut of the flank zone, (𝑎𝑓 (𝜙)) End zone thickness plane. Relevant angles in
the “large depth”chip geometry. (𝜙 𝑓 𝑠𝑡 ) Flank zone start angle, (𝜙𝑒𝑠𝑡 ) End zone start angle, (𝜙𝑖 ) I
line exit angle, (𝜙𝑒𝑒𝑥 ) End zone exit angle.

of angles where the found equations are valid, known as the function domain,
see figure 3.5 (b) .

The complex chip geometry is divided into two zones related to the edge that
generates them. In the one hand, there is the flank zone that consists of (𝑝𝑒 ) and
(𝑝𝑖 ) lines represented in green in figures 3.5 (a), (b), and (c). On the other hand,
the end zone consists of the (𝐼 ), (𝐿) and (𝑝𝑖𝑖 ) lines represented in red in figures 3.5
(a), (b), and (c). The polar position of the lines (𝜙 ,𝑟 ) can be derived from figure
3.5 (a). The height of the lines is only obtainable from figure 3.5 (c). The flank
zone lies on the (𝑎𝑝 (𝜙)) surface i.e., the workpiece curvature. Furthermore, the
end zone is located on the end thickness plane (𝑎𝑓 (𝜙)) that is generated from the
end edge and the workpiece rotation.

The interrelationship between the lines determines the proper valid interval
of angles for each line. The lines intersect in some key angles where they start
or finish. Thus, the domain (or valid angle interval) of the boundary lines can
be obtained from figure 3.5 (b). For instance, the (𝑝𝑒 ) line starts at (𝜙 𝑓 𝑒𝑥 ) and
finishes at (𝜙 𝑓 𝑠𝑡 ) hence the domain of (𝑝𝑒 ) is the interval of angles between (𝜙 𝑓 𝑒𝑥 )
and (𝜙 𝑓 𝑠𝑡 ), see figure 3.5. It is important to remark that the measure of the angles
is opposite to the turning direction of the tool; for this reason, the exit angles are
lower than the start angles; this is a consequence of the definition of the terms
“start” and “exit”. They are associated with the cutting process, not with the
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reference framework to determine the boundary line functions.

The calculation of (𝜙 𝑓 𝑒𝑥 ), (𝜙𝑒𝑒𝑥 ) and (𝜙 𝑓 𝑠𝑡 ) is done by analytical means as
shown in equations 3.8, 3.9 and 3.10 respectively. The rest of the angles (𝜙𝑖 and
𝜙𝑒𝑠𝑡 ) can be calculated by numerical equalization. In the case of (𝜙𝑖 ) the radius of
lines (𝐼 ) and (𝑝𝑖 ) are calculated simultaneously increasing (𝜙𝑖 ) until both radius
are equal. The same numerical method is applied to find (𝜙𝑒𝑠𝑡 ) but calculating
the radius of lines (𝐿) and (𝑝𝑖 ).

𝜙 𝑓 𝑒𝑥 = arccos
(
𝑓𝑧

2𝑟𝑡

)
− 𝛽 (3.8)

𝜙𝑒𝑒𝑥 = arctan
©«
𝑟𝑡 − 𝑓𝑎 +

(√︃
𝑟2
𝑡 − (𝑟𝑡 − 𝑓 𝑎)2 +

(
(𝑅𝑤 − 𝑎𝑝) sin

(
\
2

))
tan(𝛽)

)
(𝑅𝑤 − 𝑎𝑝) sin

(
\
2

) ª®®®®¬
(3.9)

𝜙 𝑓 𝑠𝑡 = 𝜋 − arcsin
(
𝑟𝑡 − 𝑓𝑎
𝑟𝑡

)
(3.10)

The equations of the boundary lines and their domains are presented below.
The (𝑝𝑒 ) line is defined by equation 3.11 and its domain is shown in equation
3.12. The (𝑧) coordinate height is presented in equation 3.13. It is important
to note that the height function is represented on the plane (𝑟, 𝑧). Hence, the
dependent variable, in this case, is the height of the line (𝑝𝑒 ) correspond to the
(𝑧) axis (𝑎𝑝𝑒 ), and the independent variable is the projected length of radius on
the (𝑟, 𝑧) plane, see figure 3.5 (c).

𝑝𝑒 (𝜙) = 𝑟𝑡 (3.11)

𝜙 𝑓 𝑒𝑥 ≤ 𝜙 ≤ 𝜙 𝑓 𝑠𝑡 (3.12)

𝑎𝑝𝑒 (𝑝𝑒) =
√︃
𝑅2
𝑤 − (𝑝𝑒 cos(𝜙))2 − (𝑅𝑤 + 𝑎𝑝) (3.13)

Next, the (𝑝𝑖 ) line is a piecewise function that is composed by a circular (∗)
and a linear segment (∗∗) shown in equation 3.14, see figure 3.5. The respective
domain of every piece is represented in equations 3.15 and 3.16 respectively. The
height of this line has the same function as the (𝑝𝑒 ) line. However, the projection
on the plane (𝑟, 𝑧) must be the (𝑝𝑖 ) line as shown in equation 3.17.

𝑝𝑖 (𝜙) =


𝑓𝑧 cos(𝜙 − 𝛽) +

√︃
𝑟2
𝑡 − (𝑓𝑧 (sin(𝜙 − 𝛽)))2 ∗

𝑟𝑡 (sin(𝜙 𝑓 𝑠𝑡 ) − cos(𝜙 𝑓 𝑠𝑡 ) tan(𝛽))
sin(𝜙) − cos(𝜙) tan(𝛽) ∗∗

(3.14)
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circular domain ∗ → 𝜙 𝑓 𝑒𝑥 ≤ 𝜙 ≤ 𝜙𝑒𝑠𝑡 (3.15)

linear domain ∗ ∗ → 𝜙𝑒𝑠𝑡 ≤ 𝜙 ≤ 𝜙 𝑓 𝑠𝑡 (3.16)

𝑎𝑝𝑖 (𝑝𝑖) =
√︃
𝑅2
𝑤 − (𝑝𝑖 cos(𝜙))2 − (𝑅𝑤 + 𝑎𝑝) (3.17)

The end cutting zone description starts with the 𝐼 line, parallel to the axial feed
(𝑓𝑎), determined by equation 3.18. This line is valid within the domain presented
in equation 3.19. Its height is zero and constant along with the domain. This
line represents the exit zone of the end edge when the cut is being performed.

𝐼 (𝜙) =
𝑅𝑤 sin( \2 )

cos(𝜙) (3.18)

𝜙𝑒𝑒𝑥 ≤ 𝜙 ≤ 𝜙𝑖 (3.19)

The (𝐿) line is the projection of the linear zone of the (𝑝𝑖 ) line. Equation 3.20
presents the expression for this line with a domain shown in equation 3.21. Also,
its height is represented on the end zone thickness plane as seen in equation 3.22,
see figure 3.5.

𝐿(𝜙) =
𝑟𝑡 (sin(𝜙 𝑓 𝑠𝑡 ) − cos(𝜙 𝑓 𝑠𝑡 ) tan(𝛽))

sin(𝜙) − cos(𝜙) tan(𝛽) (3.20)

𝜙𝑒𝑒𝑥 ≤ 𝜙 ≤ 𝜙𝑒𝑠𝑡 (3.21)

𝑎𝑓𝐿 (𝐿) = − tan(\ ) (𝐿 cos(𝜙)) + (𝐿(𝜙𝑒𝑒𝑥 ) cos(𝜙𝑒𝑒𝑥 ) tan(\ )) (3.22)

The last line to complete the end cutting zone is (𝑝𝑖𝑖 ), which is a projection of
(𝑝𝑖 ) on end cutting plane. Therefore, the function of this line has the same form
as the circular part of 𝑝𝑖 shown in equation 3.23; however, it works in a different
domain as presented in equation 3.24. The height of this line is represented on
the end thickness plane determined by equation 3.25.

𝑝𝑖𝑖 (𝜙) = 𝑓𝑧 cos(𝜙 − 𝛽) +
√︃
𝑟2
𝑡 − (𝑓𝑧 (sin(𝜙 − 𝛽)))2 (3.23)

𝜙𝑖 ≤ 𝜙 ≤ 𝜙𝑒𝑠𝑡 (3.24)

𝑎𝑓𝑝𝑖𝑖 (𝑝𝑖𝑖) = − tan(\ ) (𝑝𝑖𝑖 cos(𝜙)) + (𝑝𝑖𝑖 (𝜙𝑖) cos(𝜙𝑖) tan(\ )) (3.25)
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3.3 Analytical model of small depth of cut chip geometry

As can be seen in the previous section, the uncut chip geometry is complex.
It depends on the cutting and kinematic parameters. The model presented
can predict the resultant geometry based on the cutting conditions proposed.
Nevertheless, it does not work correctly when the depth of cut is such that
the chip is in the “small depth” of cut regimen. This geometric characteristic
is related to the cutting parameters shown in equation 3.26. Every time the
inequality is fulfilled, the uncut chip is in “small depth” cutting regimen.

−
√︃
𝑅2
𝑤 − (𝑅𝑤 − 𝑎𝑝)2 ≥ −𝑟𝑡 cos(𝜙 𝑓 𝑠𝑡 ) (3.26)

The modeling methodology for this regimen is the same as the one described
for the “large depth” regimen, and its main goal is to describe every single
boundary line in detail. Figure 3.6 and shows the lines from the uncut chip
geometry in the orthogonal views; the green lines represent the flank zone while
the red lines represent the end cutting zone. The orthogonal views present new
lines that correspond to the end cutting zone. The flank cutting zone consists
of the lines (𝑝𝑒 ) and (𝑝𝑖 ) presented in the top view of figure 3.6 (a). These lines
are located on the surface (𝑎𝑝 (𝜙)) which defines their height, see figure 3.6 (c).
Furthermore, the end cutting zone consist of the (𝐼 ),(𝐿),(𝑝𝑖𝑖),(𝑀) and (𝐸) lines,
see figure 3.6 (b) and (c). Their height are represented in the surface (𝑎𝑓 (𝜙)), see
figure 3.6 (c). Additionally, figure 3.6 (a) presents a 3D view of the uncut chip
geometry where the lines in the space can be identified.

Figure 3.6 (d) shows the key angles for the “small depth” regimen. As can be
seen, the amount of key angles has increased. The methods for obtaining the
angles (𝜙 𝑓 𝑒𝑥 ), (𝜙𝑒𝑒𝑥 ) and (𝜙𝑖 ) are the same as the that presented in the “large depth”
approach. Therefore, (𝜙 𝑓 𝑒𝑥 ) is found through equation 3.8, 𝜙𝑒𝑒𝑥 throughout
equation 3.9 and (𝜙𝑖 ) by numerical equalization of the radius of (𝐼 ) and (𝑝𝑖 ) lines,
see figure 3.6. Nonetheless, the calculation of some angles changes, because this
geometry does not present the same points as reference than the “large depth”
regimen as in the case of (𝜙 𝑓 𝑠𝑡 ). The angle (𝜙 𝑓 𝑠𝑡 ) is found when the height of
the line (𝑝𝑒 ) is zero. Hence, it can be determined using equation 3.27. The rest
of the angles (𝜙𝑝𝑖𝑠𝑡 , 𝜙𝑝𝑖𝑒𝑥 , & 𝜙𝑒𝑠𝑡 ) can be calculated by numerical equalization
taking into account the interrelationship of the boundary height of the lines. In
the case of (𝜙𝑝𝑖𝑠𝑡 ), the height of (𝑝𝑖 ) and (𝑝𝑖𝑖 ) is calculated augmenting (𝜙) until
both heights are equal. To find (𝜙𝑝𝑖𝑒𝑥 ) the ascendant and descendant domains of
(𝑎𝑓 𝐿) must be equal. The angle (𝜙𝑒𝑠𝑡 ) is found by equaling the radius of (𝐸) and
(𝐿) lines.

𝜙 𝑓 𝑠𝑡 = 𝜋 − arccos
©«
√︃
𝑅2
𝑤 − (𝑅𝑤 − 𝑎𝑝)2

𝑟𝑡

ª®®¬ (3.27)

Once the angles are determined, the boundary lines can be defined. The
(𝑝𝑒 ) line remains as presented in equation 3.11 with the same domain and height
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(a) 3D Representation of the “small depth” chip ge-
ometry

(b) Engage zone top view

(c) Engage zone front view

(d) Key Angles

Figure 3.6: Zoom of the engagement zone in “small depth” of cut regimen (orthogonal views).
(𝑝𝑒 ) External profile (Flank zone), (𝑝𝑖 ) Interior profile (Flank zone), (𝑝𝑖𝑖 ) Inferior interior profile
(End zone), (𝐼 ) Finish end zone line (End zone), (𝐿) Oblique feed line (End zone), (𝑀) Mid
vertical line (End zone), (𝐸) External vertical line (End zone), (𝑎𝑝 (𝜙)) Variable depth of cut
of the flank zone, (𝑎𝑓 (𝜙)) End zone thickness surface. Relevant angles in the “small depth”
chip geometry. (𝜙 𝑓 𝑠𝑡 ) Flank zone start angle, (𝜙𝑒𝑠𝑡 ) End zone start angle, (𝜙𝑖 ) I line exit angle,
(𝜙𝑝𝑖𝑠𝑡 ) Internal profile starting angle, (𝜙𝑀𝑠𝑡 ) M line start angle, (𝜙 𝑓 𝑒𝑥 ) Flank zone exit angle,
(𝜙𝑒𝑒𝑥 ) End zone exit angle.

expressions shown in equations 3.12 and 3.13. However, the (𝑝𝑖 ) line is no longer a
piecewise function and equation 3.28 shows the updated expression. Additionally,
the (𝑝𝑖 ) domain has changed as presented in equation 3.29. Nevertheless, the
height function remains the same as the one presented in equation 3.17.

𝑝𝑖 = 𝑓𝑧 cos(𝜙 − 𝛽) +
√︃
𝑟2
𝑡 − (𝑓𝑧 (sin(𝜙 − 𝛽)))2 (3.28)
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𝜙 𝑓 𝑒𝑥 ≤ 𝜙 ≤ 𝜙𝑝𝑖𝑠𝑡 (3.29)

The (𝐼 ) line, located in the end cutting zone, does not present changes with
the previous model. Therefore it keeps the same function, domain and height
presented in equations 3.18 and 3.19. The (𝐿) line has the same slope in the polar
plane (𝜙 ,𝑟 ). However, the reference point used to build equation 3.20 does not
exist in this geometry and is necessary to set another reference point. This new
reference corresponds to the initial radius of the (𝐿) line at the angle (𝜙𝑒𝑠𝑡 ) called
(𝑟𝑙 ) (𝑟𝑙 = 𝐿(𝜙𝑒𝑠𝑡 )), see equation 3.30. The expression is extensive so auxiliary
variables (𝑣1) and (𝑣2) are proposed to facilitate the presentation.

𝑟𝑙 =

√︄
𝑟𝑡 − 𝑓𝑎 −

(√︃
𝑟2
𝑡 − (𝑟𝑡 − 𝑓𝑎)2 + 𝑅𝑤 − 𝑎𝑝 sin

(
\

2

)
tan(𝛽)

)2
+

(
(𝑅𝑤 − 𝑎𝑝) sin

(
\

2

))2

(3.30)

The (𝐿) line is described in equation 3.31 and its domain is the same presented
in equation 3.21. The height of this line is a piecewise function shown in equation
3.32; because the line is located on the end plane before (𝜙𝑝𝑖𝑒𝑥 ) and after that
angle on the workpiece curvature, see figure3.6 (c). The expressions which
describe the composite domain are equations 3.33 and 3.34.

𝐿(𝜙) = 𝑟𝑙 sin(𝜙𝑒𝑒𝑥 ) − (cos(𝜙𝑒𝑒𝑥 ) tan(𝛽)
sin(𝜙) − (cos(𝜙) tan(𝛽)) (3.31)

𝑎𝑓𝐿 (𝜙) =


− tan(\ ) (𝐿 cos(𝜙)) + (𝐿(𝜙𝑒𝑒𝑥 ) cos(𝜙𝑒𝑒𝑥 ) tan(\ )) ∗√︁
𝑅2
𝑤 − (𝐿 cos(𝜙)2) − (𝑅𝑤 + 𝑎𝑝) ∗∗

(3.32)

ascendant domain ∗ → 𝜙𝑒𝑒𝑥 ≤ 𝜙 ≤ 𝜙𝑝𝑖𝑒𝑥 (3.33)

descendant domain ∗ ∗ → 𝜙𝑝𝑖𝑒𝑥 ≤ 𝜙 ≤ 𝜙𝑒𝑠𝑡 (3.34)

The (𝑀) line is determined by equation 3.35 and its domain is presented in
equation 3.36. The height of this line is constant along with the domain and
corresponds to equation 3.37.

𝑀 (𝜙) =
𝑝𝑖 (𝜙𝑝𝑖𝑠𝑡 ) cos(𝜙𝑝𝑖𝑠𝑡 )

cos(𝜙) (3.35)
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𝜙𝑝𝑖𝑠𝑡 ≤ 𝜙 ≤ 𝜙𝑝𝑖𝑒𝑥 (3.36)

𝑎𝑓 𝑀 =

√︃
𝑅2
𝑤 − (𝑝𝑖 (cos(𝜙𝑝𝑖𝑠𝑡 )))2 − (𝑅𝑤 + 𝑎𝑝) (3.37)

The (𝐸) line and its function is shown in equation 3.38. Its domain corresponds
to equation 3.39 and has a constant height of zero. The last line is (𝑝𝑖𝑖 ) presented
in equation 3.23, its height corresponds to equation 3.25. However, the domain
of the line has changed as shown in equation 3.40.

𝐸 (𝜙) =
𝑝𝑒 (𝜙𝑝𝑖𝑠𝑡 ) cos(𝜙 𝑓 𝑠𝑡 )

cos(𝜙) (3.38)

𝜙 𝑓 𝑠𝑡 ≤ 𝜙 ≤ 𝜙𝑒𝑠𝑡 (3.39)

𝜙𝑖 ≤ 𝜙 ≤ 𝜙𝑝𝑖𝑠𝑡 (3.40)

3.4 Geometric validation of the models

The validation process was performed by directly comparing the instantaneous
chip cross-sectional area obtained from the models and a CAD representation
of the chip. The CAD reproduction was done by projecting the helical path of
the tool in SolidWorks 2017, where the geometry is defined by the interference
of the tool and the workpiece. Based on the kinematic parameters, the tool
displacement in the 3D space was projected within the pass of one cutting edge.
Hence, the subtraction of the projected geometry of the tool and the workpiece
resulted in the uncut chip geometry. A Python routine was coded to calculate
the kinematic variables, the reproduction of the analytical models, and their
graphical representation.

3.4.1 “Large depth” model validation

In the first step, a set of cutting conditions must be selected. If this set is in the
“large depth” regimen, then the Python routine would plot results like those
presented in figure 3.7 A. This representation of the uncut chip geometry was
programmed to plot the flank zone in green lines. Consequently, the lines that
were plotted in red belong to the end cutting zone. This graphic representation
of the analytical approach is distorted due to the scale of the orthogonal axis
(𝑋,𝑌, 𝑍 ). The default auto-scaling feature of Python helps to focus on the resultant
geometry features.
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(a) Analytical model results (b) CAD results

Figure 3.7: Typical results “large depth” approach 𝑅𝑤= 45mm, 𝑛𝑤= 3rpm, 𝑟𝑡= 12.5mm, 𝑛𝑡=
1250rpm, 𝑓𝑎= 2.25mm/wpr, 𝑎𝑝= 2mm, 𝑧= 1.

The representation of the uncut chip geometry by CAD requires calculating
the kinematic and cutting parameters. Figure 3.7 (b) shows the results obtained
by this numerical approach. Notably, both figures 3.7 (a and b) represent the
uncut chip in the same cutting conditions. However, it is not easy to qualitatively
correlate both approaches.

Figure 3.8: Diagram of the instantaneous chip geometry.

A quantitative test of the correlation should be definite evidence of the
accuracy of the approaches. Both models are detailed enough to obtain the
instantaneous cross-section area of the chip. On the one hand, the CAD approach
can be sliced, and using the section properties tool of SolidWorks 2017; the area
can be found. On the other hand, the analytical model presents the instantaneous
points of the chip during the edge rotation. figure 3.8 shows a the typical
instantaneous cross-section area. Both the flank and end areas are irregular
trapeziums, so by adding their respective areas, it is possible to find the total
cross-section area of the analytical approach. Arbitrary cutting conditions were
selected in order to evaluate the model behavior versus the CAD representation.
Some parameters were varied, but the others were kept fixed because of the large
amount of them, as shown in table 3.1.
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Table 3.1: Parameters in the “large depth” validation test.

𝑅𝑤
[mm]

𝑟𝑡
[mm]

𝑧 [-] 𝑎𝑝
[mm]

𝑛𝑤
[rpm]

45 10 8 2 16.67
Tag 𝑛𝑡 [rpm] fa[

mm
WpRev

]
T1 1667 2.12
T2 3260 4.24
T3 1667 4.24
T4 3260 8.48
T5 2470 4.77

The validation scenario proposed presents considerable changes to the uncut
chip geometry. Five machining scenarios were proposed, and they were tagged
as shown in table 3.1. The results of the validation test are presented in figure 3.9.
The test showed robust correlation models, with errors of less than 2%. Those
errors could be attributed to modeling simplifications. The behavior of both
approaches is so close that the numerical points appear to be directly located on
top of the continuous lines that represent the analytical prediction.

Figure 3.9: Validation of the cutting model in “large depth” regimen.

3.4.2 “Small depth” model validation

Figure 3.10 A shows the results of implementing the model developed for the
“small depth” regimen. The green lines of the plot correspond to the flank zone
and the red to the end zone, respectively. This plot also has the orthogonal axis
(𝑋,𝑌, 𝑍 ) with the default scale, so the chip is distorted, but the image is focused
on the chip. Moreover, the CAD representation of the chip was then performed.
Figure 3.10 B shows the resulting geometry.
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(a) Analytical model results (b) CAD results

Figure 3.10: Typical results “small depth” approach 𝑅𝑤=45mm, 𝑛𝑤=120rpm, 𝑟𝑡=12.5mm,
𝑛𝑡=25500rpm, 𝑓𝑎=5mm/wpr, 𝑎𝑝=0.5mm, 𝑧=3.

