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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 

Keywords: Assembly; Design method; Family identification

1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 

Procedia CIRP 102 (2021) 222–227

2212-8271 © 2021 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)
Peer-review under responsibility of the scientific committee of the 18th CIRP Conference on Modeling of Machining Operation.
10.1016/j.procir.2021.09.038

© 2021 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)
Peer-review under responsibility of the scientific committee of the 18th CIRP Conference on Modeling of Machining Operation.

 

Available online at www.sciencedirect.com 

ScienceDirect 
Procedia CIRP 00 (2019) 000–000 

  
     www.elsevier.com/locate/procedia 
   

 

 

2212-8271 © 2021 The Authors. Published by ELSEVIER B.V. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0) 
Peer-review under responsibility of the scientific committee of the 18th CIRP Conference on Modeling of Machining Operation 

18th CIRP Conference on Modeling of Machining Operations 

Modeling of cutting force in micro-end-milling process with experimental 
validation on additive manufactured Nickel-based superalloy 

 Andrea Abenia*, Dario Lodaa,b, Tuğrul Özelb, Aldo Attanasioa  
aUniversity of Brescia, Via Branze 38, 25123 Brescia, Italy 

bRutgers University, Industrial & Systems Engineering, Piscataway, New Jersey, USA  

 

* Corresponding author. Tel.: +39 030 3715584. E-mail address: andrea.abeni@unibs.it 

Abstract 

Nowadays aerospace, microelectronics, biotechnology industries require small sized components with complex shape and high mechanical 
properties, often operating in aggressive environment. In this framework, Additive Manufacturing (AM) of Nickel-based superalloys is an 
interesting and cost effective process. Fewer design constraints and the weight reduction achievable through the topology optimization are the 
most relevant AM advantages. Furthermore, micro-scale features on the additively fabricated parts can be manufactured by using micro 
machining. Subtractive processes ensure to achieve high-precision mechanical coupling due to better surface finishes and tighter tolerances. A 
lack of scientific studies focusses on the material removal behavior of difficulty-to-cut alloys produced via Additive Manufacturing is evident. 
This work describes a machining analytical force models which considers the presence of ploughing- and shearing- dominated cutting regimes. 
The undefined cutting force model parameters and the Minimum Uncut Chip Thickness (MUCT) can be identified through proper experimental 
tests. The refinement procedure of the model was utilized to characterize Inconel 625 samples fabricated by LaserCUSINGTM. The cutting force 
data were elaborated with an iterative methodology based on a search algorithm. The model successfully predicted how the cutting force changes 
as a function of the process parameters.  
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1. Introduction 

The Nickel-based superalloys are a class of metal alloys 
characterized by remarkable thermo-mechanical proprieties. 
High strength, high corrosion resistance, super-elasticity 
behavior, elevated wear resistance and high temperature 
strengths are the most attractive features of the Nickel-based 
superalloys [1]. The trademark “Inconel” designates a specific 
class of Nickel-based alloys utilized in extreme environments. 
The parts and the components made by Inconel are usually 
formed by conventional processes, such as casting and hot 
plastic deformation. Moreover, machining processes are 

utilized to manufacture complex three-dimensional features and 
to improve the surface finishing. Inconel is a hard-to-cut 
material, due to the strain hardening effect and the thermal 
stability [2]. In the last years, an increasing number of products 
in Inconel have been manufactured through Additive 
Manufacturing (AM), especially in aerospace industry [3]. A 
more flexibility in design, the rapidity in prototyping and the 
minimizing of material waste are the most established AM 
advantages [4]. The main drawbacks of additively 
manufactured metal products are the high surface roughness 
combined with the larger dimensional tolerances if compared 
with machining. In this context, a combination between AM 
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to improve the surface finishing. Inconel is a hard-to-cut 
material, due to the strain hardening effect and the thermal 
stability [2]. In the last years, an increasing number of products 
in Inconel have been manufactured through Additive 
Manufacturing (AM), especially in aerospace industry [3]. A 
more flexibility in design, the rapidity in prototyping and the 
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manufactured metal products are the high surface roughness 
combined with the larger dimensional tolerances if compared 
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and conventional subtractive process appears profitable. 
Miniaturized features and surface finishing could be 
manufactured through machining on rough products fabricated 
in Inconel by AM.  

