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A B S T R A C T   

There is a need in manufacturing as in machining of being more productive. However, at the same time, 
workshops are also urged for lesser energy waste in cutting operations. Specially, rough milling of impellers and 
bladed integrated disks of aircraft engines need an efficient use of energy due to the long cycle times. Indeed, to 
avoid dramatic tool failures and idle times, cutting conditions and operations tend to be very conservative. This is 
a multivariable problem, where process engineers need to handle several aspects such as milling operation type, 
toolpath strategies, cutting conditions, or clamping systems. There is no criterion embracing productivity and 
power consumption. 

In this sense, this work proposes a methodology that meets productivity and sustainability by using a specific 
cutting energy or sustainable productivity gain (SPG) factor. Three rough milling operations -slot, plunge nad 
trochoidal milling- were modelled and verified. A bottom-up approach based on data from developed mecha-
nistic force models evaluated and compared different alternatives for making a slot, which is a common oper-
ation in that king of workpieces. Experimental data confirmed that serrated end milling with the highest SPG 
value of 1 is the best milling operation in terms of power consumption and mass removal rate (MRR). In the case 
of plunge milling technique achieve an SPG < 0.51 while trochoidal milling produces a very low SPG value.   

1. Introduction 

Metalworking companies are constraint to satisfy international 
standards for selling goods in very competitive markets. Meanwhile, 
climate change and air pollution are pushing for urgent solutions and 
mindset changes. In recent years, the need for efficient use of energy was 
demonstrated to be an imperative goal [1]. The machining of impellers 
and bladed integrated disks (blisks) of aircraft engines reflects this 
paradox. On the other hand, the fleet of active engines will increase by 
18,000 units [2] during the next decade. According to this study, in 2026 
more than half of the engine fleet will be replaced by new-generation 
models. These numbers give an idea of what we shall expect also from 
manufacturing processes: productivity with sustainability. 

Because of their high-added value, the use of conservative cutting 
parameters in the machining of aerospace parts is a usual trend in the 
workshop. This modus operandi tends to increase cycle times and power 
consumption. To reduce cutting forces and power, innovative ideas are 
continuously drawn by toolmakers. For instance, to get a different 
engagement between tool and workpiece, new approaches can be 
divided into two important groups: 1) design of complex tools (geome-
try); 2) use of alternative milling kinematics. These solutions are com-
bined with a planned CAM strategy (NX©, Hypermill©, etc.) for efficient 
use of cutting parameters and machine tool’s linear axes. 

Focusing on the first group, innovative cutting tools have been 
designed and modelled for an efficient chip removal rate. Toolmakers 
created new geometries for solid mills (variable pitch/helix tools, 
serrated end mills, etc.) as for indexable milling tools (porcupine tools, 
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high-feed inserts, etc.). Variable helix and pitch cutters were proved to 
reduce the tendency to chatter and cutting vibrations [3–5]. Serrated 
end mills, based on wavy -sinusoidal or trapezoidal- cutting-edge pro-
files, also positively affect cutting forces. Koca et al. [6] studied the ef-
fect of the serration parameters (wavelength period and amplitude) on 
the boundary limits. Grabowski et al. [7] used the semi-discretization 
method to study chatter using different axial locations of the engaged 
depth of cut. Tehranizadeh et al. [8] gave a complete perspective of 
static and dynamic forces proving that these tools can improve stability 
margins. Recently, Urbikain and Olvera [9] detailed a new approached 
for keeping a compromise between forces and surface finish. These au-
thors optimized the phase shift angle between flutes to satisfy both re-
quirements: minimum forces and surface accuracy. 

On side of process kinematics, alternative strategies to conventional 
milling can be applied for a more efficient mass removal rate (MRR). 
First, the plunge milling process can be a promising alternative. In this 
case, the tool is fed along tool axis z (or spindle axis), which is far more 
rigid than x-y directions. So, it is appropriate for operations where a high 
mass removal rate (MRR) is desired and the tool travels large depths, 
such as cavities. Ko and Altintas [10] described the basis of plunge 
milling operations by proposing a time-domain model. They considered 
the chip regeneration mechanism to study torsional-axial vibrations and 
validated their model through experimental tests. Zhuang et al. [11] 
studied plunge milling stability while machining difficult-to-cut mate-
rials. These authors employed (and validated) the frequency-domain 
method for an efficient, chatter-free, chip removal through the optimi-
zation of radial cutting widths. Yang and Tang [12] studied the feasi-
bility of plunge milling for face-gear machining and proved its 
advantages. These authors approached the problem from a theoretical 
(geometrical) point of view using Vericut software. Han et al. [13] 
applied multi-axis plunge milling for the rough machining of impeller 
parts. They formulated the interaction between the cutter and workpiece 
and demonstrated that an efficient optimization of some elements - tool 
length, cavity depth, tool inclination angles and overlap distance be-
tween passes - can improve time cycles up to 40%. More lately, Cafieri 
et al. [14] focused on controlling cutting parameters via machine tool’s 
CNC online. They determined optimal values through continuous vari-
ation: cutting speed, feed rate and overlap between passes. Secondly, 
trochoidal milling emerges as a faster and more productive chip evac-
uation technique than conventional milling. It is applied to slot and 
pocket milling applications. Otkur and Lazoglu [15] gave a pioneering 
analysis of trochoidal milling developing a numerical engagement 
model and even proposing a second strategy: the double trochoidal 
milling. Both models were validated with experimental tests in 