Figure 3.10 A shows the results of implementing the model developed for the
“small depth” regimen. The green lines of the plot correspond to the flank zone
and the red to the end zone, respectively. This plot also has the orthogonal axis
(𝑋,𝑌, 𝑍 ) with the default scale, so the chip is distorted, but the image is focused
on the chip. Moreover, the CAD representation of the chip was then performed.
Figure 3.10 B shows the resulting geometry. Notably, figures 3.10 A and B are
representations of the same cutting conditions, but it was not possible to carry
out a qualitative comparison between the resultant geometries.

The analytical model was validated by a quantitative test of the instantaneous
cross-section area was performed in the CAD. Calculations of the cross-section
area were made as explained in subsection 5.1. It worth highlighting that the
flank zone disappears after (𝜙 𝑓 𝑒𝑥 ), and the remaining geometry belongs to the
end zone. Figure 3.11 shows the expected instantaneous geometry after the pass
of (𝜙 𝑓 𝑒𝑥 ). The resultant geometry is not regular, but it can be split into simpler
geometries to add their respective areas. Therefore, another cutting scenario
was proposed differently from that used in the “large depth” approach. Table 3.2
presents the cutting conditions. Additionally, in this comparison, the workpiece
rotational speed (𝑛𝑤) is also considered a variable.

Figure 3.12 shows the validation test results for the “small depth” regimen.
The general behavior of the approaches is quite accurate, presenting errors lower
than 1%. The behavior of both approaches is so close that the numerical points
appear to be directly located on top of the continuous lines that represent the
analytical prediction. Additionally, figure 3.12 suggests that the end zone volume
is larger than the flank zone. This condition indicates that the cutting parameters
that increase the end zone would result in a strong cutting force and a greater
wear increment.
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Figure 3.11: Diagram of the instantaneous chip geometry after (𝜙𝑝𝑖𝑒𝑥 ).

Table 3.2: Parameters in the “small depth” validation test.

𝑅𝑤
[mm]

𝑟𝑡
[mm]

𝑧 [-] 𝑎𝑝
[mm]

𝑛𝑤
[rpm]

44.5 12.5 3 0.5 16.67
Tag 𝑛𝑤[rpm] 𝑛𝑡 [rpm] fa[

mm
WpRev

]
T1 30 12800 2.5
T2 30 12800 5
T3 60 12800 2.5
T4 60 12800 5
T5 30 25500 2.5
T6 30 25500 5

3.5 Cutting force prediction

Turn-milling operations are intermittent cutting processes that present periodical
cutting forces. The frequency of the force is a consequence of the rotational tool
speed 𝑛𝑡 and the number of edges 𝑧. The magnitude of the force is a consequence
of several aspects but mainly the uncut chip geometry and the workpiece material.
In the present chapter, the mechanistic methodology was used to predict this
magnitude (Karaguzel et al., 2015b; Altintas, 2012; Budak et al., 1996). This
methodology requires the uncut chip geometry as input and calculates the 𝐾
coefficients. The geometrical variations of the uncut chip in the tool radial
direction are considered by a differential approach as suggested in equation 3.41,
where:

d𝐹𝑟 = (𝐾𝑟𝑐𝑡 (𝜙, 𝑟 ) + 𝐾𝑟𝑒) d𝑟
d𝐹𝑡 = (𝐾𝑡𝑐𝑡 (𝜙, 𝑟 ) + 𝐾𝑡𝑒) d𝑟
d𝐹𝑝 = (𝐾𝑝𝑐𝑡 (𝜙, 𝑟 ) + 𝐾𝑝𝑒) d𝑟

(3.41)

The differential approach presented must be performed separately for the
flank and end cutting zones. This condition stems from the orthogonal alignment
of the cutting edges. As presented in figure 3.1 and discussed throughout the
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Figure 3.12: Validation of the cutting model in “small depth” regimen.

present approach, the cut is performed with different edges which are orthog-
onally aligned. Therefore the overall state of forces in the tool is obtained by
equation 3.42. Where the general state of force of the tool is composed by three
components the radial (𝐹𝑟 ), tangential (𝐹𝑡 ), and axial (𝐹𝑎) forces. Each component
of force is the combination of the flank (𝐹∗𝑓 𝑙𝑎𝑛𝑘 ) and end edge (𝐹∗𝑒𝑛𝑑 ) in the
tangential (𝐹𝑡∗), radial (𝐹𝑟∗), and penetration (𝐹𝑝∗) directions.

𝐹𝑟 =

∫ 𝑟 𝑗,2

𝑟 𝑗,1

d𝐹𝑟 𝑓 𝑙𝑎𝑛𝑘 d𝑟 +
∫ 𝑟 𝑗,2

𝑟 𝑗,1

d𝐹𝑝𝑒𝑛𝑑 d𝑟

𝐹𝑡 =

∫ 𝑟 𝑗,2

𝑟 𝑗,1

d𝐹𝑡𝑓 𝑙𝑎𝑛𝑘 d𝑟 +
∫ 𝑟 𝑗,2

𝑟 𝑗,1

d𝐹𝑡𝑒𝑛𝑑 d𝑟

𝐹𝑎 =

∫ 𝑟 𝑗,2

𝑟 𝑗,1

d𝐹𝑝 𝑓 𝑙𝑎𝑛𝑘 d𝑟 +
∫ 𝑟 𝑗,2

𝑟 𝑗,1

d𝐹𝑟𝑒𝑛𝑑 d𝑟

(3.42)

3.5.1 Cutting coefficients determination - Orthogonal to oblique trans-
formation

The orthogonal to oblique transformation methodology esteem the cutting forces
in an oblique case based on orthogonal trials, and based on this is possible to de-
termine the cutting coefficients. Therefore, figure 3.13 a shows the experimental
setup scheme of the orthogonal trials.

It is essential to clarify that the power of the orthogonal to oblique transfor-
mation approach resides in the characterization trials. The experimental design
should be extensive and include as many parameters as possible to generate rep-
resentative mathematical expressions of the variables studied. For example, it is
necessary to consider the cutting speed (𝑉𝑐), feed per edge (𝑓𝑧), rake angle (𝛾),
clearance angle (𝛼), edge radius, helix angle (_), Etc. The values selected for the
experimental setup should sweep the market offer to be representative.
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(a) Scheme of orthogonal cutting setup.

(b) ARNO square shoulder cutter
FDG190025R0310
(ArnoWerkzeuge, 2015).

(c) ARNO square shoulder insert
SDHT100408FNPMAAN1015
(ArnoWerkzeuge, 2015).

Figure 3.13: Orthogonal cutting trials scheme and considered for the experiment planning.

Notwithstanding the mentioned considerations, it was impossible to carry
out an extensive experimental plan to generate a representative database of the
work material. However, the database is representative enough for the flat end
mill chapters presented in the following two chapters.

The set material-edge characterized by this approach is the aluminum 6063
T5 (see table 3.3) with the insert ARNO SDHT100408FNPMAAN1015 in
the ARNO indexable mill FDG190025R0310; see figure 3.13 (b) and (c). The
selection of the material is based on the low mechanical properties of the selected
aluminum. Therefore, using a softer material maintains the cutting forces lower
and allows testing a more comprehensive range of cutting conditions.
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(a) Insert flank rotation angle 8𝑜 . (b) Insert radial rotation angle −8𝑜 .

(c) Eect of the flank angle over the end edge geometry.

(d) Microscopic edge measurement in Alicona profilometer.

Figure 3.14: Characterization of the insert mill
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Table 3.3: Aluminum 6063 T5 alloy elements (Matweb, 2021).

Al
[%]

Cr
[%]

Cu
[%]

Fe
[%]

Mg
[%]

Mn
[%]

Si
[%]

Ti
[%]

Zn
[%]

Other
[%]

<=
97.5

<=
0.10

<=
0.10

<=
0.35

0.45
-
0.90

<=
0.10

0.20
-
0.60

<=
0.10

<=
0.10

<=
0.10

The insert mill is designed to orient it in a specific way, rotating the insert
in the flank direction and the radial direction, see figure 3.14 (a) and (b). These
angles in a solid mill coincide with the radial and flank rake angle; however, an
insert mill does not meet this requirement. This case is due to the cutting edge
are designed explicitly with a rake and clearance angles. These characteristic
angles are not intended to operate in the cutting process because of the radial and
flank rotation angles prepared on the mill. Consider for instance, the end edge
in an insert mill; see figure 3.14 (c). The flank rotation angle (_𝑓 ) rotates the
end edge changing the rake and clearance radial angles as shows in figure 3.14
(c). The radial rotation angle (_𝑒 ) modifies the flank edge correspondingly. The
insert is characterized by a microscopic profilometer as shown in figure 3.14 (d).

(a) Scheme of the orthogonal cutting trial 8𝑜 . (b) Scheme of the orthogonal cutting trial −8𝑜 .

(c) Customized insert holder (_𝑓 ) 8𝑜 . (d) Customized insert holder (_𝑒 ) −8𝑜 .

Figure 3.15: Insert fixture for orthogonal cutting trials.

A customized insert holder was designed to perform the orthogonal cutting
trials with the same design angle of the mill presented in figure 3.15. This step
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is fundamental because it is impossible to perform the orthogonal trials with
the milling insert installed in the mill. Additionally, the flank and end rake and
clearance angles strongly impact the magnitude and direction of cutting forces.
Figure 3.15 (a) and (b) represent the cutting process scheme in the orthogonal case
with the respective rotation angles. The rotation angle measured and presented
in figure 3.14 (a) and (b) are included in the customized insert holder. Figure
3.15 (c) and (d) shows photographs of the resulting assembly.

Table 3.4: Cutting conditions for edge characterization.

Parameter Value Units
Cutting Speed (𝑉𝑐 ) 400 - 800 [m/min]
Depth of cut (𝑎𝑝 ) 2 [mm]
Feed (𝑓 ) 0.05 - 0.1 - 0.2 - 0.3 [mm/rev]

(a) Experimental setup of orthogonal trials. (b) Cut chip measurement Vc400fz0.2ap2.

(c) Typical results of the orthogonal cutting trials Vc400fz0.3ap2.

Figure 3.16: Orthogonal cutting trials setup and typical results.

Solved the preliminaries of the experimental setup, the trials were performed
in the cutting conditions shown in the following experimental plan, see table
3.4. The whole experimental plan was run over the +8𝑜 and -8𝑜 setup; each
cutting condition was repeated three times to ensure statistical representativeness,
and the cutting forces were measured during a prolonged period to capture
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the signals in stationary conditions, figure 3.16 a shows the final experimental
setup. Sub-figure b shows the cut chip thickness measurement; each trial was
measured in three different points and averaged with the other repetitions. In
the c figure are shown the typical results obtained in the cutting trials. The data
considered for the cutting characterization was 90 % of the steady signal. The
mean results of the whole experimental trials are presented in table 3.5; these
values are the starting point of the cutting coefficient determination. To ensure
statistical representativeness every single cutting condition was repeated 3 times
and the mean value is presented and used as nominal value.

Table 3.5: Experimental results of the orthogonal cutting trials.

𝑉𝑐[ m
min

] Rake
𝛾 [𝑜]

Clear
𝛼 [𝑜]

𝑎𝑝
[mm]

f
[mm
rev

]
Mean
Fc [N]

Mean
Ff [N]

Mean
h
[mm]

2 0.05 85 48 0.23
400 32 6 2 0.1 137 60 0.34

2 0.2 222 70 0.60
2 0.3 302 77 0.81
2 0.05 83 46 0.22

800 32 6 2 0.1 127 48 0.33
2 0.2 208 51 0.54
2 0.3 282 50 0.78
2 0.05 108 84 0.32

400 16 22 2 0.1 173 115 0.48
2 0.2 287 157 0.73
2 0.3 396 193 0.95
2 0.05 100 75 0.29

800 16 22 2 0.1 155 90 0.40
2 0.2 259 118 0.64
2 0.3 360 144 0.92

The experimental results presented in table 3.5 show the cutting speed of the
trials in the first column. The -8𝑜 rotational angle aligned the rake and clearance
angles of the flank edge into 32𝑜 and 6𝑜 respectively. Otherwise, the +8𝑜 rotation
angle aligned the end edge rake and clearance angle to 16𝑜 and 22𝑜 , see figure
3.14 (c). The next column shows the feed tested followed by the mean cutting
force Fc which in figure 3.15 coincides with the 𝑌 direction. The mean of the
feed force Ff is presented; this force coincides in figure 3.15. The last column
refers to the mean value of the cut chip thickness measured with a micrometer
screw gauge.

The behavior of the cutting forces is illustrated in figure 3.17. The force data
is plotted as a function of the feed. The points fit tightly in a linear function,
and a linear regression determines the equation. The independent term of each
equation is the edge force in both the cut and feed forces; see table 3.6 𝐹𝑐𝑒 , 𝐹𝑓 𝑒 ,
respectively. Dividing those forces into the depth of cut (𝑎𝑝 = 2 mm), the edge
coefficient can be determined, see table 3.6 𝐾𝑐𝑒 cutting edge and 𝐾𝑓 𝑒 feed edge
coefficients. Considering the similarity in the 400 and 800 [m/min] values, it
then unified the mean value. Table 3.6 presents the values of the forces with
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three decimals to easily relate the table values with the independent terms of the
linear regressions presented in figure 3.17.

(a) Cutting force in orthogonal trials rake angle
𝛾 = 32𝑜𝛼 = 6𝑜 .

(b) Feed force in orthogonal trials rake angle
𝛾 = 32𝑜𝛼 = 6𝑜 .

(c) Cutting force in orthogonal trials rake angle
𝛾 = 16𝑜𝛼 = 22𝑜 .

(d) Feed force in orthogonal trials rake angle
𝛾 = 16𝑜𝛼 = 22𝑜 .

Figure 3.17: Eect of the feed over the cutting forces.

Table 3.6: Friction or edge coecient determination.

𝑉𝑐[ m
min

] 𝐹𝑐𝑒
[N]

𝐾𝑐𝑒
[ N
mm

]
Mean
𝐾𝑐𝑒[ N
mm

] 𝐹𝑓 𝑒
[N]

𝐾𝑓 𝑒[ N
mm

] Mean
𝐾𝑓 𝑒[ N
mm

]
𝛾 32𝑜 𝛼6𝑜 400 47.254 23.627 23 46.423 23.313 23800 46.423 23.211 46.836 23.418

𝛾16𝑜 𝛼22𝑜 400 54.966 27.483 26 68.280 34.14 32800 50.508 25.254 62.116 31.058

Determined the edge forces 𝐹𝑐𝑒 and 𝐹𝑓 𝑒 in table3.6; the power (𝐹𝑝𝑐 ) and thrust
(𝐹𝑞𝑐 ) cutting forces were determined by subtracting the measured forces with
the edge forces as shown in equation 3.43 and the results are presented in table
3.7.

𝐹𝑝𝑐 = 𝐹𝑐𝑖 − 𝐹𝑐𝑒
𝐹𝑞𝑐 = 𝐹𝑓 𝑖 − 𝐹𝑓 𝑒

(3.43)

The tangent of the friction angle (tan(𝛽𝑖)) of each trial is determined with
the power and thrust forces and the rake angle as shown in equation 3.44. The
compression ratio of the chip (𝑅𝐶𝑖 ) is the relationship between the uncut chip
thickness or the feed (𝑓𝑖 ) and the mean cut chip thickness (ℎ𝑚𝑖 ) presented in the
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Table 3.7: Power and thrust forces calculation.

𝑉𝑐[ m
min

] Rake
𝛾 [𝑜]

Clear
𝛼 [𝑜]

Feed[mm
rev

] Mean
𝐹𝑐 [N]

Mean
𝐹𝑓 [N]

𝐹𝑝𝑐 [N] 𝐹𝑞𝑐 [N]

0.05 85 48 38 2
800 32 6 0.1 137 60 89 14

0.2 222 70 175 24
0.3 302 77 255 31
0.05 83 46 37 0

800 32 6 0.1 127 48 81 2
0.2 208 51 162 5
0.3 282 50 236 4
0.05 108 84 53 16

400 16 22 0.1 173 115 118 47
0.2 287 157 232 89
0.3 396 193 341 125
0.05 100 75 50 13

800 16 22 0.1 155 90 105 28
0.2 259 118 208 57
0.3 360 144 310 82

last column of table 3.5, (see equation 3.45). The tangent of the shear angle 𝜙𝜏 is
found from the compression ratio 𝑟𝑐 and the rake angle (𝛾 ) as shown in equation
3.46; and the angle is found by the arctangent of the value shown in equation
3.46. The shear stress (𝜏𝑖 ) in the cutting process is found with the power and
thrust forces (𝐹𝑝𝑐𝑖 and 𝐹𝑞𝑐𝑖 ), the shear angle (𝜙𝜏𝑖 ), the feed of each trial or the
uncut chip thickness (𝑓𝑖 ) and the depth of cut (𝑎𝑝𝑖 ), see equation 3.47. The results
of these parameter calculation are presented in table 3.8.

tan(𝛽𝑖) =
𝐹𝑞𝑐𝑖 + 𝐹𝑝𝑐𝑖 tan(𝛾)
𝐹𝑝𝑐𝑖 − 𝐹𝑞𝑐𝑖 tan(𝛾) (3.44)

𝑟𝑐𝑖 =
𝑓𝑖

ℎ𝑚𝑖

(3.45)

tan(𝜙𝜏𝑖) =
𝑟𝑐𝑖 cos(𝛾)

1 − 𝑟𝑐𝑖 cos(𝛾) (3.46)

𝜏𝑖 =
(𝐹𝑝𝑐𝑖 cos(𝜙𝜏𝑖) − 𝐹𝑞𝑐𝑖 sin(𝜙𝜏𝑖)) sin(𝜙𝜏𝑖)

𝑓𝑖𝑎𝑝𝑖
(3.47)

The tangent of the friction angle (tan 𝛽) presented small variations; therefore,
those values are consolidated by the average value presented in each studied
geometry, see equation 3.48; and the normalized friction angle is the friction
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Table 3.8: Friction Angle, compression rate, Shear angle, Shear stress for the insert geometry and
aluminum 6063 T5.

𝑉𝑐[ m
min

] Geometry Feed[mm
rev

] tan(𝛽) rc
[mm
mm

]
tan(𝜙𝜏 ) 𝜙𝜏

[rad]
Shear
stress 𝜏

[MPa]
0.05 1.104 0.217 0.445 0.418 139.835

400 𝛾 32𝑜 𝛼 6𝑜 0.1 1.377 0.287 0.644 0.572 183.512
0.2 1.321 0.333 0.800 0.675 190.308
0.3 1.274 0.368 0.933 0.751 188.133
0.05 1.015 0.224 0.461 0.432 141.269

800 𝛾 32𝑜 𝛼 6𝑜 0.1 1.060 0.299 0.681 0.598 185.943
0.2 1.064 0.368 0.932 0.750 196.530
0.3 1.036 0.384 0.996 0.783 193.465
0.05 1.876 0.155 0.642 0.571 194.887

400 𝛾 16𝑜 𝛼 22𝑜 0.1 2.330 0.207 0.911 0.739 187.628
0.2 2.243 0.271 1.300 0.915 140.773
0.3 2.154 0.315 1.607 1.014 105.342
0.05 1.692 0.169 0.711 0.618 193.849

800 𝛾 16𝑜 𝛼 22𝑜 0.1 1.740 0.248 1.148 0.854 179.876
0.2 1.749 0.312 1.581 1.007 134.242
0.3 1.725 0.326 1.684 1.035 125.337

angle projected in the edge surface (tan 𝛽𝑛) as shown in equation 3.49. The
compression ratio and the shear angle are affected by the increment of the
feed but not by the cutting speed; thus, the corresponding results in each feed
condition were averaged as shown in table 3.9. The behavior of those variables
are modeled in the function of the uncut chip thickness or the feed; see figure
3.18. Then, the shear stress (𝜏) and compression rate (𝑅𝐶) 𝛾32𝑜𝛼6𝑜 is represented
by the equation 3.50 where 𝑓 is the uncut chip thickness or the feed. The models
for the compression ratio and the shear stress of the edge geometry 𝛾16𝑜𝛼22𝑜
are presented in equation 3.51. The shear stress (𝜏) presented an opposite trend
between edge geometries increasing with the feed for the geometry (𝛾32𝛼6) and
the opposite trend for the geometry (𝛾16𝛼22). This mathematically corresponds
to the friction angle (𝜙𝜏 ) that is a determining parameter to find the shear stress
(𝜏), however, this trend opposite trends does not have physical meaning.

tan(𝛽)𝛾32𝛼6 = 1.1536
tan(𝛽)𝛾16𝛼22 = 1.9384

(3.48)

tan(𝛽)𝑛𝛾32𝛼6 = 1.1536 cos(𝛾)
tan(𝛽)𝑛𝛾16𝛼22 = 1.9384 cos(𝛾)

(3.49)

𝑅𝐶 (𝑡) = 0.5556𝑓 0.2977

𝜏 (𝑡) = 246.52𝑓 0.1663 (3.50)
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Table 3.9: Compression ratio and shear stress average.

Feed[mm
rev

] rc mean[mm
mm

] 𝜏 mean
[MPa]

0.05 0.221 140.552
𝛾 32𝑜 𝛼 6𝑜 0.1 0.293 184.728

0.2 0.351 193.419
0.3 0.376 190.799
0.05 0.162 194.368

𝛾 16𝑜 𝛼 22𝑜 0.1 0.227 183.752
0.2 0.292 137.508
0.3 0.321 115.340

(a) Compression ratio vs uncut chip geometry. (b) Shear stress vs uncut chip geometry.

Figure 3.18: Fitting of the compression ratio and the shear stress.