The machining of difficult-to-cut materials is affected by 
increasing issues as the tool size decreases. Burr formation, 
rapid tool wear, high cutting force, tool run-out effects are the 
most relevant consequence of the size reduction in cutting [5]. 
The investigation of the material behavior in micro machining 
is a fundamental topic which requires time consuming and 
costly experimental tests. Among the experimental output, 
cutting force is generally considered a fundamental magnitude 
to understand and control the process [6]. Several researches 
have deepened the phenomena which influence the contact 
between the tool and the workpiece in micro machining, such 
as the high strain rate effect, the heat generation in localized 
material zone and the elastic recovering effect [7, 8 and 9]. The 
studies have resulted in different cutting models with the 
common aim of accurately predicting the cutting forces. Kuram 
and Ozcelik [10] elaborated an empirical model by fitting 
experimental data capable of predicting tool wear, surface 
roughness and cutting forces in micro-milling of Inconel 718. 
The limitations of empirical models favorited the wide spread 
of analytical formulation based on theoretical approach. Budak 
et al. [11] proposed an analytical model able to predict 
stagnation zones and edge cutting forces in primary, secondary 
and third deformation zones. The tool deflection effect on 
cutting force was computed in the model elaborated by Moges 
et al. [12]. The phenomenon influences the actual tool 
trajectories and it determines a modification of the uncut chip 
thickness. In micromachining, the chip thickness has a 
meaningful impact on the material removal mechanism. If the 
actual chip thickness is lower than the Minimum Uncut Chip 
Thickness (MUCT), a ridge of material is ploughed and pushed 
ahead of tool cutting edge without chip formation [13]. The 
integrity of the machined surface and the cutting force are 
strongly influenced by ploughing [14]. The phenomena should 
be considered in a cutting model for micro machining. 
Rodriguez and Labarga [15] considered MUCT to define the 
entry and the exit angles of the end-milling tool in shear cutting 
regime. The cutting force were computed by considering size 
effect, tool run-out and deflection. Chen et al. [16] calculated 
the cutting force by considering the alternance between 
ploughing and shearing as a function of the uncut chip 
thickness. A higher accuracy in cutting force prediction was 
demonstrated by a comparison with conventional model in 
different cutting condition. A similar achievement was obtained 
by Zhang et al. [17] with a three dimensional cutting force 
model that includes the effect of ploughing as function of the 
cutting edge radius.  

In this study, a cutting force model [21] was improved and 
optimized for a specific grade of Additively Manufactured Ni-
Cr-Mo superalloy, named Inconel 625. A new objective 
function was defined, and the outputs were compared with the 
results of the original version of the model. The model can be 
applied also to others AM or conventionally formed materials, 
in order to successfully predict cutting force in micro milling. 
A geometrical model was elaborated in order to consider the 
concomitant presence of ploughing and shearing and how the 

prevalence of one of them on the other changes during a single 
tool rotation. Experimental micro milling tests were appositely 
designed and executed to calculate MUCT firstly and to 
subsequently calibrate the model.  

2. Materials and Methods  

Micro milling of AM Inconel 625 was performed by using 
the ultra-precision 5 axes machining center Kern Pyramid 
Nano (precision of ±0.3 μm). The samples were fabricated via 
L-PBF process, by using GE Additive Concept Laser M2 
Cusing machine. The angle chosen for the laser building 
strategy was 0° in relation to the building plate. The powder 
particle size was ranging between 15 µm and 45 µm. The 
samples were not heat treated or hot isostatically pressed. Table 
1 summarizes the laser power P, the scan velocity vs, the laser 
spot size d, the layer thickness s, the hatch distance h, the stripe 
width w and volumetric energy density E. 

Table 1. The process parameters of L-PBF on Inconel 625. 

P  
(W) 

vs 

(mm/s) 
d 

(µm) 
s 

(µm) 
h 

(µm) 
w 

(mm) 
E 

(J/mm3) 

370 1200 170 60 110 5 46.7 

 
The sample shapes were designed in order to constrain the 

samples on a piezoelectric 3-component loadcell (Kistler 
9317C, shown in Fig. 1). The force measuring system accuracy 
is equal to 0.1 N, the sampling rate is 50 kHz and the natural 
frequency is higher than the tooth path frequency [18]. A low 
pass filter with a cut off frequency equal to 2000 KHz was 
adopted. Cutting was performed in dry condition orienting the 
mill axis as the sample building direction. 

 

(a)              (b) 

Fig. 1. (a) Inconel 625 workpiece mounted on the loadcell; (b) 3D CAD of 
the sample 

Experimental tests can be divided into two groups. 
Preliminary micro slots machining was performed to calculate 
the MUCT, while full immersion micro-machining allowed to 
calibrate the analytical model. The first slots were machined on 
a parallelepiped shape sample, while the second group of tests 
were performed on a thin-walled sample. Two different micro 
end mills were employed. A 3D digital microscope allowed to 
measure the actual tool dimensions for both mills. Table 2 
summarizes the main features of the tool utilized for the MUCT 
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tests (SECO 905) and the tool employed for the model 
calibration tests (SECO 103). 