aluminum alloy Al7039. Due to its efficiency in mass removal rate, some 
authors studied this technique for the milling of pockets and cavities to 
save surface finish at the corner where the tool’s load is higher. Wu et al. 
[16] successfully applied a control strategy for cavity trochoidal milling 
that reduced vibrations and tool wear. Pleta et al. [17] studied via 
Taguchi method the relationship between input (model) and output 
(force and wear) parameters. These authors investigated the effects of 
the trochoidal path and tool wear on the region beneath the machined 
surface. Some authors analyzed in depth the problem and studied its 
kinematics with further axes. Luo et al. [18] proposed a four-axis 
trochoidal toolpath using a ball-end mill for the machining of blisk 
channels. The trochoidal paths were raised in parametric domain and 
controlled to produce smooth orientations and movements. The method 
can be expanded to five-axis milling. Li et al. [19] proposed an original 
approach to maximize mass removal rate (MRR) in the trochoidal 
milling of cavities by generating a spatial cubic curve-based cyclic five- 
axis tool path. 

The problem of energy consumption in milling centers was also faced 
through modelling. Avram and Xirouchakis [20] evaluated the energy 
requirements of the spindle and linear axes in a milling operation. Their 
methodology was experimentally verified considering both steady-state 
and transient regimes. In a conceptual work, Balogun and Mativenga 
[21] showed the influence of several machine components (state power, 
tool change, air cutting power) on power and energy consumption for a 
machine tool. Sealy et al. [22] proposed an interesting approach by 
linking cutting specific energy to surface integrity. They demonstrated 
that specific energy is a valuable indicator for process signature and can 
give the path to surface integrity control. Ma et al. [23] proposed a 
specific energy calculation model to predict the electrical energy 
consumed by a three-axis milling machine, and optimized focused on 
controlling spindle speed. Xu et al. [24] investigated the problem of 
energy consumption in five-axis operations. They proposed an algebraic- 
based model to find an equilibrium between energy consumption and 
the desired toolpath. They obtained savings of 25% in the consumed 
energy. Lv et al. [25] proposed a model to estimate power and energy 
consumption of spindle acceleration in a CNC lathe. They found very 
close results between simulation and experiments data (<6%). Shin 
et al. [26] used component-models to predict energy consumption as a 
function of machining setup, cutting parameters, and real-time moni-
toring data that were handled to retrofit the model. Wojciechowski et al. 
[27] presented a multi-criteria optimization method focusing on force 
reduction which is an indicator of power consumption. They applied the 
response surface method to improve ball-milling operations in inclined 
surfaces. Cai et al. [28,29] developed a method for the identification of 

Nomenclature 

A Sinusoidal wave amplitude 
ae [mm] Radial depth of cut 
ap [mm] Axial depth of cut 
c [mm] Stepover (orbit) 
D [mm] Tool diameter 
Ds Width of the slot 
dorb Orbit diameter 
dFx,y,z [N] Differential Force component in x-, y- and z-axis 
Fc Resultant cutting force 
Ft,r,a [N] Force in tangential, radial and axial directions 
Fx,y,z [N] Force component in x-, y- and z- axis 
fz [mm/Z] Feed per tooth 
Ktc, Krc, Kac [N/mm2] Shear Cutting coefficients in tangential, radial 

and axial directions 
Kte, Kre, Kae [N/mm] Edge Cutting coefficients in tangential, radial 