𝑅𝐶 (𝑡) = 0.5261𝑓 0.3821

𝜏 (𝑡) = 84𝑓 −0.3 (3.51)

The normalized shear angle is found using the helix angle as presented in
equation 3.52. There is a recurrent combination of variables in the cutting
coefficient estimation grouped in the parameter 𝑐 shown in equation 3.53.

𝜙𝑛𝛾32𝛼06 =
𝑅𝐶𝛾32𝛼06(𝑓 ) cos(𝛾)

1 − (𝑅𝐶𝛾32𝛼06(𝑓 ) sin(𝛾))

𝜙𝑛𝛾16𝛼22 =
𝑅𝐶𝛾16𝛼22(𝑡) cos(𝛾)

1 − (𝑅𝐶𝛾16𝛼22(𝑡) sin(𝛾))

(3.52)

𝑐 =

√︃
cos(𝜙𝑛 + 𝛽𝑛 − 𝛾)2 + (tan(_𝑓 )2) sin(𝛽𝑛)2 (3.53)

The coefficients associated to the cut process (𝐾∗𝑐 ) are then estimated with
the variables determined previously. There are three coefficients to be deter-
mined associated with the cutting process; see equation 3.54. These coefficients
are composed of many parameters described below that depend only on the
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chip thickness or the orthogonal trials feed (𝑓 ). Table 3.6 showed the friction
coefficients that represent the edge being dragged against the material, and the
equation 3.54 shows the cutting coefficient, which represents the behavior of
the edge cutting the material.

𝐾𝑐𝑐 (𝑓 ) =
𝜏 (𝑓 ) cos(𝛽𝑛 − 𝛾) + tan(𝛾) sin(𝛽𝑛) tan(𝛾)

𝑠𝑖𝑛(𝜙𝑛 (𝑓 ))𝑐

𝐾𝑓 𝑐 (𝑓 ) =
𝜏 (𝑓 ) sin(𝛽𝑛 − 𝛾)

sin(𝜙𝑛 (𝑓 )) cos(𝛾)𝑐

𝐾𝑝𝑐 (𝑓 ) =
𝜏 (𝑓 ) cos(𝛽𝑛 − 𝛾) tan(_𝑓 ) − sin(𝛽𝑛) tan(𝛾) − sin(𝛽𝑛) tan(𝛾)

sin(𝜙𝑛 (𝑓 ))𝑐

(3.54)

The cutting force state in the mill during the cutting force is then estimated
with the linear approach presented in the equation 3.55. This state of force
represents an orthogonal three-dimensional state of force with origin in the
cutting edge.

𝐹𝑐 (𝑡) = 𝐾𝑐𝑐 (𝑡)𝑡𝑙𝑐 + 𝐾𝑐𝑒 (𝑡)𝑙𝑐
𝐹𝑓 (𝑡) = 𝐾𝑓 𝑐 (𝑡)𝑡𝑙𝑐 + 𝐾𝑓 𝑒 (𝑡)𝑙𝑐
𝐹𝑝 (𝑡) = 𝐾𝑝𝑐 (𝑡)𝑡𝑙𝑐

(3.55)

(a) Geometrical parameter of flank milling. (b) Force distribution of flank milling.

(c) Geometrical parameter of end milling. (d) Force distribution of end milling.

Figure 3.19: Cutting force distribution by edge.
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The cutting force 𝐹𝑐 normal to the rake angle is composed by the cutting
coefficient 𝐾𝑐𝑐 , the uncut chip area represented by the uncut chip thickness (𝑡)
and the contact length (𝑙𝑐), plus the effect of the friction in the cutting direction
represented by the friction or edge coefficient (𝐾𝑐𝑒 ) multiplied by the edge contact
length (𝑙𝑐). The feed (𝑓 ) in orthogonal cutting coincides with the uncut chip
thickness (𝑡); however, in milling and turn-milling does not. For this reason,
the cutting coefficients in equation 3.55 does not depends on the feed (𝑓 ) but
in the uncut chip thickness (𝑡). In the plane of the rake angle exist the feed and
penetration forces that are co-planar and orthogonal. The feed force is analog to
the cutting force but in the feed direction, see equation 3.55; and the penetration
force does not present friction component but only the cutting one. Consider a
side milling operation with a straight-tooth milling cutter; see figure 3.19. This
distribution of forces depends of the uncut chip geometry alignment, with the
coordinate system of the tool. For example the flank milling is illustrated in
figure 3.19 (a) and (b) and the end milling in the figure 3.19 (c) and (d). As the
orthogonal centric turn-milling operations presents simultaneous cutting with
both edges the general state of force of the mill correspond to that described in
equation 3.42.

3.6 Experimental validation of the cutting forces

Experimental tests were carried out in order to validate the theoretical models
presented in the previous sections. The goal was to perform orthogonal cen-
tric turn-milling operations in diverse cutting scenarios to change the uncut
chip geometry and then compare the measured forces with the cutting force
prediction.

Figure 3.20: Orthogonal centric turn-milling experimental setup.
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3.6.1 Experimental methodology

The experimental trials were developed in a Lagun vertical CNCmilling machine
with a rotary table attached which holds the workpiece. The tool was held in
place by a rotational dynamometer Kistler 9123. The material characterized
with the cutting tool presented previously were used to the experimental trials,
see figure 3.20. Three repetitions of every trial were done to ensure statistical
validity sampled at sampled at 25kHz.

Table 3.10: Experimental parameters for model validation.

𝑅𝑤 [𝑚𝑚] 𝑟𝑡 [𝑚𝑚] 𝑧 [−]
44 12.5 1

ap Large Depth ap Small Depth
2 mm 0.5 mm

𝑉𝑐
[m/min]

𝑓𝑎
[mm/wpr]

𝑛𝑤
[rpm]

𝑛𝑡
[rpm]

𝑓𝑧
[mm]

400 2.5 8 5093 0.43
750 2.5 15 9549 0.43
400 2.5 5 5093 0.27
750 2.5 9.35 9549 0.27
400 5 8 5093 0.43
750 5 15 9549 0.43
400 5 5 5093 0.27
750 5 9.35 9549 0.27
400 7.5 8 5093 0.43
750 7.5 15 9549 0.43
400 7.5 5 5093 0.27
750 7.5 9.35 9549 0.27

As in the virtual validation case, some input parameters varied while the rest
remained fixed, as shown in table 3.10. These cutting conditions were selected not
to exceed the maximum chip thickness or the cutting speed (𝑉𝑐 ) recommended
by the tool manufacturer. The analytical models were implemented to verify
whether the selected cutting conditions fulfilled the manufacturer restrictions.
The cut chips were collected and weighted in order to establish the volume
removed by the edge pass. Weights were measured using a high precision scale
with a minimum measure of 0.1 𝑚𝑔. Sets of five, ten, and twelve chips were
weight and averaged to determine the mean chip mass in each cutting condition.
The chip volume was calculated by taking the average weight and dividing it
between the density of workpiece material. Three measurement repetitions were
performed for statistical validation for both volume and cutting forces. Despite
of the material characterization was performed at (𝑉𝑐 = 800 m/min) the Kistler
rotational dynamometer cannot rotate at more than 10000 rpm; considering this
and the slight effect of the cutting speed over the cutting forces the turn-milling
trials were tested at (𝑉𝑐 = 750 m/min).
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(a) Example of force signal superposition (Vc 400 fz0.27 fa 2.5 ap 2).

(b) Inplane instantaneous cutting force.

(c) Axial instantaneous cutting force.

Figure 3.21: Prediction and experimental cutting forces direct comparison ( Vc 400 fz 0.27 fa
2.5 ap 2).
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The force in-plane was found by the vectorial sum of (𝑥) and (𝑦) components
of the measured forces see figure 3.21 (a). These components of force are the
responsible of the bending moment, that considering the tool as a cantilever beam
deflect the tool. These signal treatments were performed for the comparison as
presented in figure 3.21 (b and c) where the theoretical and the experimental
signals are compared. The in-plane and axial forces were validated by taking
only the maximum value of the signal. The (+/- dF) signals are the standard
deviation of the experimental signals presented in figure 3.21 (a) to determine
the interval of the cutting forces with 95% of confidence.

3.6.2 Experimental results and discussion

The regimen of depth presents the experimental results; see table 3.10. Figure
3.22 presents the mass data where LD corresponds to the “large depth” and
SD “small depth”. The cutting speed does not seem to represent a change in
the removed volume of the chip. This behavior stems from the proportional
increment of the workpiece rotational speed (𝑛𝑤 ), which keeps the feed per
tooth (𝑓𝑧) constant. In this experimental design, the axial feed (𝑓𝑎) determined
the increment of volume of the chip. A positive correlation was found between
experimental and theoretical chip volume prediction as expected.

Figure 3.22: Chip volume comparison experimental vs predicted. LD: Large depth approach.
SD: Small depth approach.

Figure 3.23 (a) shows the theoretical top view of the uncut chip for the whole
whole 𝑉𝑐 : 400 m/min and 𝑓𝑧 : 0.43 mm conditions, and figure 3.23 (b) shows
photos of the cut deformed chips. The effect of the cut can be noticed because
of the differences between the theoretical and experimental chips. However,
some features remain on the collected chips that work as evidence to validate
the analytical approach qualitatively. The effect of increasing the axial feed 𝑓𝑎
can be observed in both experimental and analytical results and behave in good
agreement. The end zone presents a considerable increment because the axial
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(a) Theoretical estimation of the uncut chip.

(b) Collected chips of turn-milling trials.

Figure 3.23: Uncut chips Top view in Vc400 fz0.43. A:fa2.5ap2. B:fa5ap2. C:fa7.5ap2.
D:fa2.5ap0.5. E:fa5ap0.5. F:fa7.5ap0.5.

feed 𝑓𝑎 increases for both “large and small depth” regimens. The flank zone
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increase with the axial feed 𝑓𝑎 as predicted by the analytical model in the “large
depth” regimen. This behavior was not expected in the “small depth” regimen as
indeed did not occur as shown in figure 3.23 (b) D, E, and F. The early flank
zone disappearance is compensated by an augmented end zone when the axial
feed 𝑓𝑎 is increased in the “small depth” regimen. The collected chips of the
“large depth” trials are consistent with the results reported by Zhu et al. (2016b),
but they did not study the small depth regimen.

(a) Large depth regimen trials.

(b) B: Small depth regimen trials.

Figure 3.24: Theoretical vs experimental cutting forces results. (IP: In plane resultant forces.
Ax: Axial force).

The force comparison of the “large depth” is shown in figure 3.24 (a). The
predicted cutting forces tend to follow the observed behavior presenting errors
of around 15%. This fact is agree with the results observed with the analytical
models presented in this research being a reliable and representation of the
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cutting process. The maximum error obtained was 25% (𝑉𝑐750𝑓𝑧0.43𝑓𝑎7.5).
One reason for this might be dynamic instabilities during the cutting process.
Surprisingly, an increment of force was presented in the (𝑓𝑎 : 7.5 [mm]) trials
when the cutting speed (𝑉𝑐 ) was augmented, this occurred even though the
cutting conditions selected were within the tool manufacturer recommendations,
and the orthogonal trials showed the opposite behavior. This might be explained
through the dynamic response of the system, due to the Kistler dynamometer is
not as rigid as a conventional tool holder. Additionally, the low-speed condition
predictions (𝑉𝑐 : 400) are within the error bar for both cases of feed per tooth
(𝑓𝑧 : 0.43 − 0.27 mm/tht). The experimental and modeled forces under (𝑓𝑎 : 7.5
mm/workpiece_rev) behave in the same line with the orthogonal cut trials and
presented a good fitting between the experimental and modeled data.

The force comparison of the “small depth” is shown in figure 3.24 (b). The
force prediction seems to follow the experimental trend presenting errors below
19%. The maximum error was presented in the (𝑉𝑐 : 400, 𝑓𝑧 : 0.43, 𝑓𝑎 : 5)
condition, although the prediction is not too far from the experimental interval
error. The “small depth” predictions present a tighter fit with the experimental
data than the “large depth” case. Indeed, it seems that several predictions fitted
within the experimental error interval. Interestingly, all the experimental data
presented a decrement in the cutting forces in this regimen when the cutting
speed was increased. This would seem to reinforce the conjecture of dynamic
instabilities in the “large depth” trials. An excessively increased force state on the
tool could lead to operating under unstable conditions.

In both regimens, the increase in the axial feed (𝑓𝑎) results in a fundamental
increment in the end zone but not in the flank zone. Additionally, the end zone
thickness is thin compared to the flank zone. An increased end zone probably
contributes enormously to the tool state of force. The reason for this might be
related to the calculation of the (𝐾) cutting coefficients. They depend highly on
the chip thickness and, to a lesser extent, on the cutting speed (𝑉𝑐 ). When the chip
thickness decreases, the cutting coefficients tend to increase. Additionally, the
increased end zone results in considerable contact length. All these characteristics
would seem to explain the effect of increasing the axial feed (𝑓𝑎) on the cutting
forces. Therefore, the end zone could be considered the most critical load
component of the general state of force. In agreement with the findings reported
by Schulz Schulz and Spur (1990).

In summary, the workpiece (𝑛𝑤) and rotational tool speeds (𝑛𝑡 ) determine
the maximum chip thickness in both cutting zones. A balance between these
variables would locate the cutting conditions within the optimum operating
window. The axial feed (𝑓𝑎) determines the radial engagement of the tool. Its
increment results in a higher material removal rate scenario, but there is the risk
of reaching unstable cutting conditions. This might be explained as an overload
of the flank and end edges, because the increment on the axial feed (𝑓𝑎) results in
more thickness in the flank and more friction length in the end edge as shown
in figure 3.23 (a). Additionally, the excessive axial feed (𝑓𝑎) wears two edges
simultaneously, reducing the life of square inserts by half and increasing the
production costs. Moreover, operating under extremely demanding conditions
might produce poor surface finishing and geometrical error.
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3.7 Conclusions

In this study, analytical models are presented to predict cutting forces of the cen-
tric orthogonal turn-milling process. Mathematical expressions for the boundary
lines of the uncut chip geometry in 3D are determined. Depending on the cut-
ting parameters, the process can be on “large or small” depth regimens presenting
different chip geometries associated with the regimen. From the boundary lines,
the instantaneous thickness and contact length of the flank and end zone can be
found respectively. The following conclusions can be drawn:

1. A novel approach to calculate the instantaneous uncut chip geometry for
orthogonal centric turn-milling operations was proposed. The wide range of
cutting conditions used for the virtual and experimental trials showed that the
analytical models were robust and reliable. The cutting parameters are different
from those in conventional milling and turning and the models help to understand
the effect of the parameters on the machining process.

2. The “large and small” cutting regimens were identified and modeled. The
condition which determined the operating regimen was also proposed. These
contributions might help to explain the reason for the dissimilar geometries
found by Crichigno Filho (2012), Karaguzel et al. (2015b) and Zhu et al. (2016b)
for the same machining process.

3. The analytical approaches accurately represented the uncut chip geometry.
Errors below 2% were obtained compared with a CAD reproduction. Addition-
ally, the volume of the collected cut chips corresponded with the prediction, and
the qualitative comparison between the modeled uncut and cut chips collected
was in good agreement.

4. The suggested approach is a quick way to understand the effect of the
cutting parameters on the uncut chip geometry and more importantly on the
cutting forces in diverse operating scenarios. The overall force error was around
15% and the predictions were in good agreement with the experimental data.
The most important load component is applied on the end edge which is in line
with the findings of Schulz Schulz and Spur (1990).





4 | CUTTING FORCE PREDICTION IN EC-
CENTRIC ORTHOGONAL TURN-MILLING
OPERATIONS

The orthogonal turn-milling operations have a specific parameter called eccen-
tricity. This parameter modifies the uncut chip geometry, and it should be
considered in the process planning. This fact obsoletes the models presented
in the previous chapter. Therefore the analytical equations must be redefined
considering this parameter. Figure 4.1 shows a comparison scheme of the uncut
chip geometry in centric and eccentric conditions. The uncut chip geometry
has schemed in dotted lines in the top and front views for each case. This param-
eter is important because has presented outstanding results on surface finishing
and tool life Karaguzel et al. (2015b,a). Additionally, inducing eccentricity in
the operation leads to higher MRR scenarios resulting in cylindrical surfaces as
showed Zhu et al. (2015a).

(a) Uncut chip centric orthogonal turn-milling. (b) Uncut chip eccentric orthogonal turn-milling.

Figure 4.1: Centric and eccentric uncut chip scheme comparison.

The most noticeable difference in the uncut chip geometry is the reduced
cutting end zone resulting from the eccentricity. Another change is in the flank
zone; the variable depth of cut can be modified with the eccentricity by taking
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advantage of the curvature of the workpiece. These characteristics are studied in
deep in this chapter thanks to the modeling, simulating, and experimental work
presented.

4.1 Analytical model of eccentric turn-milling operations

The eccentricity in orthogonal turn-milling operations is a new cutting pa-
rameter to consider. However, it does not modify the kinematics considerably;
therefore, the kinematics section presented in the previous chapter is still valid
(see equations 3.1 to 3.7). Nevertheless, figure 4.2 presents the projections of
the movements considering the eccentricity. This schematic representation is
deformed to exaggerate the kinematic variables because they are small compared
to the geometrical parameters.

Figure 4.2: Orthogonal eccentric turn-milling kinematics. (𝑅𝑤) Workpiece radius, (𝑛𝑤) Work-
piece rotational speed, (𝑟𝑡 ) Tool radius, (𝑛𝑡 ) Tool rotational speed, (𝑓𝑎) Axial feed, (𝑎𝑝 ) Depth of
cut, (𝑧) Number of cutting edges, (𝑒) Eccentricity.

The eccentricity does not present any new line than the centric case; however,
some of the functions present modifications. The external and internal profiles
(𝑝𝑒 , 𝑝𝑖 ) join the flank zone, and the inferior internal profile, the I, and L lines (𝑝𝑖𝑖 ,
𝐼 , 𝐿) determines the end zone, see figure 4.3 (a and b). All the modeling equations
are presented below for the reader convenience, even if they do not present any
change compared with the centric model, making it easier to read this chapter.
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(a) Top View
(b) Front View

(c) 3D uncut chip representation.

(d) Relevant angles in eccentric turn-milling uncut
chip geometry.

Figure 4.3: Zoom of the engagement zone (orthogonal views). 3D uncut chip representation
and angle distribution. (𝜙 𝑓 𝑠𝑡 ) Flank zone start angle, (𝜙𝑒𝑠𝑡 ) End zone start angle, (𝜙𝑖 ) I line exit
angle, (𝜙𝑒𝑒𝑥 ) End zone exit angle.

The eccentricity does not present any new line than the centric case; however,
some of the functions present modifications. The external and internal profiles
(𝑝𝑒 , 𝑝𝑖 ) compound the flank zone, and the end zone is determined by the inferior
internal profile, the I, and L lines (𝑝𝑖𝑖 , 𝐼 , 𝐿). All the modeling equations are
presented below for the convenience of the reader, even if they do not present
any change compared with the centric model, making it easier to read this
chapter. Figure 4.3 (c and d), shows an arbitrary uncut chip geometry; the
internal and external profiles meet at the (𝜙 𝑓 𝑒𝑥 ) angle. The determination of
𝜙 𝑓 𝑒𝑥 , 𝜙 𝑓 𝑠𝑡 , and 𝜙𝑒𝑒𝑥 angles is done by analytical means as shown in equations 4.1,
4.2, and 4.3. The resulting value 𝜙𝑒𝑒𝑥 found by equation 4.3 might be positive or
negative, depending on the cutting parameters. This due to the domain of the
arctan function covers the interval

(
−𝜋

2 ,
𝜋
2
)
. However, based on the cylindrical

coordinate approach take by this methodology, once the angle overcomes the
second quadrant, the angle should increase, not become negative; to solve this
problem, every time 𝜙𝑒𝑒𝑥 becomes negative, it was added 2𝜋 radians to become
the angle positive. The remaining angles (𝜙𝑖 , and 𝜙𝑒𝑠𝑡 ) follow the same numeric
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iterative methodology used in the previous chapter.

𝜙 𝑓 𝑒𝑥 = arccos
(
𝑓𝑧

2𝑟𝑡

)
+ 𝛽 (4.1)

𝜙 𝑓 𝑠𝑡 = 𝜋 − arcsin
(
𝑟𝑡 − 𝑓𝑎
𝑟𝑡

)
(4.2)

𝜙𝑒𝑒𝑥 = arctan
©«
𝑟𝑡 sin(𝜙 𝑓 𝑠𝑡 ) −

[(
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2

))
− 𝑒

))
tan(𝛽)

]
(𝑅𝑤 − 𝑎𝑝) sin

(
\
2

)
− 𝑒

ª®®¬
(4.3)

In eccentric turn-milling, it is possible to operate with large axial feed values
and obtain a cylindrical surface. This characteristic impacts the relationship
between (𝜙 𝑓 𝑠𝑡 ) and (𝜙𝑒𝑠𝑡 ). In the case of the angle (𝜙𝑒𝑒𝑥 < 𝜋/2) it results on
(𝜙 𝑓 𝑠𝑡 ≤ 𝜙𝑒𝑠𝑡 ); however, in the case of (𝜙𝑒𝑒𝑥 > 𝜋/2) the relationship changes
to (𝜙 𝑓 𝑠𝑡 ≥ 𝜙𝑒𝑠𝑡 ), see figure 4.4. This detail is essential because it modifies the
modeling approach of the internal and external profiles (𝑝𝑒 and 𝑝𝑖 ). The flank
zone comprises three lines: circular profiles and a segment of a straight line. In
the previous chapter, the straight line segment was attached to the interior profile
(𝑝𝑖 ); because in the centric case, the (𝐼 ) line is always in the first quadrant. The
eccentricity application moves the line to the second or even the third quadrants,
as shown in figure 4.4. Therefore, external profile (𝑝𝑒 ) is defined by equation 4.4
and its domain is presented in equation 4.5, and in any case the height of the line
is expressed in equation 4.6.

(a) 𝜙𝑒𝑒𝑥 < 𝜋/2 (b) 𝜙𝑒𝑒𝑥 > 𝜋/2

Figure 4.4: Comparison of the feed domains regimens in eccentric turn-milling operations.

if (𝜙𝑒𝑒𝑥 < 𝜋) then,
𝑝𝑒 (𝜙) = 𝑟𝑡 ∗

else (𝜙𝑒𝑒𝑥 > 𝜋) then,

𝑝𝑒 (𝜙) =

𝑟𝑡 ∗
𝑟𝑡 (sin(𝜙 𝑓 𝑠𝑡 ) − cos(𝜙 𝑓 𝑠𝑡 ) tan(𝛽))

sin(𝜙) − cos(𝜙) tan(𝛽) ∗ ∗

(4.4)
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Circular domain → ∗
𝜙 𝑓 𝑒𝑥 ≤ 𝜙 ≤ 𝜙 𝑓 𝑠𝑡

Linear domain → ∗∗
if (𝜙𝑒𝑒𝑥 < 𝜋) then,

𝜙𝑒𝑠𝑡 ≤ 𝜙 ≤ 𝜙 𝑓 𝑠𝑡

else (𝜙𝑒𝑒𝑥 > 𝜋) then,
𝜙 𝑓 𝑠𝑡 ≤ 𝜙 ≤ 𝜙𝑒𝑠𝑡

(4.5)

𝑎𝑝𝑒 (𝑝𝑒) =
√︃
(𝑅2

𝑤) − (𝑝𝑒 cos(𝜙) + 𝑒)2 + (𝑎𝑝 − 𝑅𝑤) (4.6)

The internal profile is modeled considering the the magnitude of (𝜙𝑒𝑒𝑥 ) as
shown in equation 4.7. The domain of the internal profile is presented in equation
4.8. The height of the profile is presented in equation 4.9 and is valid for the
whole boundary line.

if (𝜙𝑒𝑒𝑥 < 𝜋/2) then,

𝑝𝑖 (𝜙) =

𝑓𝑧 cos(𝜙 − 𝛽) + (

√︁
(𝑟𝑡 )2 − (𝑓𝑧 sin(𝜙 − 𝛽))2) ∗

𝑟𝑡 (sin(𝜙 𝑓 𝑠𝑡 ) − cos(𝜙 𝑓 𝑠𝑡 ) tan(𝛽))
sin(𝜙) − cos(𝜙) tan(𝛽) ∗ ∗

else (𝜙𝑒𝑒𝑥 > 𝜋/2) then,

𝑝𝑖 (𝜙) = 𝑓𝑧 cos(𝜙 − 𝛽) +
√︃
(𝑟𝑡 )2 − (𝑓𝑧 sin(𝜙 − 𝛽))2 ∗

(4.7)

Circular domain → ∗
𝜙 𝑓 𝑒𝑥 ≤ 𝜙 ≤ 𝜙𝑒𝑠𝑡

Linear domain → ∗∗
if (𝜙𝑒𝑒𝑥 < 𝜋/2) then,

𝜙𝑒𝑠𝑡 ≤ 𝜙 ≤ 𝜙 𝑓 𝑠𝑡

else (𝜙𝑒𝑒𝑥 > 𝜋/2) then,
𝜙 𝑓 𝑠𝑡 ≤ 𝜙 ≤ 𝜙𝑒𝑠𝑡

(4.8)

𝑎𝑝𝑖 (𝑝𝑖) =
√︃
(𝑅2

𝑤) − (𝑝𝑖 cos(𝜙) + 𝑒)2 + (𝑎𝑝 − 𝑅𝑤) (4.9)

The flank zone is thoroughly described by determining the external and
internal profiles (𝑝𝑒 and 𝑝𝑖 ) in the 3D coordinates. The 𝐼 line is presented in
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equation 4.10. Its domain does not present changes with the axial feed and is
shown in equation 4.11. The height of this line is zero for the whole line.

𝐼 =

(
(𝑅𝑤 − 𝑎𝑝) sin( \2 )

)
− 𝑒

cos(𝜙) (4.10)

𝜙𝑖 ≤ 𝜙 ≤ 𝜙𝑒𝑒𝑥 (4.11)

From the 𝐼 line start the inferior internal profile 𝑝𝑖𝑖 . This line has the same
circular form of the internal profile (𝑝𝑖 ) but is projected in the end cutting zone.
The polar form of the line is presented in equation 4.12. The domain of the line
is presented in equation 4.13. The projected height of the line in the end cutting
zone is presented by equation 4.14.

𝑝𝑖 (𝜙) = 𝑓𝑧 cos(𝜙 − 𝛽) +
√︃
(𝑟𝑡2) − (𝑓𝑧 sin(𝜙 − 𝛽))2 (4.12)

𝜙𝑖 ≤ 𝜙 ≤ 𝜙𝑒𝑠𝑡 (4.13)

𝑎𝑓𝑝𝑖𝑖 (𝑝𝑖𝑖) = − tan(\ ) (𝑝𝑖𝑖 cos(𝜙)) + (𝑝𝑖𝑖 (𝜙𝑖) cos(𝜙𝑖) tan(\ )) (4.14)

The last line to complete the geometry is the 𝐿 line. This line is ruled by a
linear function presented in equation 4.15, the line domain is shown in equation
4.16. The height of the line is presented in the equation 4.17.

𝐿(𝜙) =
𝑟𝑡 (sin(𝜙 𝑓 𝑠𝑡 ) − cos(𝜙 𝑓 𝑠𝑡 ) tan(𝛽))

sin(𝜙) − cos(𝜙) tan(𝛽) (4.15)

𝜙𝑒𝑒𝑥 ≤ 𝜙 ≤ 𝜙𝑒𝑠𝑡 (4.16)

𝑎𝑓𝐿 (𝐿) = − tan(\ ) (𝐿 cos(𝜙)) + (𝐿(𝜙𝑒𝑒𝑥 ) cos(𝜙𝑒𝑒𝑥 ) tan(\ )) (4.17)
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4.2 Geometric validation

The model is validated through the instantaneous area comparison between the
analytical model and a CAD representation of the uncut chip geometry; to reach
this objective, a set of simulations are presented in diverse cutting conditions
challenging the analytical modeling to represent the uncut chip geometry in
different scenarios. Table 4.1 shows the cutting conditions selected to perform
the simulations and compare their results. The area comparison is necessary due
to the direct comparison is difficult due to the different visualization of each
software, see figure 4.5.

Table 4.1: Cutting conditions for geometrical validation.

𝑅𝑤 [mm] 𝑟𝑡 [mm] 𝑎𝑝 [mm] 𝑧 [-] 𝑛𝑤 [rpm]
44.5 12.5 2 2 3
Tag 𝑉𝑐 [m/min] 𝑛𝑡 [rpm] 𝑓𝑎 [ mm

wprev ] 𝑒 [mm]
T1 100 1273 6 2
T2 200 2546 6 5
T3 200 2546 20 2
T4 200 2546 20 11

(a) T2 modeling results. (b) T2 CAD representation.

Figure 4.5: Visual comparison between the model and CAD.

The results of the comparison are shown in figure 4.6. There is a tight corre-
lation between the analytical model and the CAD representation in Solidworks
2017. There is a slight error that the approach simplifications might explain.
The maximum error ascertained was lower than 1.6%. The eccentricity behav-
ior in the end zone was covered by the analytical model, performing accurate
predictions in large and small feed conditions.
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Figure 4.6: Comparison of the CAD and model instantaneous area evolution.

4.3 Effect of the eccentricity in the uncut chip geometry

The development of an accurate model representing the uncut chip geometry
allows presenting an extensive simulation plan to determine the effect of the
eccentricity in orthogonal turn-milling operations. At first view, the increment
of the eccentricity decreases the end zone as shown in figure 4.7. In this set of
simulations, the only variable is the eccentricity, and it is evident how the flank
zone in green remains constant while the end zone in red considerably decreases.

Figure 4.7 might suggest an apparent change in the uncut chip volume due
to the end zone reduction in red, that does not seem to be compensated with
increments in green flank zone thickness. A comparative set of simulations is
proposed to evidence the effect of the eccentricity in the chip volume. Addi-
tionally, the chip volume is determined from the material removal rate equation
proposed by Karaguzel et al. (2015b), see equation 4.18.

𝑀𝑅𝑅 = 𝑧𝑛𝑡 𝑓𝑧𝑎𝑝𝑎𝑒 (4.18)

The first important characteristic is that the equation suggested by Karaguzel
et al. underestimates the actual material removal rate due to this equation is the
same for face milling, see figure 4.8. Indeed, this research showed that the uncut
chip geometry in turn-milling is considerably different from that obtained in
face milling. The specific behavior of the chip showed a slight increase with the
eccentricity until the value (𝑒 = 6 mm) when the chip volume decreases more
pronouncedly, approximating the value predicted by Karaguzel et al. with an
advanced value of eccentricity (𝑒 = 14 mm). The end zone has almost disappeared,
and the uncut chip geometry is practically the same as the face a face milling
operation. Therefore, the slight volume increment results from the increment in
the depth of cut in themaximum thickness in the flank zonewhen the eccentricity
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is augmented. Once this point is reached, the end cutting zone reduction affects
the chip volume, reducing in almost 11% the chip volume.

(a) 𝑒 = 2 mm. (b) 𝑒 = 5 mm.

(c) 𝑒 = 11 mm.

Figure 4.7: Top view of uncut chip geometry. 𝑉𝑐 = 200 m/min, 𝑟𝑡 = 12.5 mm, 𝑅𝑤 = 44.5 mm,
𝑛𝑤 = 3 rpm, 𝑓𝑎 = 20 mm/wprev, 𝑎𝑝 = 2 mm, 𝑧 = 2, 𝑒 = 2, 5, 11 mm.

Figure 4.8: Chip volume change in function of the eccentricity. 𝑉𝑐 = 400 m/min, 𝑟𝑡 = 16 mm,
𝑅𝑤 = 44 mm, 𝑛𝑤 = 3 rpm, 𝑓𝑎 = 15 mm/wokrpiece_rev, 𝑎𝑝 = 2 mm, 𝑧 = 1,
𝑒 = 0.5, 2, 4, 6, 8, 10, 12, 14, 15 mm.
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4.4 Experimental validation

The model has been validated theoretically in the geometric validation. However,
it is necessary to validate the model experimentally through turn-milling trials.
Therefore, an experimental plan focusing on the eccentricity, feed per tooth,
and axial feed. Table 4.2 shows the cutting parameters used in the trials. Each pa-
rameter was repeated three times in order to ensure statistical representativeness.

Table 4.2: Turn-milling cutting parameters for experimental validation of the model.

𝑅𝑤 [mm] 𝑟𝑡 [mm] 𝑎𝑝 [mm] 𝑧 [-] 𝑛𝑤 [rpm]
44.5 12.5 2 1 3
Tag 𝑉𝑐 [m/min] 𝑛𝑡 [rpm] 𝑓𝑧 [mm] 𝑓𝑎 [ mm

wprev ] 𝑒 [mm]
Vc400fa3.5fz0.16e2 400 5092 0.16 3.5 2
Vc400fa3.5fz0.16e4 400 5092 0.16 3.5 4
Vc400fa3.5fz0.16e6 400 5092 0.16 3.5 6
Vc400fa3.5fz0.32e2 400 5092 0.32 3.5 2
Vc400fa3.5fz0.32e4 400 5092 0.32 3.5 4
Vc400fa3.5fz0.32e6 400 5092 0.32 3.5 6
Vc400fa10fz0.32e4 400 5092 0.32 3.5 4
Vc400fa7fz0.32e6 400 5092 0.32 3.5 6

Figure 4.9: Example of force signal superposition (𝑉𝑐400𝑓𝑎3.5𝑓𝑧0.16𝑒2).

In these trials, the cutting forces were measured with a dynamometer Kistler
9123 in the diverse cutting trials and compared with those obtained through
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simulations esteemed by the presented model. This model is only valid to flat
end mills; the same tool-material set was used in the previous chapter. The mill
is the ARNO FDG190025R0310 and the same SDHT100408FN-PMAAN1005
insert as presented in figure 3.20.

The cutting force comparisonmethodology is the same as used in the previous
chapter. The signals in the trials are divided in each edge pass to determine the
representative signal, as shown in figure 4.9. This treatment determines the mean
signal and the standard deviation of each trial. The mean signal is then averaged
with the mean signal found in the other two repetitions. For example, figure 4.10
shows the mean signal in solid blue with the representative standard deviations
in dashed blue lines for the 𝑉𝑐400𝑓𝑎3.5𝑓𝑧0.16𝑒2 cutting conditions. These results
are then compared with the cutting forces obtained from the presented model.

(a) In-plane instantaneous cutting force.

(b) Axial instantaneous cutting force.

Figure 4.10: Prediction and experimental cutting forces direct comparison (𝑉𝑐400𝑓𝑎3.5𝑓𝑧0.16𝑒2).
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The resulting mass predicted from the presented model was in good agree-
ment with the experimental data; the maximum error found from the prediction
is under 2%, see figure 4.11. The chip mass is proportional to the axial feed (𝑓𝑎)
and the feed per edge (𝑓𝑧). This comparison clearly shows that the geometrical
model accurately represents the uncut chip geometry and is sensitive to the
cutting condition variations.

Figure 4.11: Chip volume comparison experimental vs predicted

The complete comparison of the experimental plan presented in table 4.2 is
shown in figure 4.12. The peak force is the comparison variable due to, from
the model is possible to establish the dynamic parameters of the signal, and this
variable is the most sensitive to the cutting force parameters. In general terms, the
model is a good representation of the cutting process, presenting good agreement
with the experimental data. The error presented in the comparison is below 15%.
The model seems sensitive to the axial feed 𝑓𝑎 and the feed per tooth 𝑓𝑧 . The
effect of the eccentricity in the force is not quite sensitive for the force in-plane.
However, the reduction in the axial force was observed as expected for the end
cutting zone reduction.

In summary, the eccentricity effect modifies the instantaneous depth of cut of
the flank zone, and consequently, the end zone trends decrease as the eccentricity
augments. This impacts the axial force exerted on the cutting tool, reducing it
when the eccentricity is increased. However, the in-plane does not seems to
present a relevant change with the eccentricity even when the flank height is
instantaneously higher. The reduction in the end zone is compensated with the
increment on the depth of cut in the flank zone, maintaining the in-plane force
relatively stable.
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Figure 4.12: Theoretical vs experimental cutting forces results. (IP In-plane resultant forces. Ax:
Axial force).

4.5 Conclusions

In this study, analytical models are presented to predict cutting forces of the
machining process. Mathematical expressions for the boundary lines of the uncut
chip geometry in 3D are determined. Depending on the cutting parameters.
From the boundary lines, the instantaneous thickness and contact length of the
flank and end zone can be found respectively. The following conclusions can be
drawn:

1. A novel approach to calculate the instantaneous uncut chip geometry for
orthogonal eccentric turn-milling operations was proposed. The wide range of
cutting conditions used for the virtual and experimental trials showed that the
analytical models were robust and reliable. The cutting parameters are different
from those in conventional milling and turning and the model helps to understand
the effect of the parameters on the machining process.

2. The eccentricity modifies the uncut chip geometry and the chip volume
considerably, reducing the end cutting zone and affecting the variable depth of
cut of the flank zone. The eccentricity modifies the chip volume presenting a
maximum value that does not fulfill the relationship 𝑒𝑜𝑝𝑡 = 𝑟𝑡 − 𝑙𝑠 . The simulated
edge length (𝑙𝑠 ) was always equal to the tool radius (𝑟𝑡 ), resulting in the centric
case as the optimum scenario, but the simulated data showed this conjecture is
false.

3. The analytical approaches accurately represented the uncut chip geometry.
Errors below 2% were obtained compared with a CAD reproduction. Addition-
ally, the volume of the collected cut chips corresponded with the prediction.

4. The suggested approach is a quick way to understand the effect of the
eccentricity on the uncut chip geometry and more importantly on the cutting
forces in diverse operating scenarios. The overall force error was around 15%
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and the predictions were in good agreement with the experimental data. The
cutting forces did not suggested an optimal behavior with the increment of
the eccentricity. The forces in plane followed an slight trend to decrease with
eccentricity and the axial force presented a marked decreasing trend caused by
the reduced end cutting zone.



5 | TOOL PROFILE AND ECCENTRICITY EF-
FECT INORTHOGONAL TURN-MILLING
OPERATIONS

The market offers a wide variety of tool profiles such as flat, torus, spherical,
or barrel end mills. Additionally, there is a wide offer of indexable insert mills
with diverse tool profiles. This feature determines the shape of the uncut chip
geometry, mostly the inner and outer chip boundaries. For example, the uncut
chip generated from a flat end mill is not the same as that got from a spherical
nose mill, even with the same cutting conditions. Based on this, the tool profile
shape, together with the instantaneous chip section is fundamental to predict the
cutting forces accurately in any machining operation, and turn-milling is not
the exception. With this in mind, it is essential to model the geometry of the
tool in turn-milling.

5.1 Tool profile modeling

The modeling process starts simplifying the mill geometry just to the profile the
mill presents when it is rotating in the machine tool, momentarily neglecting
the specific parameters of the tool such as the number of teeth, helix angle, etc.
The bi-dimensional profile of the tool is revolved, and it results in the 3D mill
geometry. If the 𝑋 − 𝑍 plane is selected to define the bi-dimensional profile,
mathematical expressions can be stated to follow the profile geometry. These
expressions could be even piecewise functions because all of the expressions have
the same independent variable 𝑋 . In this specific scenario, the volume of the
mill is defined with the rotated profiles around the 𝑍 axis in a full turn. It is
proposed that the main domain of the profile is saved in the 𝑥𝑡 variating between
zero to tool radius (𝑟𝑡 ) and is going to be divided in differentials of radius set by
the programmer as shown in equation 5.1. Depending on the profile functions,
the 𝑧 coordinate can be calculated point by point and saved in the 𝑧𝑡 vector, as
represented in equation 5.1. Based on the selection of the plane 𝑋 − 𝑍 , the 𝑌
coordinate is zero, so these values are saved in the vector 𝑦𝑡 , see figure 5.1 A and
B. With this information is possible to plot the points in a 3D coordinate system
space, where the coordinates of each point (𝑋,𝑌, 𝑍 ) are the correspondent in
the saved vectors 𝑥𝑡 , 𝑦𝑡 , 𝑧𝑡 . For example, the first point should have the following
coordinates (0, 0, 𝑓 (0)) and the last point (𝑟𝑡 , 0, 𝑓 (𝑟𝑡 )) based on equation 5.1.
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(a) Arbitrary bi-dimensional tool profile (b) Rotated profile around the 𝑧 axis

Figure 5.1: 3D Tool profile modeling (OP: Original profile. RP: Rotated profile).

𝑥𝑡 = [0, 𝑥1, 𝑥2, 𝑥3, ..., 𝑟𝑡 ]
𝑦𝑡 = [0, 0, 0, 0, ..., 0]
𝑧𝑡 = [𝑓 (0), 𝑓 (𝑥1), 𝑓 (𝑥2), 𝑓 (𝑥3), ..., 𝑓 (𝑟𝑡 )]

(5.1)

If these three vectors are concatenated in a matrix, it is possible to systemati-
cally rotate a differential of angle ( d𝜙) around the 𝑧 axis as shown in equation
5.2. Notice the subindex 𝑖 of the angle differential ( d𝜙𝑖 ) in the equation; this is
because the revolution is expressed like a vector that starts in zero, augmenting
in fixed steps until it reaches 2𝜋 ; the number of steps will define the angular
resolution of the mill. Each rotated profile must be saved to built-in the whole
mill geometry as presented in figure 5.1 B. This geometry is compound by a set
of points in the 3D Cartesian coordinate system.

𝑃𝑡𝑖 =


cos(𝑑𝜙𝑖) − sin(𝑑𝜙𝑖) 0
sin(𝑑𝜙𝑖) cos(𝑑𝜙𝑖) 0

0 0 1

 [𝑥𝑡 , 𝑦𝑡 , 𝑧𝑡 ] (5.2)

The tool profile might be complex, and it might not correspond exactly with
the shape left in the material; this is due to the whole edge is not supposed to
remove material. Indeed, it is expected that only the outer segment of the edge
performs the cut, as shown in figure 5.2. Therefore, it is necessary to define the
material profile as explained previously, where the point positions are saved in
the vectors shown in equation 5.3.

𝑃𝑚𝑖 =


cos(𝑑𝜙𝑖) − sin(𝑑𝜙𝑖) 0
sin(𝑑𝜙𝑖) cos(𝑑𝜙𝑖) 0

0 0 1

 [𝑥𝑚, 𝑦𝑚, 𝑧𝑚] (5.3)

The neglected features of the mill, such as the amount of cutting edges and
the helix angle, affect the uncut chip geometry strongly. However, these features
are subsequently taken into account.



Tool profile and eccentricity effect in orthogonal turn-milling operations 107

Figure 5.2: A:Indexable insert tool with arbitrary geometry. B: Tool profile to be rotated. C:
Material profile obtained after the pass of the tool.

5.2 Kinematics in turn-milling operations

The relative movements between the tool and workpiece are also determining in
the chip formation process. The rotational movement of the workpiece changes
the traditional kinematic variables in milling. The workpiece is considered static
while the tool performs the movements. Figure 5.3 shows the kinematic variables
that take place in the orthogonal turn-milling process. The thicker arrows
represent movements driven by the machine: workpiece rotational speed (𝑛𝑤),
tool rotational speed (𝑛𝑡 ), and axial feed (𝑓𝑎). Then, are the geometrical variables:
workpiece radius (𝑅𝑤), tool radius (𝑟𝑡 ), number of cutting flutes (𝑧), and helix
angle of the tool (_). The following are the operative parameters: depth of cut
(𝑎𝑝 ) and eccentricity (𝑒). Hereinafter, the origins and directions of each one of
them: workpiece origin (𝑂𝑤) with its 𝑋,𝑌,&𝑍 directions (𝑋𝑤, 𝑌𝑤, 𝑍𝑤) and tool
origin (𝑂𝑡 ) with its correspondent linear directions (𝑋𝑡 , 𝑌𝑡 , 𝑍𝑡 ) as presented in
figure 5.3.