and axial directions 

P0 Idle power 
P Cutting power 
Qw [mm3/s] Chip flow 
Ra [µm] Surface roughness 
rorb Orbit radius 
N [rpm] Spindle speed 
t [s] Total cutting time 
t1 [s] Cutting period 
t2 [s] Idle period 
vf [mm/rev] Feed per revolution 
vr [mm/min] Linear feed 
V [mm3] Removed volume 
Vc [m/min] Cutting speed 
Z [-] Number of flutes 
β [] Helix angle 
λ Wavelength period of sinusoidal wave 
κ [◦] Side cutting edge angle  
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energy efficiency state. Continuous wavelet transform was combined 
with Fast independent component analysis and Hidden Markov model. 
Later, Shi et al. [30] developed an energy prediction model, but 
considering the effects of tool wear. These authors claimed that it could 
be inversely used for tool wear estimation. Later, the same research 
group refined the method and found more accurate results [31]. They 
verified their improved model in Aluminum and Titanium alloys. 
However, that work only focused in common milling operations -slot 
and peripheral milling. Venkata Rao [32] proposed a teaching learning- 
based optimization technique coupled with FEM simulation to obtain 
the best cutting parameters combination in micro-milling of D2 steel. As 
a result, cutting forces and power as well as residual stresses were 
reduced. Zhang et al. [33] proposed a complete mechanical milling 
power model and then validated it through experimental tests. They 
found feed parameter is the most important cutting parameter when it 
comes to improving mass removal rate. Recently, with the aim of 
extracting key frequency features in the cutting signal, Yuan et al. [34] 
developed and applied some numerical algorithms. The outcomes give a 
clue for intelligent monitoring and maintenance. Nevertheless. addi-
tional studies need to be done for implementation in industrial practice. 
Nguyen [35] proposed an multi-parameter optimization of machining 
energy. In that work, specific cutting energy, material removal rate, and 
roughness were optimized simultaneously using Kriging models. 

Cutting force and power prediction is a hot topic in machining 
[36,37]. However, despite both magnitudes are connected, works in the 
literature tend to study them under different approaches. On one hand, 
force models can be occupied by authors who face the problem from a 
physico-mechanical point of view. Such research groups also tend to 
study collateral, neighboring problems such as surface roughness 
[38–41], vibrations [42–45] or tool wear [46]. On the other hand, 
cutting power models are most of times developed from purely empirical 
approaches, profiting from the fact that power is a simple, scalar and 
significant value in machining. 

From the above, some gaps are identified. First, power models are 
very often considered from a statistical or empirical point of view, 
handling enormous data that are retrofitted towards an empirical model. 
In that cases, the meaningfulness of cutting theory and mechanics for 
energy calculation tends to be left out of the problem. Second, to the 
authors’ knowledge, there is no attempt in the literature of character-
izing productivity including at the same time sustainability critera in 
machining operations. Very often, works dealing with forces and power 
in machining processes try to maximize or minimize one single aspect. 
For instance, minimizing cutting power (or cutting forces) or maximize 
productivity. Third, models lack of generality as tend to be verified on 
quite specific cutting operations. 

There is an obvious conflict between productivity and energy con-
sumption because being productive is often associated with an increase 
in the cutting power requirements. In particular, at the rough stage there 
is a margin for improvement. Besides, choosing the best milling process 
and cutting conditions is also a challenge. This paper presents a bottom- 
up approach for the decision-making during the definition of rough 
milling process that meets both, productivity and sustainability. Here, a 
selection criterion is proposed. It is based on the information from 
mechanistic force models. A sustainable productivity gain (SPG) factor 
enables qualifying any given pair of operation datasets considering both 
aspects. As proof of concept, different processes -plunge milling, 
trochoidal milling and serrated milling- were measured and evaluated as 
alternative processes for a typical rough milling operation. First, Section 
2 depicts the methodology throughout the work. Section 3 presents the 
kinematics and tool specifications for the different milling processes. 
Section 4 and 5 (level 0-1-2) illustrate the basis for force modelling and 
the validation of these models respectively. Section 6 proposes a new 
index, the Sustainable Productivity Gain (SPG) to select the most effi-
cient alternative having in mind both productivity and energy preser-
vation. Finally, some conclusions are drawn. 

2. Methodology 

At the rough stage, productivity is constraint by conservative cutting 
parameters resulting in long, time-consuming operations and resulting 
in a waste of energy. In the practice, there are many different scenarios 
(milling alternatives, tool features, cutting parameters) and there is not 
an objective-quantitative criterion to choose one above another. Ma-
chinists and even process engineers tend to follow rules based on their 
expertise, recommendations from toolmakers, etc. This is not enough if 
aiming for improved and cleaner processes. 

Fig. 1 shows the workflow diagram used to improve the decision- 
making process at that stage. Level 0 represents almost an instanta-
neous first step in the procedure. Chip flow can be calculated as an in-
dicator of mass removal rate and process productivity. Then, level 1 
attempts to develop and validate the models in terms of the predicted 
milling forces. Output parameters can be representative features 
regarding cutting forces: mean, maximum and peak to peak values. 
Here, input parameters are 1) milling type or kinematics (plunge, 
trochoidal, serrated); 2) tool geometry (solid end mill or replaceable 
inserts, tool diameter D, helix angle β, tooth number Z, side cutting edge 
angle κ, amplitude A and wavelength λ); 3) cutting parameters: axial 
depth of cut ap, radial depth of cut ae, feed fz and spindle speed N (or 
cutting speed Vc). Subsequently, the developed models are upgraded to 
the highest level 2. Once fixed the geometry of the operation, milling 
strategy and cutting parameters, the models generate higher degree 
output parameters to qualify the alternatives from the point of view of 
productivity and energetic efficiency: removed chip volume/time and 
power consumption. Alternatively, practitioners could measure both, 
cutting forces (more expensive, using dynamometers) as cutting power 
(cheaper, using power meters). In this work, we will check both ap-
proaches: modelling and experimentation. 