The tool andmaterial profiles explained in the previous section were described
from the tool origin. However, the turn-milling movements are studied from
the workpiece coordinate framework due to the workpiece is also rotating.
Therefore, it is necessary to relate both origins of coordinates between each
other, as shown in equation 5.4 and represented in figure 5.3. Therefore, it is
possible to translate the material and tool profiles to the cutting position viewed
from the workpiece coordinate system.

𝑋𝑡 = 𝑋𝑤 + 𝑒
𝑌𝑡 = 𝑌𝑤

𝑍𝑡 = 𝑍𝑤 + (𝑅𝑤 − 𝑎𝑝)
(5.4)
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Figure 5.3: Orthogonal turn-milling kinematics. 𝑅𝑤 Workpiece radius, 𝑛𝑤 Workpiece rotational
speed , 𝑟𝑡 Tool radius, 𝑛𝑡 Tool rotational speed, 𝑓𝑎 Axial feed,𝑎𝑝 Depth of cut, 𝑧 Number of cutting
edges, 𝑒 Eccentricity, _ Helix angle, 𝑂𝑡 Tool origin, 𝑋𝑡 Tool x direction, 𝑌𝑡 Tool y direction, 𝑍𝑡
Tool z direction, 𝑂𝑤 Workpiece origin, 𝑋𝑤 Workpiece x direction, 𝑌𝑤 Workpiece y direction, 𝑍𝑤

Workpiece z direction.

The approach followed in this research is to define the uncut chip geometry,
projecting the material profile points considering the turn-milling movements
in one tooth pass and comparing them with the tool profile. Therefore, the
kinematic variables of the process are fundamental to set where were translated
and rotated the material profile points to the previous tooth pass position. The
numerical approach requires the kinematic variable determination, just as pre-
sented in the previous two chapters. The only new variable that has not been
explained is the axial feed per tooth (𝑓𝑎𝑡 ) shown in equation 5.5.

𝑓𝑎𝑡 =
𝑓𝑎𝑛𝑤

𝑛𝑡𝑧
(5.5)

The relative movements occurring during the turn-milling operation can be
associated with the material and toolsets of points. This approach assumes that the
linear transformations done to these sets are commutative in the workpiece origin.
Additionally, it is supposed that the uncut chip geometry is the volume between
the material profile and tool profile; hence the sets of points can represent these
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instants by linear transformations of the matrix of points coordinates. Note that
the tool geometry on the workpiece origin is considered an instant after the edge
has performed the cut. Consequently, the linear transformations performed to
the material profile matrix will find the set of points representing the material to
be removed.

The workpiece rotation effect is represented as a rotation of the material set
of points at a (\ ) angle in the cutting position. Hence, the coordinate matrix in
the workpiece origin is the scalar product of the material set of points viewed
from the workpiece origin with the rotation matrix around the 𝑌𝑤 axis as shown
in equation 5.6. The compound effect of the axial feed per tooth (𝑓𝑎𝑡 ) translation
and the workpiece per tooth angle (\ ) rotation is equivalent to the feed per tooth
(𝑓𝑧), see figure 5.4.

[𝑋𝑚𝑖, 𝑌𝑚𝑖, 𝑍𝑚𝑖] =


cos(\ ) 0 sin(\ )
0 1 0

− sin(\ ) 0 cos(\ )

 [𝑋𝑚𝑤, (𝑌𝑚𝑤 − 𝑓𝑎𝑡 ), 𝑍𝑚𝑤] (5.6)

Figure 5.4: Rotation and translation of the material profile.

5.3 Determination of instantaneous chip geometry

Both sets of points are in the previous and after cut positions, but they do not
represent the uncut chip geometry. Therefore, it is necessary to perform the
point interpolation, the invalid point removal processes, and include the tool
helix angle effect.
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5.3.1 Comparable point interpolation

The challenge is that the profiles are not comparable to find the chip thickness,
although all of the points are in the right position. Figure 5.5 presents a tool
profile scheme. In black, the tool profile in the 𝑋 −𝑍 plane, notice the coordinate
𝑌 is zero. Additionally, it is represented as a rotation of this profile at a ( d𝜙) angle,
shown as the next black line. In solid gray, the material profiles are represented
once the workpiece rotation and axial feed movements have been performed.

Figure 5.5: Diagram of some portion of the sets of points of the tool profile, material profile, and
material interpolated profile.

The rotated and translated material profile is not comparable with the tool
profile, because the points are not co-planar. However, the material profile
contains the complete information to calculate the uncut chip geometry. For
this reason, it is necessary to interpolate the points in the same plane of the
correspondent profile in the “tool profile” position.

The sets of points were described in a cylindrical coordinate system since
the geometry is described in terms of the radius (𝑋 coordinate), angle (𝑑𝜙), and
height (𝑍 coordinate). Therefore, if the polar system of the “tool profile” (radius
and angle) is used to interpolate the points based on the “material profile” set, it
is possible to approximate the height of the points valid to establish the uncut
chip geometry. These points are represented in figure 5.5 as the dotted gray line
in the coordinate tool system.

The interpolated points share the radial domain of the “material profile
interpolated” set. For this reason, the expectable results per each (𝑑𝜙) are presented
in figure 5.6. The interpolation reconstructs the whole geometry of the tool
based on the radial and angular coordinates taken from the “tool profile” position.
Hence, the interpolated points lie exactly in the same radial coordinate of the
after cut position but in a different height of 𝑍 .
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5.3.2 Selection of feasible points

The feasible point selection is performed by taking into account the material
removal zone, the workpiece curvature, and the axial feed effect, which is neces-
sary because the point interpolation process recreated the whole tool geometry.
However, the cutting process is performed only with a fraction of this geometry.

Selection of points that represent material

It is crucial to notice that the “Material profile” position defines the boundary
where the tool will find material to remove. Therefore, the space below the
material interpolated profile represents non removed material, while the space
over the tool profile has already been removed. Therefore, all of those points
where the “tool profile” is greater than the “material profile” in the 𝑍 direction
are neglected. This selective process is performed in both “material interpolated
and tool” profiles, see figure 5.6.

Figure 5.6: Tool profile in position and the material interpolated profile in the same plane.

Effect of the workpiece curvature

Additionally, it is necessary to consider the effect of workpiece curvature. For
this reason, all the points above of this curvature are discarded. The points are
discriminated based on the following inequality presented in equation 5.7. The
expression to the right represents the curvature seen from the tool origin of
coordinates. The eccentricity (𝑒) is the distance of separation of the workpiece
and tool rotating axes, see figure 5.7.

𝑍𝑖, 𝑗 >

√︃
𝑅2
𝑤 − (𝑋𝑖, 𝑗 + 𝑒)2 − (𝑅𝑤 − 𝑎𝑝) (5.7)
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Figure 5.7: Variables in the workpiece curvature eect calculation.

Effect of the axial feed

The axial feed is a significant parameter to describe the uncut chip geometry, as
have shown by Zhu et al. (2016b). The axial feed is the parameter that indicates
howmuch distance is covered by the tool in the axial direction by each workpiece
rotation. Then, as the tool describes a helical trajectory around the workpiece,
the helix pitch corresponds to the axial feed parameter (𝑓𝑎), as shown in figure
5.8. Here are presented the variables that define the point selection due to the
axial feed (𝑓𝑎) and the axial feed angle (𝛽).

Figure 5.8: Eect of axial feed on the helical trajectory of the tool around the workpiece.

The axial feed is also related to the radial engagement of the tool, determining
as well which portion of the mill performs the cut. Therefore, there is a physical
boundary line where axis feed angle (𝛽) is indicated in figure 5.8. In this way, the
material to be removed is in the (𝑌𝑡+) direction starting from this line. Therefore
the uncut chip geometry is defined by this boundary. Then, all the points that
fulfill the inequality presented in equation 5.8 should be removed.

𝑌𝑖, 𝑗 ≤ tan(𝛽)𝑋𝑖, 𝑗 +
(
tan(𝛽)

√︃
𝑟𝑡2 − (𝑟𝑡 − 𝑓 𝑎)2 + (𝑟𝑡 − 𝑓 𝑎)

)
(5.8)
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Closing the uncut chip geometry

Neglecting points of the material and tool profile result in an open geometry
with different shapes. It is necessary to add points to the material interpolated
profile to close the uncut chip geometry. Figure 5.9 shows an arbitrary plane
of the uncut chip geometry where the realistic points are represented as circles.
The neglected points are represented with “x” markers, and the added points are
represented with triangle markers. The added points are at the same height as
the maximum valid point in the material interpolated profile.

Figure 5.9: Point selection and addition to close the uncut chip geometry.

5.3.3 Effect of the tool helix angle

The tool helix angle (_) has a strong effect on the cutting forces and the chip
forming process. Figure 5.10 shows the helix angle in a flat end mill. This
characteristic is also presented in exchangeable insert mills.

Figure 5.10: Tool helix angle in a flat end mill.

At first sight, the workpiece-tool intersection does not present any change
due to the helix angle due to the tool kinematic is not related to this feature.
However, it does present an effect on the chip formation process. The cutting
edge is rotating around the tool axis; then, the edge tip performs approximately
a circular movement during the cutting process, as shown in figure 5.11 (a).
Consequently, the material lies on the rake face following the tool helix angle
_. As a result, it is necessary to increase the tool rotation to compensate for the
helix angle effect. It is easier to see if the process is unrolled, considering the
edge moves linearly but not rotationally. A diagram of this scenario is presented
in figure 5.11 (b). So, the edge tip covers an arc segment (𝑟𝑡𝜙), and the uncut
chip geometry is deformed following the helix angle.
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(a) Chip formation in rotational perspective

(b) Chip formation in linear perspective

Figure 5.11: Chip formation process considering the helix angle.

The geometry can be deformed, adding a phase angle to the points. This
phase angle is found by a simple trigonometric expression, assuming the helix
angle constant; equation 5.9 shows how to find the phase angle of each profile.
Moreover, this phase angle depends on the (𝑍𝑡 ) direction because the rest of the
terms are simply constants, which means more height in the profile more phase
angle. As the approach is numeric, it is necessary to discretize and introduce it to
the points.

𝜙_{𝑖, 𝑗 } =
𝑍𝑖, 𝑗

tan(_)𝑟𝑡
(5.9)

The discretization is done based on the differential of rotation angle ( d𝜙)
selected to perform the 2D profile rotation to recreate the tool geometry in the
“after cut” position presented in the kinematics section. Equation 5.10 shows how
to determine the lag matrix (𝐿) that stores the phase angle information associated
to the helix angle. Notice that the values of the matrix belong to the natural
numbers. Consequently, they must be integer quotient of the fraction expressed
in equation 5.10. This integer matrix shows the number of positions each point
has to be phased in the (𝜙) direction.

𝐿𝑀𝑖, 𝑗 =
𝜙_{𝑖, 𝑗 } d𝜙

2𝜋 : {𝐿𝑖, 𝑗 ∈ Z} (5.10)

Figure 5.12: Data structure in the 3D coordinate system.

The data have a cylindrical coordinate structure separated in the Cartesian
coordinates (𝑋,𝑌, 𝑍 ) as shown in figure 5.12. In other words, each matrix has
the coordinates of the points in its corresponding Cartesian direction. However,
the rows of each matrix are associated with the position in the tool radius and
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the columns to the angular (𝜙) position around the 𝑍𝑡 axis; which is convenient
because the lag matrix 𝐿 has the exact dimension of the coordinates matrix
(𝑋,𝑌, 𝑍 ). Consequently, it is possible to relate the number of cells that have to be
displaced in the angular direction to deform the geometry. In graphical terms,
the displacements of the cells in the angular direction (vertical) within the matrix
(𝑋,𝑌, 𝑍 ) displace the points generating the effect sketched in figure 5.13.

Figure 5.13: Eect of the helix angle _ over the modeled uncut chip geometry.

5.3.4 Model implementation in an arbitrary case

As a matter of example, the procedure explained previously is reproduced with
the conditions presented in table 5.1. These cutting conditions are not necessarily
realistic. They were selected to amplify the workpiece rotations and axial feed to
exaggerate the uncut chip geometry and have noticeable graphical results. The
idea is to perform simulations through this model with workshop cutting condi-
tions as presented afterward. The radial discretization counts with 100 divisions
and the angular with 72 divisions. These values are selected for visualization
purposes in order to obtain clear images of the points sets.

Table 5.1: Arbitrary cutting conditions to recreate the uncut chip geometry.

Parameter Symbol Value Units
Cutting speed 𝑉𝑐 297 𝑚/𝑚𝑖𝑛
Tool radius 𝑟𝑡 12.5 𝑚𝑚

Tool rotational speed 𝑛𝑡 3782 𝑟𝑝𝑚

Nose Radius 𝑟𝑛 6 𝑚𝑚

Workpiece radius 𝑅𝑤 95 𝑚𝑚

Workpiece rotational speed 𝑛𝑤 30 𝑟𝑝𝑚

Axial feed 𝑓𝑎 15 𝑚𝑚
𝑤𝑜𝑟𝑘𝑝𝑖𝑒𝑐𝑒𝑟𝑒𝑣

Depth of cut 𝑎𝑝 2 𝑚𝑚

Eccentricity 𝑒 4 𝑚𝑚

Cutting edges 𝑧 2 -
Helix Angle _ 85 𝑜
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The geometry to be analyzed is the torus mill with a nose radius of 𝑟𝑛 = 6𝑚𝑚
as presented in table 5.1 and figure 5.14 (a). Then, the bi-dimensional tool and
materials profiles in the (𝑋 − 𝑍 ) plane are described by the piecewise functions
presented in equation 5.11.

𝑍𝑡 (𝑥) =


𝑟𝑛 : 0 ≤ 𝑥 ≤ (𝑟𝑡 − 𝑟𝑛)
−

√︁
𝑟2
𝑛 − (𝑥 − (𝑟𝑡 − 𝑟𝑛))2 + 𝑟𝑛

: (𝑟𝑡 − 2𝑟𝑛) < 𝑥 ≤ 𝑟𝑡

𝑍𝑚 (𝑥) =


0 : 0 ≤ 𝑥 ≤ (𝑟𝑡 − 𝑟𝑛)
−

√︁
𝑟2
𝑛 − (𝑥 − (𝑟𝑡 − 𝑟𝑛))2 + 𝑟𝑛

: (𝑟𝑡 − 𝑟𝑛) < 𝑥 ≤ 𝑟𝑡

(5.11)

Figure 5.14 (b) shows the resulting profiles in the (𝑋 − 𝑍 ) space, where the
𝑌 coordinate is zero for all the points. The profile covers heights from zero to
6 mm. Then, These profiles are rotated around the 𝑍 axis, as shown in figure
5.14 (c). After this operation, the tool and material profiles are fully described;
however, it is necessary to translate them to the cutting position viewed from
the workpiece origin. Notice the effect of the eccentricity in the center of the
geometry changes from (0, 0, 0) to (4, 0, 93) in figure 5.14 (d). Additionally, the
workpiece radius effect occurs, modifying the 𝑍 axis variating from 94 to 98.

With the geometry in this position, it is possible to include the workpiece
rotation and the axial feed translation. Figure 5.14 (e) shows a front view of
both tool (orange) and material (blue) profiles. Although these surfaces intersect
each other, forming the uncut chip geometry, it is impossible to compare them
directly. Figure 5.14 (f ) illustrates the situation. As the geometry has been
displaced and rotated, the resulting material profile (continuous green line) can
not be compared with the tool profile (continuous blue line). Therefore, the
interpolation of thematerial geometry is performed, generating an approximation
of the profile suitable to carry out the profile comparison (dotted green line). This
interpolation is executed to the whole tool geometry, generating the comparable
scenario shown in figure 5.14 (g).

It is carried out the selection of feasible points to create the uncut chip
geometry due to now there are two comparable geometries. As explained in the
previous subsection each profile is compared to the material interpolated with
tool profiles, and all of these points where the material interpolated profile has less
height than the tool profile are neglected as shows figure 5.14 (h). In this figure,
the arrow indicates the limit where the geometry starts to be realistic. After this
point, all of the points to the left of this arrow were discarded. As a result of this
operation, the geometry is reduced to that presented in figure 5.14 (i). It is then
necessary to remove all of the points over the workpiece curvature as presented
in figure 5.14 (j). Notice that the maximum 𝑍 axis value in figure 5.14 (i) pass
from 6 to 1.75 mm in figure 5.14 (j) effect of the workpiece curvature and the
eccentricity. The last point selection is performed to introduce the axial feed
effect. Figure 5.14 (k) shows the point selection result. Notice the remaining
geometry is a portion of that presented in figure 5.14 (i).
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(a)

(b) (c) (d)

(e)
( f) (g)

(h) (i) (j)

(k) (l) (m)

Figure 5.14: (a):tool scheme. (b): 2D tool profile in 𝑋 − 𝑍 . (c): Tool geometry generated by the
2D rotation around the 𝑍 axis. (d): Tool geometry in the workpiece coordinate system 𝑂𝑤 . (e):
Previous cut surface (Orange). After cut surface (blue). ( f): Random tool profile. After cut (Blue).
Previous cut (Green). Interpolated profile (Dotted green). (g): After cut tool geometry (blue).
Previous cut interpolated geometry (green). (h): Random tool profile to remove the unrealistic
points. (i): Points considered material to remove. (j): Eect of the workpiece curvature. (k): Eect
of the axial feed. (l): Uncut chip geometry with augmented angular resolution. (m): eect of the
helix angle over the uncut chip geometry.
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It is now necessary to close the profiles by adding the points representing the
workpiece cylindrical surface. Therefore, figure 5.14 (l) shows green points at
the top of the uncut chip geometry closing the profiles. The last manipulation to
the geometry performed is the lag associated with the helix angle; considering
the significant value of the helix angle, the uncut chip geometry is deformed as
presented in figure 5.14 (m). As described previously, the phase or lag increases
proportionally with the height of the point in the 𝑍 direction.

5.4 Theoretical validation of the uncut chip geometry

The numerical model presented until now needs to be checked to verify if it
accurately predicts the uncut chip geometry. Then, the predicted geometry
obtained from a Python routine is compared with the geometry obtained by
CAD means reproducing the tool geometry and movements in the 3D space
with SolidWorks 2017. As the comparison object is another representation of the
uncut chip geometry, it is considered as a theoretical validation; in other words,
to compare the uncut chip geometry obtained by two different methods. The
evolution of the uncut chip area obtained by numerical means andCADmeans are
compared varying the cutting conditions.Hence, four simulation scenarios were
proposed (T1, T2, T3, T4) with arbitrary cutting conditions, as shown in table
5.2. The main reasons to perform this test are that it is necessary to ensure that
the movements performed by the tool correspond to the linear transformations
performed to the set of points proposed by this approach. Additionally, the direct
visual comparison between CAD and Python approaches is a non-conclusive
qualitative method considering the visualization differences of the approaches
as shown in figure 5.15. From now on, the radial and angular discretization
count with 1000 and 720 points, respectively. These mesh values correspond
to half-degree values in the angular domain and about 10 microns in the radial
direction.

Table 5.2: Cutting conditions of four validation scenarios (T1-T4). 𝑉𝑐 : Cutting speed.𝑟𝑡 : Tool
radius. 𝑛𝑡 : Tool rotational speed. 𝑅𝑤 : Workpiece radius. 𝑛𝑤 : Workpiece rot. speed. 𝑓𝑎: Axial feed.
𝑓𝑧: Feed per tooth. 𝑎𝑝 : Depth of cut. 𝑒: Eccentricity. 𝑧: Qty. of cutting edges. 𝑟𝑛: Nose radius.

Parameter Unit T1 T2 T3 T4
𝑉𝑐 m/min 400 200 300 100
𝑟𝑡 mm 10 15 8 12
𝑛𝑡 rpm 6366 2122 5968 1326
𝑅𝑤 rpm 45 45 45 45
𝑛𝑤 mm 12 8 8 15
𝑓𝑎 mm/wrv 12 9 3 15
𝑓𝑧 mm/tht 0.26 1.06 0.37 1.06
𝑎𝑝 mm 2 1 1.5 2
𝑒 mm 3 1 5 2
𝑧 - 2 1 1 1
𝑟𝑛 mm 4 8 2 12
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(a) T1

(b) T2

(c) T3

(d) T4

Figure 5.15: Graphical comparison of the CAD representation versus the results obtained from
the numerical approach with the same cutting conditions presented in table 5.2.

The instantaneous area calculation is based on the profiles that form the
uncut chip geometry, see figure 5.16. This geometry is formed by the set of valid
profiles, as explained in the determination of the instantaneous chip geometry
section. Therefore, each valid pair of profiles (tool & material Int.) generate the
instantaneous area. As the tool and material profiles have the same amount of
points, it is possible to build quadrilateral elements. The area of each element
is found through the Gauss area formula, due each angular profile presents
the ordered pair from the points in the radius and height direction (𝑅, 𝑍 ), see
equation 5.12. It is essential to order the element points clockwise to obtain
positive magnitudes. Additionally, the first point should be repeated to close
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(a) Numerical instantaneous area determination.
(b) CAD instantaneous area determination.

Figure 5.16: Instantaneous area determination in numerical and CAD approaches.

the polygon. The addition of all area differentials in the same cutting plane
corresponds to the instantaneous area at some determined angle of rotation of
the tool.

d𝐴 =
1
2 |

𝑛−1∑︁
𝑖=1

𝑅𝑖𝑍𝑖+1 + 𝑅𝑛𝑍1 −
𝑛−1∑︁
𝑖=1

𝑅𝑖+1𝑍𝑖 + 𝑅1𝑍𝑛 | (5.12)

Figure 5.17: Comparison of instantaneous chip area evolution from the numerical approach vs
the CAD.

Figure 5.17 shows the behavior of the instantaneous area. For example, the
CAD representation of T4 is presented in figure 5.15. From left to right, it is
easy to see how rapidly the chip area increases until it reaches the maximum
and eventually drops. Besides, a significant portion of the domain is zero, which
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means that the edge is not cutting material in this rotation portion. This behavior
is presented in all the tests and shows the evolution of the instantaneous area. It is
important to remark that the chip thickness is not constant in the 𝑍 direction, and
the uncut chip geometry follows the workpiece curvature. Therefore, the instan-
taneous area evolution is the parameter for comparing approaches. The results
are in good agreement presenting errors below 3%. These minor discrepancies
might be associated with the simplifications assumed in the model.

5.5 Cutting forces prediction

The determination of the uncut chip geometry determines the magnitude and
direction of the cutting forces. As the geometrical model discretizes the geometry
in finite elements, it is possible to determine the force differential of each element.
Those differentials were estimated using the characterization trials methodology.
This approach considers that the cutting forces are proportional to the instanta-
neous area removed by the edge during the rotation. It is important to remark
that the differentials of force found by this approach are in the cutting, feed, and
penetration directions. These directions are three-dimensional and orthogonal,
but they do not necessarily coincide with the cutting forces coordinate system.

5.5.1 Analysis of cutting forces based on uncut chip geometry inmilling
operations

The characterization trials methodology considers that the cutting forces are
proportional to the instantaneous area removed by the edge during the rotation.
It is important to remark that the differentials of force found by this approach
are in the cutting, feed, and penetration directions. These directions are three-
dimensional and orthogonal, but they do not necessarily coincide with the
dynamometer coordinate sensor. Indeed, the cutting, feed, and penetration
directions are deeply related to the edge geometry, see figure 5.18. In this figure,
the (𝑋,𝑌, 𝑍 ) coordinate system of the cutting force sensor does not coincide with
the tangential, radial and axial direction ( d𝐹𝑡, d𝐹𝑟, d𝐹𝑎).

Consider a round insert tool in an arbitrary position removing material, as
shown in figure 5.18. It is possible to see the front and side views of the tool
performing the cut. Detail A shows how this instantaneous chip geometry is
discretized in finite elements and aligned the differential of force with the edge
shape. Additionally, detail A shows the uncut chip normal to the rake plane of
the mill. However, this plane is not necessarily aligned with the dynamometer
coordinate system. In this scheme is rotated the helix angle (_). Zooming in
one finite element, detail B shows the rake plane, the force differentials, and the
tangential angle of the edge (^) concerning the plane (𝑋 − 𝑌 ) from the uncut
chip geometry and the force differentials. The cutting direction is normal to the
rake plane, inclined the helix angle (_). Then, there are the feed and penetration
directions that are co-planar and orthogonal, completing the orthogonal base
described in equation 5.13. The feed direction is perpendicular to the edge instead
of the penetration, parallel to the edge. Then, by determining the tangential
angle of the edge (^), the state of force in-plane can be determined.
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Figure 5.18: Dierential of force per element and geometrical parameters for cutting force
prediction.

Equation 5.13 determines the general state of the forces of each element;
however, it is not practical because the element directions are changing with
the edge shape and helix angle (_) as presented in figure 5.18. Therefore, it is
necessary to change the coordinates system from the elements(𝐹𝑟 , 𝐹𝑡 , 𝐹𝑎) which
varies with the edge profile to the dynamometer reference (𝑋,𝑌, 𝑍 ) that is sta-
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tionary; this is done by projecting the general state of the forces of each element
in the dynamometer reference system and summing the components of force,
as shown in equation 5.14. Note that the differential of force has a subindex *rf,
which means reference edge, see figure 5.19.

d𝐹𝑡 (𝜙) = 𝐾𝑡 d𝐴(𝜙, 𝑟 )
d𝐹𝑟 (𝜙) = 𝐾𝑟 d𝐴(𝜙, 𝑟 )
d𝐹𝑎 (𝜙) = 𝐾𝑎 d𝐴(𝜙, 𝑟 )

(5.13)


d𝐹𝑥𝑟 𝑓 (𝜙)
d𝐹𝑦𝑟 𝑓 (𝜙)
d𝐹𝑧𝑟 𝑓 (𝜙)

 =


0 − sin(^ (𝑖, 𝑗) cos(^ (𝑖, 𝑗))

cos(_) cos(^ (𝑖, 𝑗)) sin(_) sin(^ (𝑖, 𝑗)) sin(_)
− sin(_) cos(^ (𝑖, 𝑗)) cos(_) sin(^ (𝑖, 𝑗)) cos(_)




d𝐹𝑡 (𝜙)
d𝐹𝑟 (𝜙)
d𝐹𝑎 (𝜙)


(5.14)

The reference edge is the one aligned with the 𝑋 coordinate of the dy-
namometer in the radial direction and the𝑌 coordinate in the tangential direction
of the mill. This important clarification defines the whole state of the forces of
the mill. Equation 5.14 allows to predict the magnitude of force of each element
in the X ( d𝐹𝑥 ), Y ( d𝐹𝑦) and Z direction ( d𝐹𝑧). It is required to integrate the
forces in the radial direction as shown in equation 5.15. This integration is the
force exerted by the material on the reference edge as long as one revolution.

𝐹𝑥𝑟 𝑓 (𝜙) =
∫ 𝑟

0
d𝐹𝑥 (𝜙) d𝑟

𝐹𝑦𝑟 𝑓 (𝜙) =
∫ 𝑟

0
d𝐹𝑦 (𝜙) d𝑟

𝐹𝑧𝑟 𝑓 (𝜙) =
∫ 𝑟

0
d𝐹𝑧 (𝜙) d𝑟

(5.15)

These results also regard the scenario where the cutting edge is aligned with
the rotational dynamometer X-axis, also called the reference edge. Then, to
determine the cutting force of the rest of the edges is necessary to phase the
reference forces (𝐹𝑥𝑟 𝑓 (𝜙), 𝐹𝑦𝑟 𝑓 (𝜙), 𝐹𝑧𝑟 𝑓 (𝜙)). For this reason, the phase process
considers the angle between the reference edge and the rest of the edges (𝜙𝑡ℎ).
This phasing consists of rotating the uncut chip geometry around the 𝑍𝑡 axis the
angle 𝜙𝑡ℎ and project the cutting forces over the tool coordinate system as shown
in equation 5.16. This process is performed as many as cutting edges have the
tool obtaining the phased forces (𝐹𝑥𝑝ℎ1, 𝐹𝑦𝑝ℎ1, 𝐹𝑧𝑝ℎ1, ..., 𝐹𝑥𝑝ℎ𝑛, 𝐹𝑦𝑝ℎ𝑛, 𝐹𝑧𝑝ℎ𝑛).


𝐹𝑝ℎ𝑛 (𝜙)
𝐹𝑝ℎ𝑛 (𝜙)
𝐹𝑝ℎ𝑛 (𝜙)

 =


cos(𝜙𝑡ℎ𝑛) cos(𝜙𝑡ℎ𝑛) 0
sin(𝜙𝑡ℎ𝑛) sin(𝜙𝑡ℎ𝑛) 0

0 0 1



𝐹𝑥𝑟 𝑓 (𝜙)
𝐹𝑦𝑟 𝑓 (𝜙)
𝐹𝑧𝑟 𝑓 (𝜙)


𝐹𝑥 (𝜙)
𝐹𝑦 (𝜙)
𝐹𝑧 (𝜙)

 =


𝐹𝑥𝑟 𝑓 (𝜙)
𝐹𝑦𝑟 𝑓 (𝜙)
𝐹𝑧𝑟 𝑓 (𝜙)

 +

𝐹𝑥𝑝ℎ1(𝜙)
𝐹𝑦𝑝ℎ1(𝜙)
𝐹𝑧𝑝ℎ1(𝜙)

 +

· · ·
· · ·
· · ·

 +

𝐹𝑥𝑝ℎ𝑛 (𝜙)
𝐹𝑦𝑝ℎ𝑛 (𝜙)
𝐹𝑧𝑝ℎ𝑛 (𝜙)


(5.16)
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As a matter of example, consider an end mill with three flutes; see figure
5.19 (a). One of the flute radial edges must be aligned with the X coordinate
of the rotational dynamometer. Equations 5.13 to 5.15 estimate the behavior of
the force in the 3D direction during the whole tool revolution but only for the
reference edge. These force estimations are the reference signals (𝐹𝑥 𝑓 𝑟 , 𝐹𝑦𝑓 𝑟 , 𝐹𝑧𝑓 𝑟 )
and depend on the tool rotation. Then, these same signals but phased the angle
𝜙𝑡ℎ𝑛 by equation 5.16 results in the general tool state of force as shown in figure
5.19 (b).

(a) Suggested set up Tool-dynamometer.

(b) Cutting forces in the reference and the remaining edges.

Figure 5.19: General state of forces in the rotational dynamometer.

5.5.2 Specific force coefficients determination methodology

The previous paragraphs have described detailed how to find the general force
state of the tool within a revolution. Therefore, the only detail remaining to
complete the force prediction is determining the specific force coefficients, based
on the mechanistic methodology Orra and Choudhury (2018). In general terms,
it is considered that the force is proportional to the instantaneous area Orra and
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Choudhury (2018); Zheng et al. (1996). The specific force is the ratio between
the force and the instant area. Based on this, face milling characterization trials
determine the behavior of the tool-material set. In these trials, the feed per tooth
(𝑓𝑧) is the independent variable, and the forces in the dynamometer coordinate
system are the dependent variable.

In groove milling the maximum area instant corresponds to that shown in
figure 5.20 (b), indistinct of the tool profile. Additionally, consider to rewrite
equation 5.14 as presented in equation 5.17. Figure 5.20 (a) shows the maximum
area where it can be stated an expression for the the area differential ( d𝐴) as
presented in equation 5.18. Replacing d𝐴 from equation 5.18 in equation 5.17
results in equation 5.19. Reorganizing the terms is built equation 5.20. Based on
the assumption that the equation 5.18 is valid in the maximum chip thickness
of the mill rotation in a groove operation, integrating the force differentials is
equal to the maximum cutting forces measured from experimental trials. The
integration range is related to the ^ angle. The grooving case starts in zero and
finishes in ^𝑚, which is the maximum value of inclination presented by the uncut
chip geometry as presented in equation 5.21 (see figure 5.20). The result of the
integration evaluated in the defined range is presented in equation 5.22; this set
of equations determines a linear system in which the only unknown variables
are the specific force coefficients. As a result of solving this linear system, finding
the cutting coefficients for a specific trial is possible.

(a) Front view of maximum area instant in groove milling.

(b) Top view of maximum area instant in groove milling.

Figure 5.20: Maximum force instant in grooving for specific force coecients determination.
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d𝐹𝑥 = 𝐾𝑡0 − 𝐾𝑟 sin(^) d𝐴 + 𝐾𝑎 cos(^) d𝐴
d𝐹𝑦 = 𝐾𝑡 cos(_) d𝐴 + 𝐾𝑟 sin(_) cos(^) d𝐴 + 𝐾𝑎 sin(_) sin(^) d𝐴
d𝐹𝑧 = −𝐾𝑡 sin(_) d𝐴 + 𝐾𝑟 cos(_) cos(^) d𝐴 + 𝐾𝑎 cos(_) sin(^) d𝐴

(5.17)

d𝐴 = 𝑓𝑧𝑟𝑛 sin(^) d^ (5.18)

𝑑𝐹𝑥 = −𝐾𝑟 sin(^) (𝑓𝑧𝑟𝑛 sin(^)𝑑^)+𝐾𝑎 cos(^) (𝑓𝑧𝑟𝑛 sin(^)𝑑^)
𝑑𝐹𝑦 = 𝐾𝑡 cos(_) (𝑓𝑧𝑟𝑛 sin(^)𝑑^)+𝐾𝑟 sin(_) cos(^) (𝑓𝑧𝑟𝑛 sin(^)𝑑^) + · · ·

· · · +𝐾𝑎 sin(_) sin(^) (𝑓𝑧𝑟𝑛 sin(^)𝑑^)
𝑑𝐹𝑧 = −𝐾𝑡 sin(_) (𝑓𝑧𝑟𝑛 sin(^)𝑑^)+𝐾𝑟 cos(_) cos(^) (𝑓𝑧𝑟𝑛 sin(^)𝑑^) + · · ·

· · · +𝐾𝑎 cos(_) sin(^) (𝑓𝑧𝑟𝑛 sin(^)𝑑^)

(5.19)

𝑑𝐹𝑥 = −𝐾𝑟 𝑓𝑧𝑟𝑛 (sin2(^)𝑑^) + 𝐾𝑎 𝑓𝑧𝑟𝑛 (cos(^) sin(^)𝑑^)
𝑑𝐹𝑦 = 𝐾𝑡 𝑓𝑧𝑟𝑛 cos(_) (sin(^)𝑑^) + 𝐾𝑟 𝑓𝑧𝑟𝑛 (sin(_) sin(^) cos(^)𝑑^) + · · ·

· · · + 𝐾𝑎 𝑓𝑧𝑟𝑛 (sin(_) sin2(^)𝑑^)
𝑑𝐹𝑧 = −𝐾𝑡 𝑓𝑧𝑟𝑛 sin(_) (sin(^)𝑑^) + 𝐾𝑟 𝑓𝑧𝑟𝑛 (cos(_) cos(^) sin(^)𝑑^) + · · ·

· · · + 𝐾𝑎 𝑓𝑧𝑟𝑛 (cos(_) sin2(^)𝑑^)

(5.20)

𝐹𝑥 =

∫
𝑑𝐹𝑥 = −

∫ ^𝑚

0
𝐾𝑟 𝑓𝑧𝑟𝑛 (sin2 (^)𝑑^) +

∫ ^𝑚

0
𝐾𝑎 𝑓𝑧𝑟𝑛 (cos(^) sin(^)𝑑^)

𝐹𝑦 =

∫
𝑑𝐹𝑦 =

∫ ^𝑚

0
𝐾𝑡 𝑓𝑧𝑟𝑛 cos(_) (sin(^)𝑑^) +

∫ ^𝑚

0
𝐾𝑟 𝑓𝑧𝑟𝑛 (sin(_) sin(^) cos(^)𝑑^) + · · ·

· · · +
∫ ^𝑚

0
𝐾𝑎 𝑓𝑧𝑟𝑛 (sin(_) sin2 (^)𝑑^)

𝐹𝑧 =

∫
𝑑𝐹𝑧 =

∫ ^𝑚

0
−𝐾𝑡 𝑓𝑧𝑟𝑛 sin(_) (sin(^)𝑑^) +

∫ ^𝑚

0
𝐾𝑟 𝑓𝑧𝑟𝑛 (cos(_) cos(^) sin(^)𝑑^) + · · ·

· · · +
∫ ^𝑚

0
𝐾𝑎 𝑓𝑧𝑟𝑛 (cos(_) sin2 (^)𝑑^)

(5.21)

𝐹𝑥 = −𝐾𝑟 𝑓𝑧𝑟𝑛
(
𝑘𝑚

2 − sin(2^𝑚)
4

)
+ 𝐾𝑎 𝑓𝑧𝑟𝑛

(
sin2(𝑘𝑚)

2

)
𝐹𝑦 = 𝐾𝑡 𝑓𝑧𝑟𝑛 cos(_) (1 − cos(^𝑚)) + 𝐾𝑟 𝑓𝑧𝑟𝑛 sin(_)

(
sin2(𝑘𝑚)

2

)
+ · · ·

· · · + 𝐾𝑎 𝑓𝑧𝑟𝑛 sin(_)
(
𝑘𝑚

2 − sin(2^𝑚)
4

)
𝐹𝑧 = −𝐾𝑡 𝑓𝑧𝑟𝑛 sin(_) (1 − cos(^𝑚)) + 𝐾𝑟 𝑓𝑧𝑟𝑛 cos(_)

(
sin2(𝑘𝑚)

2

)
+ · · ·

· · · + 𝐾𝑎 𝑓𝑧𝑟𝑛 cos(_)
(
𝑘𝑚

2 − sin(2^𝑚)
4

)
(5.22)
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5.5.3 Specific force coefficients estimation

With a set of trials incrementing the feed per tooth, it is possible to determine
the cutting coefficients in terms of the mean chip thickness to generalize the
cutting force prediction model presented in equation 5.16. The characterization
trials were conducted in a vertical mill. The cutting tools selected to machine
the aluminum 6063T5 samples consisted of a Sandvik exchangeable insert mill
R300-15T08-07L with the helix angle (_ = 0𝑜 ) and round inserts R300-0724E-
PM 1130 with nose radius (𝑟𝑛 = 3.5) 𝑚𝑚 for the torus profile. In the case of
the spherical profile, an R216-16T08 indexable insert mill with the helix angle
(_ = −10𝑜 ) and R216-16 03 E-M 1025 inserts with nose radius (𝑟𝑛 = 8) 𝑚𝑚,
see figure 5.21. The forces were captured by a Kistler rotational dynamometer
9123. Face milling trials were performed at the cutting conditions presented in
table 5.3. The peak of the force was taken after filter the signal with a low pass,
cutoff 500 Hz, and order 2 to attenuate the sensor dynamic response. The typical
results of the filtering are shown in figure 5.22; as a result the whole results of the
characterization trials in table 5.4. Three repetitions of each trial were carried
out to ensure statistical representativeness.

(a) Indexable mill R300-15T08-07L (Sandvik,
2021). (b) Insert R300-0724E-PM 1125 (Sandvik, 2021).

(c) Indexable mill R216-16T08 (Sandvik, 2021). (d) Insert R216-16 03 E-M 1025 (Sandvik, 2021).

Figure 5.21: Experimental setup and tools used to validate the model.

Table 5.3: Cutting parameters for specific force coecient determination.

Parameter Symbol Value Units
Cutting speed 𝑉𝑐 400 m/min
Depth of cut 𝑎𝑝 2 mm
Width of pass 𝑎𝑒 full width -
Feed per tooth 𝑓𝑧 0.025 - 0.05 - 0.1 - 0.175 - 0.2 mm/tooth
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Figure 5.22: Cutting forces of face milling trial 𝑓𝑧 : 0.025 mm/tooth with R216-16T08
spherical insert mill.

Table 5.4: Cutting forces characterization trials

𝑓𝑧 [𝑚𝑚] 𝐹𝑥𝑚𝑎𝑥 [𝑁 ] 𝐹𝑦𝑚𝑎𝑥 [𝑁 ] 𝐹𝑧𝑚𝑎𝑥 [𝑁 ]
Torus Mill

0.025 -58.44 87.73 73.67
0.05 -85.64 134.03 103.53
0.1 -121.44 207.63 147.04
0.15 -144.65 244.40 171.69
0.2 -160.55 296.92 189.78

Spherical Mill
0.025 -169.92 267.33 271.91
0.05 -235.39 394.52 371.38
0.1 -346.66 600.73 547.41
0.15 -432.61 778.53 694.15
0.2 -469.59 887.14 771.92

With the insert profile, it is possible to reproduce the uncut chip geometry
during the grooving at the point of maximum force. Solving the equation
system presented in equation 5.22 for each trial is possible to find the value of
the ordinate showed in figure 5.23 and the abscissa values are the mean chip
thickness of each trial. The most important feature is that this dataset is adjusted
to power functions that have only the chip thickness as the independent variable;
which means that using these expressions and inserting the chip thickness of
each element is possible to find the magnitude of the specific force coefficient
as shows equation 5.23. The modeling expressions complete the cutting force
model presented in equations 5.13 to 5.15.
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(a) Torus R300-15T08-07L mill cutting coecients.

(b) Spherical R216-16T08 mill cutting coecients.

Figure 5.23: Specific Force coecient in the cutting, feed and penetration directions.

Torus mill

𝐾𝑎 = 3.36(𝑡 (𝑟, 𝜙))−0.822)
[
𝑁

𝑚𝑚2

]
𝐾𝑡 = 199.69(𝑡 (𝑟, 𝜙)−0.526)

[
𝑁

𝑚𝑚2

]
𝐾𝑟 = 286.94(𝑡 (𝑟, 𝜙)−0.418)

[
𝑁

𝑚𝑚2

]
Spherical mill

𝐾𝑎 = −104.20(𝑡 (𝑟, 𝜙))−0.482)
[
𝑁

𝑚𝑚2

]
𝐾𝑡 = 830.71(𝑡 (𝑟, 𝜙)−0.423)

[
𝑁

𝑚𝑚2

]
𝐾𝑟 = 518.19(𝑡 (𝑟, 𝜙)−0.498)

[
𝑁

𝑚𝑚2

]

(5.23)
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5.6 Experimental validation of the model

The model to estimate the cutting forces has been completely defined in the
previous sections. Therefore, it requires experimental validation, consisting
of running a set of cutting trials. Varying some cutting conditions and then
comparing the resulting chip weight and cutting forces with the predictions
obtained by this research model.

5.6.1 Methodology

The cutting trials were carried out in a Lagun vertical milling center. The cutting
tools, inserts, and material used were detailed in the characterization trials section
previously exposed. The experimental setup counted with a rotary table to hold
the workpiece as shown in figure 5.21. Consequently, the cutting conditions
presented in table 5.5 are proposed to validate the model developed. These
conditions were selected to evidence the change in the uncut chip geometry with
the cutting conditions. Additionally, the effect of the eccentricity in orthogonal
turn-milling is also considered. It was intended not to exceed the suggestions
of chip load given by the tool manufacturer using the developed models. The
experiment uses the torus and spherical mill characterized in the previous section,
see figure 5.21. The cutting conditions selected explore the effect of varying the
chip geometry with two feed per tooth levels (𝑓𝑧) and three levels of axial feed
(𝑓𝑎). Additionally, the eccentricity values selected were lower, in the “optimum
eccentricity” value (𝑒 = 𝑟𝑡 − 𝑙𝑠 ), and greater of this value for as reported by
Karaguzel et al. (2014). The cutting forces of the trials were measured by a
Kistler 9123 rotational dynamometer with 25 kHz of sampling frequency. The
chips weights were determined using a high precision scale with a minimum
measure of 0.1𝑚𝑔. Sets of five, ten, and twelve chips were weight and averaged
to determine the mean chip mass. Each cutting condition was repeated three
times to ensure statistical representativeness.

(a) Experimental setup for torus mill. (b) Experimental setup for spherical mill.