3. Alternatives for rough milling 

Slot milling is a common strategy for roughing because it combines a 
high chip removal rate with the simplest tool trajectory. However, 
milling tools put through high stress due to the big interference between 
tool-workpiece. Cutting forces tend to be very high and so, deep grooves 
often require several longitudinal passes and reduce the total depth of 
cut into smaller steps. 

Slot milling operation can be done in a 3-axis machining center (as 
will be the case here) but founds its maximum operability in 4- and 5- 
axis to prepare complex surfaces in bladed disks and impellers. It is 
used as an initial cutting strategy with the usual patterns of zigzag tra-
jectories. In these cases, the intersections with the geometry at certain 
levels are taken as a reference, to generate the curved paths between the 
blades. Typically, these levels are surfaces parallel to one of the surfaces 
of revolution of the piece (hub/shroud) or interpolation between the 
two. Bearing in mind this reference operation, Fig. 2 presents the 
different milling processes and their main features. 

It is observed how heterogeneous the many available solutions can 
be. As a reference system, the x-axis is taken as the longitudinal direction 
of the slot while the z-axis represents tool axis direction, the y-axis is the 
counterfeed (normal) direction. From the selected processes, serrated 
and plunge milling use a tool with the same diameter as the slot, while 
trochoidal milling strictly needs a smaller tool (D < ae), enabling 
trochoidal trajectories. Besides, its process kinematics is more compli-
cated: there are up to 5 parameters and feed direction continuously 
changes in x-y plane. On the other hand, the concept of axial depth of cut 
disappears for plunge milling. So, the decision of choosing the best 
alternative could be not so clear and straightforward. 

Serrated milling can be a good solution for slot milling operations 
due to its relatively low cutting forces in comparison with conventional 
straight (cylindrical) cutting tools. Serrated tools present a sinusoidal 
geometry along the tool helix, causing a variation in the tool radius, in 
the side cutting edge angle and so, leading to a varying work/tool 
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contact time along the direction of the depth of cut. Besides tool diam-
eter D and helix angle β, two additional geometric parameters need to be 
defined: the amplitude A and wavelength period λ of the sculptured si-
nusoidal wave. Side cutting edge angle is measured as the angle con-
tained between the cutting edge and the horizontal plane. Besides, 
plunge milling and trochoidal milling are studied as possible candidates. 
In plunge milling, the feed or penetration movement is done in the tool 
axis direction z so the expected predominant cutting force component is 
Fz. It is a valid alternative when peripheral milling would lead to 

excessive vibrations, i.e., when using long tool overhangs, or when 
milling low machinability materials (such as titanium or nickel alloys). 
This aggressive milling is done with the theoretically secondary cutting 
edge of the milling cutter, instead of using the main cutting edge. To 
avoid excessive cutting forces the overlap between passes must be 
controlled. Trochoidal milling is an effective way of removing material 
for machine tools with enough dynamic capabilities. Trochoidal kine-
matics is based on programming circular paths to keep a smaller 
engaged (tool/work) contact angle. As a result, lower cutting forces and 

Fig. 1. Workflow diagram to evaluate efficient rough milling operations.  

Fig. 2. Slot milling alternatives. A. Serrated milling; b. Plunge milling; c. Trochoidal milling.  
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tool wear are expected. However, the design and generation of 
trochoidal trajectories are more complex than programming plunge 
milling. For high depths, the slot is divided into several axial passes. 

In milling, two different reference systems need to be defined. A local 
one, moving with the tool, t-r-a (t = tangential, r = radial, a = axial), and 
a fixed one, xyz (where xy is the horizontal plane and z overlaps with 
tool axis), x is the longitudinal direction of the slot. So, the tangential 
cutting force Ft is in the direction of cutting speed, the axial force Fa is 
parallel to the cutting-edge direction, while Fr takes place along the 
orthogonal direction to the cutting edge. For trochoidal milling, the 
variation of Fx and Fy is quite similar but shifted due to the circular path. 
This process leads to the lowest Fz component. Even different between 
processes, plunge and trochoidal milling give comparable Fx and Fy 
forces, while Fy force component is predominant in the slot milling with 
the serrated tool. They also involve a cut-off period of the cutting tool, 
between subsequent radial passes in the case of plunge or between 
subsequent orbits in the case of trochoidal milling. The serrated milling 
process stands as the most aggressive cutting with nonzero values for the 
three components. 