Figure 5.24: Experimental setup and tools used to validate the model.
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Table 5.5: Experimental parameters for model validation.

𝑅𝑤 [mm] 𝑟𝑡

[mm]
𝑧 [-] 𝑎𝑝

[mm]
𝑉𝑐
[ 𝑚
𝑚𝑖𝑛

]
44 7.5 1 2 400

Torus Mill
Tag 𝑓𝑧

[𝑚𝑚
𝑡ℎ

]
𝑒

[mm]
𝑓𝑎
[ 𝑚𝑚
𝑊𝑝𝑟𝑒𝑣

]
𝑛𝑤
[rpm]

𝑀𝑅𝑅

[ 𝑐𝑚3

𝑚𝑖𝑛
]

fa3.5fz0.1e20.1 2 3.5 3 5.94
fa3.5fz0.1e40.1 4 3.5 3 5.94
fa3.5fz0.1e60.1 6 3.5 3 5.94
fa3.5fz0.2e20.2 2 3.5 6 11.88
fa3.5fz0.2e40.2 4 3.5 6 11.88
fa3.5fz0.2e60.2 6 3.5 6 11.88
fa12fz0.2e4 0.2 4 12 6 40.74
fa9fz0.2e6 0.2 6 9 6 30.56

Spherical Mill
fa8fz0.1e2 0.1 2 8 3 13.5
fa8fz0.1e4 0.1 4 8 3 13.5
fa8fz0.1e6 0.1 6 8 3 13.5
fa8fz0.2e2 0.2 2 8 6 27
fa8fz0.2e4 0.2 4 8 6 27
fa8fz0.2e6 0.2 6 8 6 27

5.6.2 Results and discussion

The chip mass results are shown in figure 5.25 for both tool geometries. The
mass presents a thigh fitting between the theoretical value obtained through the
model. The mean error is close to 3.5%; the minor discrepancies may be related
to the mass loss of the collected chips for their impact on the surroundings during
the cutting process. The effect of increasing eccentricity is a slight decrease in
the overall chip mass, suggesting that the eccentricity does affect the material
removal rate. The presented mass changes support the idea that the eccentricity
modifies the uncut chip geometry. Although the differences are slight, the effect
of eccentricity should not be discarded because, in larger diameter mills, the mass
change might be more pronounced.

Additionally, the feed per tooth (𝑓𝑧) response agreed with the expectation.
An augment of the double of the mass could be appreciated in both simulation
and experimental data. Interestingly, the decrement of mass resulting from the
eccentricity is presented in both feed per tooth levels (𝑓𝑧 = 0.1 and 0.2𝑚𝑚/𝑡𝑜𝑜𝑡ℎ).
The axial feed effect for the torus mill (𝑓𝑎) behaved as expected by the model,
increasing considerably with the increment of this parameter, strongly affecting
the material removal rate (MRR).

From the cutting conditions proposed in the experimental plan shown in
table 5.5, the typical force signals obtained are similar to those shown in figure
5.26. The cutting force presents a dynamic and repetitive behavior as expected;
this is due to the intermittent cutting proper from milling operations. The
maximum peak frequency coincides with the rotational tool speed. The raw
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signal’s dynamic response is strongly influenced by the dynamic parameters
of the rotational dynamometer in the (𝑋 − 𝑌 ) plane. The forces in this plane
are added as vectors generating the InPlane (IP) force. The reimaing force lies
on the 𝑍 direction and coincides with the tool axis, then is called axial (AX)
force. The dynamical behavior might difficult the study of the forces; then, it is
recommended to pass a butter low pass filter with 500 Hz of cutoff frequency
and order 2 to mitigate the dynamic response of the sensor.

(a) Torus mill.

(b) Spherical mill.

Figure 5.25: Cut chip mass compared with uncut chip mass.
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(a) Torus mill 𝑓𝑎 : 3.5, 𝑓𝑧 : 0.2, 𝑒 : 2.

(b) Spherical mill 𝑓𝑎 : 8, 𝑓𝑧 : 0.1, 𝑒 : 2.

Figure 5.26: Cutting forces in the time domain.

The intermittent cutting presents an oscillating behavior where the force
signal is proportional to the area during the cut and is zero when the edge has
exceeded the exit angle completing the rotation. The cutting forces influence
the workpiece deformation, the surface integrity, and the tool wear; thus, it is
important to compare the maximum peak of the signal to validate the model
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and compare the cutting strategies. Therefore, figure 5.27 shows the complete
experimental plan comparison. The cutting forces show a slight decrease when
the eccentricity is augmented. This behavior correlates with the mass results,
explaining the force reduction. The feed per tooth (𝑓𝑧) has presented increments
in the force as expected. Additionally, the model accurately determines the
behavior of the forces when the axial feed is augmented. In general terms, the
simulations fit tightly with the experimental data presenting errors around 12%
for the InPlane (IP) and axial (AX) directions. The mass variation concerning the
eccentricity evidence that this parameter slightly modifies the material removal
rate (𝑀𝑅𝑅).

(a) Torus mill.

(b) Spherical mill.

Figure 5.27: Maximum cutting force comparison in the whole experimental plan.
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5.7 Effect of the tool profile geometry and eccentricity

This section aims to simulate a wider scenario to predict the behavior of cutting
forces, the uncut chip area evolution, chip volume, and material removal rate
(𝑀𝑅𝑅) in orthogonal turn-milling operations. As the model has been experimen-
tally validated in the previous section, its results are considered representative
enough from reality. Until this point, it is evident that the turn-milling opera-
tions present an augmented amount of parameters compared with conventional
milling. Thus, the simulations are focused on varying the tool nose radius and
eccentricity due to these features having been few studied. Table 5.6 presents
the cutting conditions selected to run the simulations.

Table 5.6: Simulation cutting conditions

𝑅𝑤 [mm] 𝑟𝑡

[mm]
𝑧 [-
]

𝑎𝑝
[mm]

𝑉𝑐
[ 𝑚
𝑚𝑖𝑛

]
MRR
[ 𝑐𝑚3

𝑚𝑖𝑛
]

44 16 1 2 400 23.87
Tag 𝑓𝑧

[𝑚𝑚
𝑡ℎ

]
𝑒

[mm]
𝑓𝑎
[ 𝑚𝑚
𝑊𝑝𝑟𝑒𝑣

]
𝑛𝑤
[rpm]

𝑟𝑛
[mm]

rn4e6 0.2 6 15 3 4
rn4e12 0.2 12 15 3 4
rn4e15 0.2 15 15 3 4
rn5e6 0.2 6 15 3 5
rn5e11 0.2 11 15 3 5
rn5e15 0.2 15 15 3 5
rn6e6 0.2 6 15 3 6
rn6e10 0.2 10 15 3 6
rn6e15 0.2 15 15 3 6
rn8e6 0.2 6 15 3 8
rn8e8 0.2 8 15 3 8
rn8e15 0.2 15 15 3 8

The rest of the cutting conditions remained constant to focus the attention
on the effect of the tool profile and the eccentricity. As a result of this condition
and based on equation 5.24 reported by Karaguzel et al. (2015b), the calculated
material removal rate (𝑀𝑅𝑅) is the same for all the simulations. The tool radius
selection was based on the search for an actual tool that accepts different geometry
inserts. Sandvik R300 mills are indexable round insert mills representing the
same tool radius (𝑟𝑡 ) for different insert radius (𝑙𝑠 ) and has been used previously in
this chapter. Hence, the selected tool radius is 𝑟𝑡 = 16𝑚𝑚 and it have tools which
accepts inserts of nose radius 𝑟𝑛 = [4, 5, 6, 8] 𝑚𝑚. Another factor in choosing
those tools is that the presented numeric model is versatile, representing diverse
tool geometries. However, the specific cutting coefficients are very sensitive to
the edge geometry, rake angle, and clearance angle, as shown in figure 5.23 and
equation 5.23. It is then assumed that the specific force functions do not change
if the same mill-inserts family is selected considering that the material is the same
aluminum 6063 T5. That is to say that the torus experimental validations are
simulated (Sandvik R300), assuming that the edge geometry (circular) rake and
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clearance angles do not change.

𝑀𝑅𝑅 = 𝑧𝑛𝑡 𝑓𝑧𝑎𝑝𝑎𝑒 (5.24)

Several authors such as Crichigno Filho (2012); Karaguzel et al. (2015b,
2017, 2014); Zhu et al. (2016b); Kopač and Pogačnik (1997); Uysal et al. (2014);
Kara and Budak (2015) mention there is an “optimum” value of eccentricity
(𝑒𝑜𝑝𝑡 = 𝑟𝑡 − 𝑙𝑠 ) determined by the tool radius (𝑟𝑡 ) and the usable radial length of
the tool (𝑙𝑠 ), see figure 5.28. Nevertheless, they just only state the value but does
not present any demonstration. Additionally, the selected eccentricity in the
process conditions the maximum axial feed (𝑓𝑎) reached within the orthogonal
turn-milling. Zhu et al. (2015a) relates the maximum axial feed considering the
tool radius (𝑟𝑡 ) and the radial usable length (𝑙𝑠 ) as shown in equation 5.25. The
described scenarios in equation 5.25 are intended to produce cylindrical surfaces
not threaded.

Figure 5.28: Nose radius and radial usable distance in round inserts mills.

𝑟𝑡 − 𝑙𝑠 > 𝑒 > 0 −→ 𝑓𝑎𝑚𝑎𝑥
=

√︃
𝑟2
𝑡 − 𝑒2 −

√︁
(𝑟𝑡 − 𝑙𝑠 )2 − 𝑒2

𝑟𝑡 − 𝑙𝑠 = 𝑒 −→ 𝑓𝑎𝑚𝑎𝑥
= 2

√︃
2𝑟𝑡𝑙𝑠 − 𝑙2𝑠

𝑟𝑡 > 𝑒 > 𝑟𝑡 − 𝑙𝑠 −→ 𝑓𝑎𝑚𝑎𝑥
= 2

√︃
𝑟2
𝑡 − 𝑒2

(5.25)

The optimal eccentricity value depends on the radial edge usable length
(𝑙𝑠 ) and as figure 5.28 shows, this parameter depends on the tool profile for the
selected mills (Sandvik 300). Therefore, the eccentricity values are going to be
lower, in the “optimum” value and greater of this values. In order to provide a
comparable scenario, the lower and greater eccentricity values will be the same
(𝑒 = 6 and 𝑒 = 15 mm) and the optimal eccentricity changes with the nose radius
(𝑟𝑛). However, Karaguzel et al. Uysal et al. (2014); Karaguzel et al. (2016) report
increments in the tool life as the eccentricity is augmented; additionally, the
maximum life was reported at the condition 𝑒 = 𝑟𝑡 − 𝑙𝑠 , considered the as its
“optimum" value. Although the experimental evidence suggests that this value of
eccentricity improves the behavior, it is not rigorous to state “optimum” without
the respective theoretical demonstration of the mentioned optimization. Varying
the eccentricity in the simulations is intended to show its effect over the uncut
chip geometry.



Tool profile and eccentricity effect in orthogonal turn-milling operations 137

The results of the cutting forces are presented in figure 5.29. Although in
the whole thesis the (𝑋 − 𝑌 ) forces have been vectorial summed in the InPlane
force, the simulations shows the 3D components to analyze in detail the effect
of the studied parameters. As shown in figure 5.28 the (𝑋 ) coordinate coincides
whit the tool radius direction, the (𝑌 ) with the tangential direction and the (𝑍 )
with the axial direction. The effect of the nose radius is presented in figure 5.29
when the graph is analyzed horizontally.

(a) Cutting forces in X.

(b) Cutting forces in Y.

(c) Cutting forces in Z.

Figure 5.29: Simulated cutting forces results.



138 5.7 Effect of the tool profile geometry and eccentricity

The maximum magnitude of the forces in the 𝑋 direction is presented in
the figure 5.29 (a). These results show a general trend to decrease when the
nose radius increases. This slight decrement obeys to a higher nose radius (𝑟𝑛)
results in a more horizontal tool profile, which aligns the feed and penetration
forces with the 𝑍 axis. This effect necessarily increments the 𝑍 direction forces as
presented when the figure 5.29 (c) is analyzed horizontally. However, the force
respective increment in 𝑋 and decrement in the 𝑍 direction respectively is also a
consequence of the decrement of chip thickness when the nose radius increased
(see figure 5.29 (a and c)). Figure 5.30 presents the insert radius in scale, and it
is possible to see how the chip thickness presents a noticeable reduction even
when the depth of cut (𝑎𝑝 ) and feed per tooth (𝑓𝑧) are the same. This thickness
reduction corresponds to a higher specific force, as presented in figure 5.23. This
also explains the increments in the 𝑌 and 𝑍 direction caused by the nose radius
(𝑟𝑛), see figure 5.29 (b and c).

Figure 5.30: Eect of increasing the nose radius over the chip thickness with the same depth of
cut 𝑎𝑝 and feed per tooth 𝑓𝑧 .

The eccentricity (𝑒) effect is presented when the figure 5.29 is analyzed
vertically. The eccentricity (𝑒) slightly increments the force with the increment
of the nose radius (𝑟𝑛) in the (𝑋 ) direction, see figure 5.29 (a). However, the
nose radius (𝑟𝑛 = 8) does not follow this trend, due to the maximum force is
presented in eccentricity (𝑒 = 𝑟𝑡 − 𝑙𝑠 ). In the directions (𝑌 and 𝑍 ) it have been
identified maximums of force in the condition (𝑒 = 𝑟𝑡 − 𝑙𝑠 ) as well, see figure
5.29 (b and c). The eccentricity (𝑒) modifies the uncut chip geometry that,
combined with the workpiece curvature, changes the edge exit angle and the
instantaneous depth of cut, presenting the maximum initial instantaneous area
scenarios as shown in figure 5.31. This effect suggests that the chip volume is
affected by the eccentricity (𝑒). The area below the curves shown in figure 5.31
is an indicator of the chip volume changes with the increment of the nose radius
(𝑟𝑛) and eccentricity (𝑒).

Therefore through the model, it is possible to estimate the chip volume
presented in figure 5.32 a. The chip volume presents a considerable change with
both variables, the eccentricity (𝑒) and the nose radius (𝑟𝑛). Even when the cutting
conditions for conventional milling are the same for the whole simulations. This
condition necessarily means that the material removal rate change, as shown in
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(a) Nose radius 𝑟𝑛 = 4 mm.

(b) Nose radius 𝑟𝑛 = 5 mm.

(c) Nose radius 𝑟𝑛 = 6 mm.

(d) Nose radius 𝑟𝑛 = 8 mm.

Figure 5.31: Simulated instantaneous area evolution.

figure 5.32 b. These results are found by multiplying the chip volume by the
rotational tool speed (𝑛𝑡 ).

None of the estimated MRR presented in the figure 5.32 coincides with the
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(a) Volume vs Eccentricity

(b) MRR vs Eccentricity

Figure 5.32: Simulated chip volume and material removal rate results.

calculated with the equation 5.24 reported by Karaguzel et al. (2015b), thus it is
not recommended to use it for turn-milling planning. The volume graph presents
a trend to reduce the chip volume if the nose radius (𝑟𝑛) and the eccentricity (𝑒)
is augmented. The decrements in the material removal rate are matched with
increments in cutting force due to the modification of the uncut chip geometry.
The volume removed by the edge seems to present a maximum local value where
the eccentricity (𝑒) is close to 6 𝑚𝑚. Additionally, a smaller insert radius (𝑟𝑛)
shows increments in the removed volume in agreeing with conventional milling,
and it coincides with the lowest cutting force prediction. This scenario would
be more appropriate than having a low material removal rate and high cutting
forces, as shown in the present simulations. The behavior of the cutting forces
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depends on the uncut chip geometry, and the usable radial length of the edge is
an arbitrary parameter. It is possible to find different tools with the same tool
radius (𝑟𝑡 ) but the different radial usable length of the edge (𝑙𝑠 ). Meaning that the
"optimum eccentricity" may present diverse values, but the presented simulations
and the experimental results suggest the opposite.

Importantly, the reduction in the material removal rate means that the ec-
centricity and the tool profile are not removing material that was expected to
be. Equation 5.24 showed a scenario of MRR close to 23 𝑐𝑚3/𝑚𝑖𝑛 but figure
5.32 present the minimum value of 9.24 𝑐𝑚3/𝑚𝑖𝑛 which is a reduction of 61.2%.
Consequently, under these conditions, 𝑟𝑛 = 8&𝑒 = 15, the workpiece might
present strong cusp errors due to 61.2% of the mass has not being removed by
the tool. Meaning in reprocesses and loosing of productivity by poor operation
planning.

The behavior of the chip volume observed can be detailed through a more
extensive set of simulations. Figure 5.33 shows the selected mill set (Sandvik 300)
and a theoretical flat end mill (rn0) with the same cutting conditions used in table
5.6. The behavior of the flat end mill (rn0) is the same presented in the previous
chapter presenting an slight increment of the chip volume and then a pronounced
decrease. This behavior is more exaggerated in the presence of nose radius because
all of the rest mills (rn4, rn5, rn6, rn8) presents a more pronounced increment
and decrement slopes. These simulations does not comply the model presented
by Karaguzel et al. (2015b); even the error between the mentioned equation and
the simulated chip volume is higher if the nose radius (𝑟𝑛) is incremented. The
maximum chip volume does not fulfill the “optimum” eccentricity statement
(𝑒𝑜𝑝𝑡 = 𝑟𝑡 − 𝑙𝑠 ) thus refuting this conjecture. The maximum chip values does not
follow a linear trend related with the studied variables (eccentricity (𝑒) and nose
radius (𝑟𝑛)), seen table 5.7.

Figure 5.33: Eect of the eccentricity over in the chip volume.

This numerical tool helps evaluate diverse machining conditions in a relatively
short period. For example, the average time of all of the simulations presented
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Table 5.7: Maximum chip volume.

Tool profile Max. Volume [mm3] Eccentricity [mm]
rn0 6.70 6
rn4 5.49 8
rn5 5.27 8
rn6 5.03 6
rn8 4.51 4

in this research is around 1.5 minutes. It is considering that the discretization
process results in 720.000 points, 720 for the angular and 1000 for the radial
direction. The variables that affect most the simulating time are the axial feed
(𝑓𝑎) and depth of cut (𝑎𝑝 ) because they limit the number of points analyzed in the
uncut chip geometry. These short periods contrast with the commercial software
such as AdvantEdge or Abacus that takes several hours to run the calculations
facilitating the decision-making on the workshop. The simulating time may vary
depending on the number of points of the mesh and the available computational
power.

5.8 Conclusions

This chapter presented a numerical methodology for studying the effect of the
tool profile and the eccentricity in orthogonal turn-milling operations. This
machining operation requires several geometrical and kinematic parameters to de-
fine the process without including the tool profile geometry selection. Therefore,
estimating the operating windows in industrial environments is considerably
difficult. Consequently, this chapter increased the knowledge related to this
machining operation. Thereby the following conclusions raise:

1. The development presented in this research is a powerful tool to simulate
vast cutting condition scenarios in a relatively short time. Additionally, it helps to
understand that the eccentricity does modify the material removal rate giving a
chance to identify geometrical errors by presenting a threaded excess of material
in the workpiece result of the insert geometry.

2. The geometric model presented was validated in various stages, such as
theoretical and experimental, with two different tool profiles, torus and spherical.
The cutting forces errors were bellow of 12% and the cut chip mass was in good
agreement with the predicted by this approach.

3. Thanks to the versatile approach, the tool profile can be a matter of study;
due to, mills profile are in constant innovation, and it is relatively easy to modify
it within the model.

4. The simulations performed in the last section evidenced the importance of
the tool profile in the turn-milling operations performance. This feature could
raise scenarios where the tool DOES NOT remove the material leading to a
threaded surface, producing geometrical errors. These scenarios are feasible
if the wrong eccentricity is selected. Even when the eccentricity is under the
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considerations presented by Zhu et al. (2015a), these recommendations are only
valid for flat end mills.

5. This research did not find theoretical evidence that supports the condition
of eccentricity (𝑒 = 𝑟𝑡 − 𝑙𝑠 ) is “optimum". Indeed, the simulated results showed
maximum forces at this condition of eccentricity. This scenario is detrimental to
the slender parts, inducing higher dimensional errors, and tool wear.





6 | INDUSTRIALAPPLICATION: FAKE COM-
BUSTION CASE MANUFACTURING

The developments presented in the previous chapters are intended to be used
in the workshop. For that reason, it is proposed in this thesis to manufacture
a fake part similar to an aeronautical combustion case; see figure 6.1 (a). This
part is not intended to be part of any mechanical set; however, it presents real
manufacturing challenges of this kind of component. The technical drawings
of the bulk material and the final workpiece are shown in the appendix of this
manuscript.

The objective of this exercise was to evaluate the cutting conditions suggested
by the cutting tool manufacturer for the turn-milling operations. Then, propose
new conditions based on the models and compare the results obtained with and
without using the models developed in this thesis. However, the exercise does
not limit to operate the turn-milling operation but manufacturing the whole
workpiece.

In this frame, a simplified geometry has been designed scaled to the machine
tool available in Mondragon Unibertsitatea a GF+ Mikron Mill p800 UD. The
fake combustion case is presented in figure 6.1 (b, c, and d). Considering that the
workpiece has academic purposes, its dimensions and material obey the closer
bulk and cutting tools available in the market. So, as the workpiece has an internal
hole, the bulk material could be a perforated bar, and the material available was
AISI 1024.

6.1 Manufacturing plan

The manufacturing plan to finish the workpiece is shown in this section. The
operations and cutting tools are exposed with schemes to expose the manufactur-
ing process. The machine-tool used is a 5 axis milling GF+ Mikron Mill p800
UD, that achieve the workpiece in two steps presented in figure 6.2 (a). This
machine tool presents a rotary table architecture and the translational movements
are attached to the cutting tool. The IV axis is a infinite rotational axis able to
rotate the workpiece 360𝑜 . The V axis is a limited rotational axis of 202𝑜 . The
provider cut the perforated bar and cleaned the serrated faces as shown in figure
6.2 (b). The machine is equipped with a three-jaw plate clamp to fix the bulk
material. The cutting tools are mainly from Sandvik (2021) except of the boring
head that is manufactured from Laip (2021). As the cutting edge (inserts and solid
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(a) Generic aeronautical combustion case (Ona, 2021).

(b) Bulk material (c) Workpiece (d) Set workpiece inside of Bulk
material

Figure 6.1: Complex shape workpiece achievable through the use of turn-milling operations.
Technical drawing in the appendix.

tools) are all from Sandvik the cutting conditions were obtained by the CoroPlus
tool guide, a free service available on the web page of Sandvik Coromant (Sand-
vik, 2021). The manufacturing process is summarized in the following figures
presenting all of the operations needed to achieve the workpiece.

(a) GF+ Mikron Mill P 800 UD (Gf, 2021). (b) Machined bulk material.

Figure 6.2: 5-axis machining center and the bulk material for the workpiece manufacturing.



Industrial Application: Fake combustion case manufacturing 147

Figure 6.3: Face milling roughness (1101) finishing (1102) and internal diameter hole milling
(1103).



148 6.1 Manufacturing plan

Figure 6.4: Internal diameter boring (1104) and turn-milling roughing (1105).
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Figure 6.5: Flange turn-milling (1106) and Boss facing roughing (1107) and finishing (1108).
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Figure 6.6: Boss drilling (1109) and hole milling roughing (1110) and finishing (1111).
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Figure 6.7: Surface between bosses (1112) and interior flange roughing (1113) and finishing
(1114).
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Figure 6.8: Support ring floor milling semi-finishing (1115) finishing (1116) interior flange
and floor finishing by turn-milling (1117).
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Figure 6.9: Flange drilling (1118) lobe milling roughing (1119) finishing (1120).
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Figure 6.10: Edge deburring (1121).

(a) second clamping event, internal diameter clamping.

(b) Result of face milling 1202. (c) Result of drilling 1203.

(d) Result of profiling 1205. (e) Result deburring 1206.

Figure 6.11: Second clamp operations.
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The machining operations to manufacture the workpiece in the first clamp
have been presented in figure 6.3 to 6.10; at this stage, the workpiece has to be
unclamped and rotated to machine the support material, see figure 6.11 (a). To
complete the workpiece it is necessary a second clamp where are repeated some
machining operations described previously in the first clamp. The operations
1201 and 1202 presented in figure 6.11 (b) are face milling operations that repeats
the tool path and uses the cutting conditions of 1101 and 1102, see figure 6.3.
The flange drilling 1203 presented in figure 6.11 (c) corresponds to the operation
1118, see figure 6.9. The lobe milling 1204 and 1205 presented in figure 6.11 (d)
is described in the operations 1119 and 1120 respectively, see figure 6.9. The last
operation is the deburring 1206 presented in figure 6.11 (e) that uses the cutting
conditions of operation 1121, see figure 6.10.

6.2 Strategies for improvement

The manufacturing plan presents some improvement opportunities that can be
addressed from the developed models of turn-milling in the previous chapters.
These opportunities cover different aspects of the process such as geometrical
errors, material removal rate, and tool breakage avoidance. However, in this
thesis the cutting forces are consider as an indicator of the process limits and the
material removal rate is considered the productivity indicator. This means that
the magnitude of the cutting forces determine the process limit in determined
cutting conditions. Therefore to increase productivity, the cutting conditions
suggested by the tool manufacturer are evaluated with the cutting forces models.
Those forces are used as input in structural simulations performed in SolidWorks
2017 structural FEA. The variable of study is the nodal displacements result of
to the cutting forces. The excessive displacement leads to geometrical errors
due to excessive workpiece deformation. Then, regulating the cutting forces,
the material removal rate can be increased, and the geometrical errors can be
under control. The cutting conditions effect in the tool wear is also considered
in this analysis. In this workpiece, the turn-milling operations are the most time
consuming activities. Consequently, these operations are going to be engineered
to increase the material removal rate because they have great potential to reduce
the manufacturing time without impact negatively the workpiece quality.

Turn-milling roughing operations (1105 and 1112)

The roughing operations are performed by the torus mill R300 with circular
inserts as shown in figure 6.12 (a and b). The tool path used of these operations
are presented in figure 6.12 (c, d, and e). The schemes of the operations are
presented in figure 6.12 (f and g). The roughing turn-milling operations looked
to remove a large amount of material. In the non-improved version the operation
1105, the helix tool path felt low of charge, but the circular slot tool path was
very close to the maximum MRR in the safe operating range. For this reason,
the slot conditions remain the same, but the helix conditions were studied and
modified. The tool must perform eight complete helix from flange to flange and
six interrupted helix tool paths from flange to ring and ring to flange the current
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cutting conditions. The complete helix takes nearly 20 minutes per helix, and the
incomplete helix operation takes around 9 minutes per helix. Then, augmenting
the depth of cut, the number of helices decreased, reducing the overall time of
the operation.

(a) Torus mill R300-015-A20L-07L
(Sandvik, 2021).

(b) Round milling insert R300-0724E-
PM4340 (Sandvik, 2021).

(c) 1105 Tool path complete turn-milling opera-
tion flange to flange (20 min per helix).

(d) 1105 Tool path incomplete turn-milling op-
eration internal ring stock (8 min per double
helix).

(e) 1105 Scheme turn-milling roughing surfaces between the flanges.

( f) 1112 Tool path support ring roughing be-
tween bosses zig-zag. (g) 1112 Scheme support ring roughing.

Figure 6.12: Cutting tool and tool path used in turn-milling roughing operations.
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The depth of cut (𝑎𝑝 ) was increased from 1.25 to 2 mm. This decision
evidently results in the increment of the cutting forces, that based on the models
developed and the database of the material is presented in table 6.1. The radial,
axial and tangential direction refers to the mill coordinate system reliant on
the dynamometer that usually coincides with (𝑋,𝑌, 𝑍 ) respectively. Then, the
increased depth of cut shows augmented cutting forces; however, the number of
helical passes was reduced from 8 to 5, saving more than 1 hour (from 4 hours
and 02 minutes to 2 hours and 44 minutes). The structural consequences for
the cutting force increment were analyzed via Solidworks structural simulations,
determining deformation increment in both cases.

Table 6.1: Simulated cutting forces of torus turn-milling operations.

𝑎𝑝 [mm] 𝐹𝑟𝑎𝑑𝑖𝑎𝑙 [N] 𝐹𝑡𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙 [N] 𝐹𝑎𝑥𝑖𝑎𝑙 [N]
1.25 -120.95 195.66 146.46
2 -172.07 446.68 276.52

(a) 1105 Structural simulation in the minimum
stiness workpiece instant. Node displacement
(𝑎𝑝 = 1.25 mm).

(b) 1105 Structural simulation in the minimum
stiness workpiece instant. Detail punctual load
(𝑎𝑝 = 1.25 mm).

(c) 1105 Structural simulation in the minimum
stiness workpiece instant. Node displacement
(𝑎𝑝 = 2 mm).

(d) 1105 Structural simulation in the minimum
stiness workpiece instant. Detail punctual load
(𝑎𝑝 = 2 mm).

Figure 6.13: Displacement simulation due to the cutting forces of turn-milling roughing operation
1105 with torus mill.

The simulations were a primary way to esteem the displacement of the
workpiece due to the cutting forces. This feature is related to the geometrical
errors due to an excessive local displacement means that the final dimension
would be greater than its nominal value. Figure 6.13 shows the results of the



158 6.2 Strategies for improvement

simulations. In sub-figure (a), the general displacement, and in the (b) sub-figure,
a detail of the punctual force is presented. The sub-figures (c and d) show the
displacement results with 2 mm of the depth of cut. The resultant force increase is
slightly more significant than the double passing from 247.64 N to 552.8 N. The
displacement increased proportionally. However, the maximum displacement
does not reach 3`𝑚 in the most demanding depth of cut.

(a) 1112 Structural simulation in the minimum
stiness workpiece instant. Node displacement
(𝑎𝑝 = 1.25 mm).

(b) 1112 Structural simulation in the minimum
stiness workpiece instant. Detail punctual load
(𝑎𝑝 = 1.25 mm).

(c) 1112 Structural simulation in the minimum
stiness workpiece instant. Node displacement
(𝑎𝑝 = 2 mm).

(d) 1112 Structural simulation in the minimum
stiness workpiece instant. Detail punctual load
(𝑎𝑝 = 2 mm).

Figure 6.14: Displacement simulation due to the cutting forces of turn-milling roughing operation
1112 with torus mill.

The simulations were performed in different instants during the manufactur-
ing process. Despite the cutting force are not supposed to change, the cantilever
distance and the workpiece stiffness does change. In operation 2105, the work-
piece has more material, and the cantilever is maximum. However, in operation
2112, the cantilever distance is reduced, and the stiffness also decreases due to
the removed material. Figure 6.14 shows the results comparing the effect of cut
depth. Sub-figures (a and b) represent the 1.25 mm, and c and d represent 2
mm of cut depth. The displacement results showed that the effect of the stiff-
ness of the workpiece is more critical than the cantilever distance. Due to the
magnitude of the displacement almost doubling the value presented in operation
2105, see figures 6.13 and 6.14. However, 5 `m of geometrical error is far under
the tolerance set for the workpiece, see the technical drawing in the Apendix
chapter.

The cutting force measurement was done with a Spike tool holder, see
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figure 6.15 (a). This instrument is a bending moment and trust force sensor;
therefore, the in plane forces are esteemed with the bending moment and tool
length. The mechanical feature measurements are performed through strain
gauges attached to a conventional tool holder. The instrument is equipped with
a wireless transmission data system sending the data to a external receiver. The
results of the measured forces are presented in figure 6.15 (b). As expected,
the cutting forces presented an increment proportionally with the depth of cut.
However, the signal in the 𝑍 direction presented unexpected magnitudes. This
behavior was consistent in all operations, and it is suspected that the technology
of strain gauges has not the sensitivity enough to capture properly the cutting
force changes.

(a) Promicron Spike (R) and the torus mill Sandvik
(R300)

(b) Resulting force in the time domain obtained by the sensor Spike(R).

Figure 6.15: 1105 Tool and steady cutting forces measured with Spike(R).

A comparison of the simulated and the experimental peak forces are presented
in table 6.2. This table shows the comparison of the increment of force due
to the depth of cut. The simulated and raw experimental data presents some
discrepancies mostly due to the measurement system, additionally the dynamic
nature of the milling process. Despite of this, in both cases the simulated and
experimental the data shows a proportional increment due to the augmented
depth of cut.

Besides the time reduction, the augment of the depth of cut showed an
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Table 6.2: Comparison of the impact of increase the depth of cut by experimental and theoretical
means.

𝑎𝑝 [mm] 𝐹𝑟𝑎𝑑𝑖𝑎𝑙 [N] 𝐹𝑡𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙 [N] 𝐹𝑎𝑥𝑖𝑎𝑙 [N]
1.25 Sim 120 195 146
2.00 Sim 172 446 276
Increment 142% 141% 188%
1.25 Exp 114 277 719
2.00 Exp 237 540 999
Increment 206% 194% 38%

unexpected advantage related to the tool wear. Operation 1105 was divided into
two tool paths as shown in figure 6.12. Defining the depth of cut (𝑎𝑝 = 1.25 mm),
the complete helix takes 2 hours and 44 minutes, and the incomplete helix takes
1 hour and 28 minutes. Increasing the depth of cut to (𝑎𝑝 = 2 mm) the complete
helix tool path takes 1 hour and 45 minutes, and the incomplete helix takes 1
hour. Figure 6.16 shows the measured wear of the same edge after finished the
operations mentioned. The 1.25 mm depth of cut accumulated excessive wear
of 0.47 mm, considering that it is not recommended to exceed 0.3 mm of wear;
however, the wear was reduced to 0.167 mm with the depth of cut 2 mm. It
might be explained by the reduction in the friction length, considering that the
depth of cut increment reduces the number of helical passes completing the whole
part with one set of edges; thus, shortening the overall tool path. Figure 6.16 (e
and f ) shows the machining results with no remarkable difference between the
strategy 𝑎𝑝 = 1.25 mm and 𝑎𝑝 = 2 mm.
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(a) Wear after complete helical trajectory opera-
tion 2105 (2h44m) 𝑎𝑝 = 1.25 mm.

(b) Wear after incomplete helical trajectory oper-
ation 2105 (4h02m) 𝑎𝑝 = 1.25 mm.

(c) Wear after complete helical trajectory opera-
tion 2105 (1h45m) 𝑎𝑝 = 2.00 mm.

(d)Wear after incomplete helical trajectory oper-
ation 2105 (2h45m) 𝑎𝑝 = 2.00 mm.

(e) Machining results of operation 2105 with depth
of cut (𝑎𝑝 = 1.25 mm).

( f) Machining results of operation 2105 with depth
of cut (𝑎𝑝 = 2 mm).

Figure 6.16: Comparison of the wear after the complete helical trajectory and incomplete helical
trajectory in operation 2105.
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Finishing turn-milling operations (1106, 1115, 1116 and 1117)

The turn-milling finishing operations are all performed by a flat end mill Sandvik
490. However, all the operations are semi-finishing and finishing operations,
meaning that the opportunity to reduce the number of passes is not available, un-
like the roughing operations. Consequently, the strategy for increase the material
removal rate was to increase the feed per edge. This decision was made based on
the low radial engagement of the cutter due to the wiper geometry. Therefore,
the axial nor the radial engagement can be modified; the only parameter to
change is the feed per edge. The operations affected by these modifications are
presented in figure 6.17; all these operations share the same cutting conditions.

(a) 2106 Flange finishing turn-milling operation. (b) 2115 - 2116 Ring semi-finish and finishing
intermittent turn-milling.

(c) 2117 Floor finishing.

Figure 6.17: Flat end mill turn-milling operations.

The general proposal was to augment the feed per edge from 0.133 mm
to 0.2 mm to all turn-milling operations performed with this mill to reduce
the time consumed by the finishing operations. The augment in the forces
expected present increments in the deformations of the workpiece. However,
considering the simulations presented in figures 6.13 and 6.14 showed very low
local displacement with maximum values of 5 `m. These simulations had higher
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forces than expected for these operations, and the stiffness of the workpiece is the
same. Consequently, as the finishing operations presents lower cutting forces is
expected even lower displacements.

The resulting cutting forces measured with the Spike(R) are presented in
figure 6.18. As expected, the increment of feed per edge increased the cutting
forces, and the comparison of the estimation and the experimental measurements
are presented in table 6.3. The increment in both cases followed the trend with
values relatively consistent. The signal in the Z direction presented magnitudes
not expected, and the increment is too large. In detail, this signal is noisy,
and it might mean that the load is too low and the sensor is not capturing the
value correctly. The obtained surfaces did not presented significant differences
qualitatively speaking. Figure 6.19 shows the obtained surfaces from turn-milling
operations 1106 (a and b) and 1117 (c and d). The time reduction of each operation
is presented in table 6.4. In total, the manufacturing time was reduced from 9
hours and 46 minutes to 7 hours and 39 minutes. Additionally, the workpiece can
be manufactured without change the cutting edges in the whole manufacturing
process, increasing the manufacturing productivity without compromising the
final quality.

(a) Promicron Spike (R) and the flat end mill Sandvik
(490)

(b) 1106 Steady cutting forces measured with Spike(R).

Figure 6.18: 1106 Tool and steady cutting forces measured with Spike(R).
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(a) 1105 Machining results 𝑓𝑧 = 0.133 mm.

(b) 1105 Machining results 𝑓𝑧 = 0.2 mm.

(c) 1117 Machining results 𝑓𝑧 = 0.133 mm.

(d) 1117 Machining results 𝑓𝑧 = 0.2 mm.

Figure 6.19: Comparison of surfaces with 𝑓𝑧 = 0.133 and 𝑓𝑧 = 0.2 mm
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Table 6.3: Comparison of the impact of increase the feed per edge experimental and theoretical
means.

𝑓𝑧
𝑚𝑚
𝑡ℎ𝑡

𝐹𝑟𝑎𝑑𝑖𝑎𝑙 [N] 𝐹𝑡𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙 [N] 𝐹𝑎𝑥𝑖𝑎𝑙 [N]
0.133 Sim 18 63 38
0.200 Sim 20 86 47
Increment 11% 37% 24%
0.133 Exp 35 148 228
0.200 Exp 53 175 539
Increment 51% 18% 136%

Table 6.4: Time reduction due to the 𝑓𝑧 increment.

Operation Operation time min
𝑓𝑧 = 0.133 mm

Operation time min
𝑓𝑧 = 0.2 mm

1106 19 14
1115 48 32
1116 49 31
1117 48 39

6.3 Conclusions

Diverse industries are constantly presenting parts that are clear candidates to be
manufactured through turn-milling operations, as the aeronautic sector. In this
chapter a workpiece that resemble an aeronautic combustion case was manufac-
tured following the tool cutting condition recommendations. Additionally, the
turn-milling operations were analyzed with the developed models raising the
following conclusions:

1. The specific analysis of turn-milling operations increased the process
productivity. The analysis and the new proposal of cutting conditions reduced
the manufacturing time around 20%.

2. The increment of the depth of cut 𝑎𝑝 for the turn-milling roughing
operations resulted in a more efficient use of the cutting edge reducing in more
than three times the edge wear accumulated from the whole rough process.
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The kinematic and mechanical study of orthogonal turn-milling operations elu-
cidates the effect of the cutting parameters on the uncut chip geometry and the
cutting forces. However traditional milling models do not consider turn-milling
parameters, evidencing the need for specific models for these operations. In the
present study analytical and numerical models for orthogonal turn-milling opera-
tions have been presented to describe the uncut chip geometry and predict cutting
forces. These models consider the increased number of parameters required to
define the turn-milling process. These models were validated theoretically and
experimentally and the following conclusions can be drawn:

• The analytical approaches accurately represented the uncut chip geometry
in the centric case. Additionally, the volume of the collected cut chips corre-
sponded to the prediction, and the qualitative comparison between the modeled
uncut and cut chips collected were in good agreement.

• The approaches proposed in this thesis provide a efficient way to understand
the effect of the cutting parameters on the uncut chip geometry, and more
importantly, on the cutting forces in diverse operating scenarios. The force
predictions were in good agreement with the experimental data. Besides of the
tool flank zone, the tool end cutting zone is a very important component that
must be considered and limits the process increasing considerably the cutting
forces.

• The development of these uncut chip geometry predictive models is nec-
essary to develop accurate cutting force models, contributing to appropriate
machining strategies and increasing process productivity. In addition, this re-
search promotes to a deeper understanding of the turn-milling process and can
propose appropriate conditions for improved quality and higher material removal
rates under safe cutting conditions.

• The analytical approach accurately reproduced the effect of the eccentricity
in orthogonal turn-milling operations. The represented uncut chip geometry
presented an accurate prediction of the geometry, being validated theoretically
and experimentally.

• The eccentricity modifies the uncut chip volume presenting a maximum
local value that not correspond to a linear function. Once that value is exceeded,
the volume decreases considerably below the theoretical value 𝑉𝑜𝑙 = 𝑎𝑝𝑎𝑒 𝑓𝑧 .

• The main effect of the eccentricity over the uncut chip geometry is the end
cutting zone reduction and the increment of the instantaneous depth of cut of
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the flank zone in flat end mills. It was evidenced in simulations and experimental
results in the cutting trials with the reduction of the axial force as the eccentricity
increases.

• The developments presented in this research are powerful tools to simulate
vast cutting-case scenarios quickly. Additionally, it helps to understand that the
eccentricity does modify the chip volume, giving a chance to identify geometrical
errors by presenting a threaded excess of material in the workpiece result of the
insert geometry.

• The numerical simulations performed provide clear evidence of the im-
portance of the tool profile in the performance of turn-milling operations. This
could lead to scenarios where the tool does not remove the material uniformly,
resulting in geometrical errors. One such scenarios could occur if the wrong
eccentricity were selected. Even when eccentricity is under the considerations
presented by (Zhu et al., 2015a), these recommendations are only valid for flat
end mills.

• This research did not find theoretical evidence that supports the condition
of eccentricity (𝑒 = 𝑟𝑡 − 𝑙𝑠 ) is “optimum". Indeed, the simulated results showed
maximum forces at this condition of eccentricity. This scenario is detrimental to
the slender parts, inducing higher dimensional errors.

• The engineered cutting conditions results in a useful way to improve the
productivity in industrial scenarios. In the studied workpiece, these improved
conditions reduced the overall manufacturing time by around 20%, which is
a considerable improvement from the initial manufacturing time. The second
workpiece was completely machined without changing the cutting edges, re-
ducing the manufacturing cost and maintaining the workpiece quality.

• The process modeling provided information to make informed decisions
that in addition to the workshop experience impacted positively in the process
productivity. When proposing recommendations for improvement it is crucial
to couple the complementary information of the experimental and theoretical,
rather than placing excessive trust in only one method.

Future lines

A number of further research questions arouse in the development of this work,
and it is thus recommended that the the following future lines are considered to
increase the operation domain:

• The implementation of these models in commercial CAD/CAM software
taking in advantage the uncut chip geometry due to the tool path program-
ming. The direct cutting force simulations would work as a machining strategy
validation with optimization aims.

• The surface topography in turn-milling seems to be strongly dependent
of the cutting conditions and the tool profile. This resulting topography does
not seems to be intuitive as presented in figure 6.16 (e and f ). With the aim
of enhance the industrial applications of this operations, it is recommended to
develop models that relate the cutting condition, the tool profile, and the resulting
surface in turn-milling.
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• Based on the geometrical modeling presented in this thesis, further explo-
ration of temperature modeling is recommended. This would help to complete
the thermo-mechanical modeling of the process. Geometrical error and the
out of tolerances machining would also be prevented with the develop of the
thermo-mechanical models.

• Optimization methodologies should be developed further to determine the
optimal operating window of the process.

• It might also be useful to explore approaches based on surfaces instead of
points as was the case in this thesis. This recommendation is to develop models
compatible with CAD software to integrate the thermo-mechanical models into
commercial software.
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