Fig. 3 shows the previously described cutting tools (Hoffmann 
Garant©), all made of uncoated hard metal (CW). Even if the economical 
approach is out of scope here, we present their associated costs. First, the 
serrated tool is the most expensive one: a carbide solid mill, sculptured 
with a wavy profile over the cutting edge. Then, the most economical 
alternative, the tool for plunge milling, which is made of high-feed 
indexable inserts. Having Z = 2, each package of 10 items enables 
replacing them up to 5 times. Finally, the trochoidal tool, which is not 
very much different than a conventional straight solid end mill, but 
specially prepared for suffering high axial depths of cut. 

4. Milling force models for the candidate processes 

Milling force models can predict cutting forces with relatively high 
accuracy under a range of cutting conditions. Mechanistic force models 
assume a proportionality relationship between the local forces acting on 
the rotating tool and the chip thickness. These differential cutting forces 
are generally written in the local system t-r-a as: 

dFt,j
(
ϕj, z

)
= g

(
ϕj
)
⋅
[
Kt,ch

(
ϕj, z

)
dz + Kt,edz

]

dFr,j
(
ϕj, z

)
= g

(
ϕj
)
⋅
[
Kr,ch

(
ϕj, z

)
dz + Kr,edz

]

dFa,j
(
ϕj, z

)
= g

(
ϕj
)
⋅
[
Ka,ch

(
ϕj, z

)
dz + Ka,edz

]
(1)  

where g(φj) is a function that detects whether the teeth are engaged in 
the cut or not, h is the chip thickness, db is the differential height element 
and ds the differential edge element engaged in the cut. Ktra,c and Ktra,e 
are the shear cutting coefficients and edge coefficients, respectively, 
which are calibrated from experimental tests. The cutting forces in Eq.1 
need to be integrated along with the full axial depth of cut, summed for 
all the teeth engaged in the cut and projected over the directions of the 
inertial frame of reference. 

Serrated and trochoidal models are here described using shear and 
friction components while plunge milling was simplified through shear 
cutting coefficients. Table 1 raises the main parameters in the identifi-
cation of cutting forces. Among all these parameters, the chip thickness 
is a mandatory variable for the numerical computation of cutting forces. 
It can be difficult to find in a closed-form expression for some milling 
operations. Regarding the side cutting edge angle, it is constant for 
straight cutting tools (trochoidal) and can be assumed as constant for 
high-feed plunge milling, while it is variable along with the sinusoidal 
wave for serrated end-mills. Some other assumptions of the models are: 
1) no runout effects were considered; 2) rigid cutting conditions (no 
chatter). 

Fig. 3. Cutting tools and geometrical data.  
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5. Simulations and experimental validations 

This section presents the bottom-up approach aiming for a descriptor 
of milling operation: the sustainable productivity gain. As mentioned, 
the approach is divided into 3 different levels. 

5.1. Level 0: Chip flow calculation 

For plunge milling operation, the classical formula for chip flow (Qw 
= V / t = ap⋅D⋅L / t, where V is the removed volume and t the total time) 
for the whole operation is verified against a computed value taking into 
account the programmed toolpath. For a single pass, the chip flow 
should also satisfy: 

Qw =
V
t
=

c⋅D⋅ap

t1 + t2
(2)  

where ap = 60 mm is the height of the slot, c is the slope between vertical 
passes, D is tool diameter, t1 and t2 stand for the cutting and idle periods. 
If using, as usual, the work feed rate during machining (G1) and the 
maximum feed (G0) during tool retraction and considering than during 
retraction the tool goes to X = − 0.5 and Z = +0.5 and then to X (safety 
plane): 

t1 =
ap

vf ,1
(3a)  

t2 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅((
ap + 0.5

)2
+ 0.52

)√

+ 0.5 + 0.5

vf ,2
(3b)  

where vf,1 = fz⋅Z⋅N and vf,2 = fz,max⋅Z⋅N (with Z = 2, N = 2,800 rpm and 
fz,max = 0.578 mm/Z/rev). 

Similarly, chip flow is computed for trochoidal milling as: 

Qw =
V
t
=

c⋅Ds⋅ap

t1 + t2
(4)  

where ap = 60 mm is the height of the slot, c is the slope between the 
planetary orbits, Ds is the width of the slot (Ds = 20), t1 and t2 stand for 
the cutting and idle periods. In this case, t2 was also programmed using 
the work feed rate (G1). So, the time for a single pass considering that 
the effective machining is done during 1/2 of the orbit: 

t = t1 + t2 =
s1

fz⋅Z⋅N
+

s2

fz⋅Z⋅N
=

πrorb + s2

fz⋅Z⋅N
(5)  

where rorb = 0.5 ⋅ (Ds – D) = 0.5 ⋅ (20 – 12) = 4 mm is the orbit radius and 
s2 = 25.62 mm is the length during tool retraction. 

For serrated milling, the calculation of machining time and chip flow 
is straightforward as there are no idle times. The tool is in permanent 
contact with the workpiece through the pass and the feed is linear along 
the x-axis (see Fig. 4). So, for serrated milling-as for slot milling- it is 
computed as: 

Qw =
V
t
=

ap⋅ae⋅vf

t
(6) 

We will refer again to these values in Table 6. 

5.2. Level 1: Cutting forces 

In order to validate the proposed methodology, first, the cutting 
force models need to be verified. Milling calibration tests were made on 
an Aluminum (7075 T6) block (260 × 260 × 100) in a 3-axis machining 
center (Kondia B640). Kistler 3-component dynamometer (9257B) and 
charge amplifier were used to measure the cutting forces (see Fig. 4). 
The x-axis is aligned with the slot direction and feed direction in a 
common milling operation. The y-axis is the orthogonal direction and 
the z-axis, as usual, coincides with tool axis direction and feed direction 
in plunge milling. All the cutting tests were done in wet conditions 
(conventional oil emulsion). Starting cutting conditions were based on 
toolmakers’ recommendations but, to be comparable, some modifica-
tions were done. Table 2 shows the main parameters for the character-
ization tests, where ap stands for the axial depth of the slot, ae is 
considered the radial immersion for the serrated tool and c stands for the 
stepover in plunge milling or stepover at each planetary orbit in 
trochoidal milling. From calibration tests, the cutting coefficients were 
found: Ktc = 905e6 [N/m2], Kte = 13e3 [N/m], Krc = 570e6 [N/m2], Kre 
= 12e3 [N/m], Kac = 285e6 [N/m2], Kae = 1e3 [N/m]. 

In order to verify each of the modelled processes, additional exper-
imental studies were conducted. Table 3 shows some of the validations 
performed for the three tested processes. 

Fig. 5 shows the correspondence between the experimental and the 
simulated forces during five revolutions. A general look at the experi-
mental forces gives a noisier signal for the 3rd channel Fz. From this 
section, serrated milling was observed as the most productive process 
(higher mass removal rates) but attention must be paid to the power 
consumption. In the case of plunge milling (Fig. 5b), the cutting force 
pattern is repeated every 180◦ in a two flutes cutter and a small runout 
effect is seen in the experimental cutting forces. Even if the z-axis is in a 
very sensitive direction, a favorable shape and equilibrium between the 
three components can be maintained if the radial slope between passes is 
kept under control. In all the cases, the relative error between predicted 
peaks (maximum force components) and experimental ones is below 
13%. A good estimation is obtained from models even not considering 
tool’s runout. 

5.3. Level 2: Power and energy 

In sub-heading 5.2, Level 1 accomplished the task of force models 
development and validation. As explained before, the most efficient 

Table 1 
Differential forces in xyz system for the three candidate processes.  

Candidate processes Absolute differential cutting forces 
dFx, dFy, dFz 

Serrated milling [9] dFx,j = cosϕj⋅dFt,j + sinϕjsinκzR⋅dFr,j − sinϕjcosκzR⋅dFa,j
dFy,j = − sinϕj⋅dFt,j + cosϕjsinκzR⋅dFr,j − cosϕjcosκzR⋅dFa,j

dFz,j = − cosκzR(j, z)⋅dFr,j + sinκzR⋅dFa,j    

Plunge milling [10] dFx,j = − cosϕj⋅dFt,j + sinϕj sinκ⋅dFa,j − sinϕjcosκ⋅dFr,j
dFy,j = sinϕj⋅dFt,j + cosϕjsinκ⋅dFa,j − cosϕjcosκ⋅dFr,j

dFz,j = − cosκ(j, z)⋅dFa,j − sinκ⋅dFr,j    

Trochoidal milling [15] dFx,j = cosϕj⋅dFt,j + sinϕj⋅dFr,j
dFy,j = − sinϕj⋅dFt,j + cosϕj⋅dFr,j

dFz,j = dFa,j    

x

z

y

Fig. 4. Example of slot milling operation using plunge strategy and Kis-
tler’s axes. 
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process here is defined as the one that achieves the best compromise 
between productivity and power consumption. So, cutting forces, power 
consumption, removed chip flow will be derived and compared with the 
experimental values to verify the predictions of the models. Specifically, 
cutting conditions in Table 4 will be used for the slot milling of a large 
depth cavity of section 60 mm (height) × 20 mm (width) with the three 
candidates. 

In this case, a power meter (UPC sensor) is installed in the electrical 

cabinet to record the power requested by the milling spindle head. A 
Hall effect sensor was installed on the three phases powering the ma-
chine tool’s spindle. Fig. 6 shows the measurements of power con-
sumption during machining and idle periods (the latter are taken at the 
starting or ending of the cutting process). 

Table 5 list the parameter process values used for the characteriza-
tion of the 10 cases in Table 6. The experimentally measured values are 
used to check the predictions of the proposed model. To obtain the 
power from using of the model, the idle power (P0) needs to be cali-
brated for a range of spindle speeds (N = 2800–6631, P0(S) = p1⋅S2 +

p2⋅S + p3, p1 = 8.259e-09, p2 = -4.69e-05, p3 = 0.5166). Then, the 
cutting power can be calculated using an expression similar to that 
presented for instance in [47,48]: 

P = P0 +(Fc⋅Vc/60)/103 (7) 

Fig. 7 shows a good correspondence between the calculated cutting 
power and the measured values. Both share similar trends even if models 
tend to overestimate the real cutting power. The predicted one is always 
higher because the experimental one considers also the cut-off transition 
periods between consecutive radial passes (plunge) or planetary orbits 
(trochoidal) that tend to diminish the average power. Even for the same 

Table 2 
Cutting parameters for the characterization tests.  

Cutting process ap [mm] ae or c [mm] fz [mm/rev/ tooth] vf [mm/min] N [rpm] Vc [m/min] 

Serrated milling 10 20 0.10–0.15–0.20 1074–1611–2149 3,581 225 
Plunge milling 70 1.25–1.5–1.75 0.15–0.175–0.20 840–980–1120 2,800 176 
Trochoidal milling 35 0.5–0.75 0.05–0.075–0.1 995–1492–1989 6,631 250  

Table 3 
Cutting parameters for the validation tests (see Fig. 5).  

Cutting 
process 

ap 

[mm] 
ae or c 
[mm] 

fz [mm/ 
rev/ 
tooth] 

vf 

[mm/ 
min] 

N 
[rpm] 

Vc 

[m/ 
min] 

Serrated 
milling 

10 20  0.10 1350 4500 282 

Plunge 
milling 

60 1.3  0.16 896 2800 176 

Trochoidal 
milling 

60 0.8  0.06 1194 6631 250  

Fig. 5. Model validation (left-experimental, right-predicted). a. Serrated milling; b. Plunge milling; c. Trochoidal milling.  
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kind of operation, the difference can also be variable from one case to 
another due to a different number of passes and slopes for the tested 
cases. If more passes are programmed more cut-off periods are consid-
ered. If cut-off periods are minimized the difference between both would 
be shorter. 

6. Sustainable productivity gain 

The aforementioned levels bring up the opportunity for building 
more practical parameters: the Qw/P ratio (which indeed is dependent 
on the specific cutting force) and the SPG (Sustainable Productivity 
Gain), which represent the absolute and relative versions of a concept 
for stating how efficient one given operation is. Specifically, the second 
one can be defined as a ratio of ratios: 

SPG =
iQw

iP
(8)  

where iQw = Qw,2/Qw,1 and iP = P2/P1 are the chip flow and power 
consumption ratios for operations #1 and #2. This non-dimensional 
parameter allows selecting the most effective cutting parameters from 
both points of view: maximum removal rate at the minimum power 
consumption. 

Table 5 compares both results predicted and experimental data. All 
the cases were referred to the best case (last Case 16, SPG = 1). The 
highest value here is so SPG = 1. Some small error are found between 
modelled and experimentally obtained SPG, mainly due to cutting 
power calculation. However, the trend is similar for both sets of values. 
For the tested cutting parameter range, serrated milling is the preferred 
option, followed by plunge milling. The best compromise between ma-
terial removal rate and power consumption was found in Case 16 and 
the worst one in Case 6. Note also that, for the same mass removal rate, 

the SPG index recommends Cases 14-15-16 vs. Cases 11-12-13. It is also 
capable of detecting that Case 13 is more favorable than Case 14. 

For the serrated slot milling, Cases 14-15-16 provide equivalent chip 
flow in comparison with Cases 11-12-13. The SPG index states that Case 
14-15-16 are preferable to 11-12-13 because under the same volume of 
material removed lower power consumption was found. 

Neglecting the effect of the cutting speed for the sake of simplicity, 
the variation of cutting power, chip flow, and the absolute-relative 
sustainable productivity index can be represented. Fig. 8 shows the 
surface maps for these functions in the case of the plunge milling pro-
cess. Clearly, cutting power and chip flow are functions increasing with c 
and fz, but as they grow differently, it is interesting to read the ratios of 
their respective evolutions simultaneously. In this sense, Fig. 8c and 8d 
represent a complete picture of the capabilities of milling operations. 

As an optimization criterion, isolines as shown in Fig. 8d can be 
drawn. These isolines represent equivalent combinations of cutting pa-
rameters c-fz in terms of productivity and sustainability. So, it can be 
used by process engineers when it comes to choosing the best cutting 
conditions for a specific milling operation. 

For instance, for a fixed parameter window, i.e. c[1–4] and 
fz[0.05–0.30], Fig. 8c and 8d propose margins for improvement in Case 
1. The SPG index suggests that c = 4 and fz = 0.175 mm/Z/rev is the 
most convenient combination for a productive-sustainable operation. 
Alternatively, machinists can choose equivalent solutions following the 
isolines. Then, to minimize power consumption, the minimum value for 
fz (Fig. 8d) can be found. In that case, it seems that it is more convenient 
increasing the feed rather than the slope between passes. 

7. Conclusions 

This work proposes a methodology to reduce energy consumption in 

Table 4 
Tests and cutting conditions (level 2).  

Cutting process Case ap [mm] ae or c [mm] fz [mm/rev/tooth] vf [mm/min] N [rpm] Vc [m/min] 

Plunge milling 1 60 1.25 0.15 840 2800 176 
2 1.30 0.16 896 
3 1.75 0.20 1120 
4 1.60 0.18 1008 
5 1.25 0.175 980 

Trochoidal milling 6 60 0.50 0.05 995 6631 250 
7 0.75 0.10 1989 
8 0.80 0.06 1194 
9 0.50 0.10 1989 
10 0.60 0.08 1591 

Serrated milling 11 10 20 0.05 675 4500 282 
12 0.075 1012 
13 0.10 1350 
14 5 20 0.10 1350 4500 282 
15 0.15 2025 
16 0.20 2700  

Fig. 6. Profile of the measured power consumption measured (UPC-E sensor). A. Plunge milling; b. Trochoidal milling; c. Serrated slot milling.  
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heavy rough milling operations but considering both productivity and 
sustainability. The work evaluated and compared three different alter-
natives -plunge milling, trochoidal milling and serrated milling- for the 
milling of a depth cavity. The major contributions of the study are:  

– Three milling force models were developed by the authors. These 
models are similar to mechanistic cutting force models in the liter-
ature. However, the key point here is the way these models were 
subsequently derived towards higher stages of knowledge. Key pro-
cess variables such as force, power and chip flow were validated 
against experimental values. After their reliability was successfully 
proven, it is possible to build a quantitative and absolute factor for an 
operation ad a relative one if comparing two operations. It is 
important to see that this factor can compare two different kinds of 
operation such as a set of cutting conditions in plunge milling versus 
in trochoidal milling. It can be built either through models or 
experimentally.  

– This factor allowed us to determine that, for the studied range, 
serrated slot milling was the best alternative, followed by plunge and 
trochoidal milling. However, trochoidal milling could be an inter-
esting alternative process in case of high-quality surface re-
quirements or when tool life should be enhanced. However, aspects 
such as surface roughness, wear, or vibrations were neglected 
through this study.  

– The proposed approach gives the clue to choose the best milling 
process in terms of the best use of machine tool’s available energy. A 
methodology based on a new factor, Sustainable Productivity Gain 
(SPG), is proposed to evaluate how good is one given milling oper-
ation versus another. This term allows comparing not only different 
cutting parameters for a given operation but also different kinds of 
milling operations with different cutting parameters to state a priori 
which of them is the best option. It is a meaningful index when it 
comes to comparing milling processes with very different kinematics. 
Alternatively, the procedure to obtain the Sustainable Productivity 
Gain can be more easily applied, i.e. without using models, by 
measuring the cutting power and chip flow parameters. 

– The efficiency in milling process was formulated by taking into ac-
count power consumption and mass-removal rate. Under this 
approach, some of the main parameters involved in process planning 
-i.e. 1) process kinematics; 2) tool-path strategy, 3) cutting param-
eters- are considered. In terms of work material, this methodology is 
still valid for different tool-workpiece materials, once that cutting 
coefficients between tool-workpiece are characterized. The meth-
odology would still be applicable, even with the inherent compli-
cations in that cases. 

– In this line, future work and models should also include other rele-
vant parameters such as surface roughness, tool wer or modal pa-
rameters (dynamic forces). Surface roughness parameter was 
intentionally left out of this study as it is not a so relevant parameter 
in rough operations. Nevertheless it would lead to a more complete 
SPG factor when analizing finishing operations, milling of difficult to 
cut materials, etc. 
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