For the MUCT estimation, a standard micro mill 
(SECO 905) was used with the aim of representing standard 
cutting conditions. Twenty slots were fabricated with a 
constant depth of cut equal to 200 μm, by using a constant 
cutting speed of 40 m/min. The feed per tooth fz was increased 
from 0.5 μm/rev*tooth to a maximum of 10 μm/rev*tooth, with 
an increment of 0.5 μm. 

Table 2. The main features of the SECO micro end mills. 

Micro mill code SECO 905L008-
MEGA-T 

SECO 103L008-
MEGA-64T 

Nominal diameter (μm) 800 800 

Effective diameter (μm) 791 ±1 789 ± 3 

Measured cutting edge 
radius (μm) 

5 4 

Helix angle (°) 20 0 

Rake angle (°) 4 0 

Material  Tungsten Carbide Tungsten Carbide 
Material coating Titanium Nitride Titanium Nitride 

 
    The second group of experimental tests consists in thin-

wall channel-milling performed in semi-orthogonal cutting 
condition. This set-up was obtained using micro mill with a 
helix angle of 0° (SECO 103) [19]. Feed rate was varied on 
three levels, while two cutting speeds were tested. Table 3 
shows the process parameters utilized. 

Table 3. Process parameters of micro milling of thin-walls. 

Test Feed per tooth 
(μm/rev*tooth) 

Cutting speed 
(m/min) 

1 2.5 30 
2 2.5 40 
3 5 30 
4 5 40 
5 10 30 
6 10 40 

 
 Each thin-wall thickness was measured in order to calculate 

the depth of cut. It averagely resulted equal to 171± 17 μm. 
Since the thin-walls on the samples were fabricated via AM, 
the accuracy about the thickness is limited. Moreover, the 
effective value of thickness of each slot was utilized in the 
analytical model calibration procedure. Each test was repeated 
three times to statistically validate the analytical model. 

3. Analytical force model 

The analytical model is suitable to predict the cutting force 
for two-dimensional micro milling of slots on thin-walled 
samples with a 2-flutes, zero-degree rake angle and zero-degree 
helix angle end-mill.  

Fig. 2 illustrates the geometrical model and the cutting force 
Fc decomposition in the tangential component (Ft) and the 
radial component (Fr) and in the cartesian components Fx and 
Fy. Further details about the model developed by the authors 
can be found in [21]. 

For small feed rate the instantaneous value of the thickness 
tu can be expressed by Eq. 1: 

𝑡𝑡𝑢𝑢(𝜃𝜃) = 𝑓𝑓𝑧𝑧 ∗ 𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔 ∗ 𝑡𝑡) = 𝑓𝑓𝑧𝑧 ∗ 𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃)                                                 (1) 

 

Fig. 2. Schematization of slot milling. 

Since the uncut chip thickness ranges from zero to fz, the 
ploughing phenomenon inevitably characterizes micro slot 
machining. Ploughing is the unique cutting regime for tu 

ranging from zero to the minimum uncut chip thickness 
(MUCT), while ploughing is paired to shearing for tu ranging 
from MUCT to fz. Furthermore, the determination of MUCT is 
crucial for the analytical model formulation.  

MUCT can be calculated by considering how the Specific 
Cutting Force (SCF) peak changes by increasing the feed per 
tooth fz. When ploughing is the dominant regime, the cutting 
process is interested by specific loads higher than expected one.  
MUCT can be considered equal to the minimum feed per tooth 
fz from which the SCF peaks becomes constant. The cutting 
force Fc depends also on the chip section S, equal to the product 
between the depth of cut doc and chip thickness tu. Therefore, 
the increase of fz between two consecutive machining has a 
twofold effect on Fc. The SCF must be calculated by using 
Eq. 2 in order to highlight only the dependence of the cutting 
force on the deformation mechanism. 

𝑆𝑆𝑆𝑆𝑆𝑆(𝜃𝜃) = 𝑆𝑆𝐹𝐹(𝜃𝜃)
𝑑𝑑𝑑𝑑𝐹𝐹 ∗ 𝑡𝑡𝑢𝑢(𝜃𝜃)                                                                            (2) 

MUCT is a fundamental parameter of the analytical force 
model. The model computes the amount of material removed 
by a single tool tooth pass by considering the paths of the 
previous cutting edge and the current cutting edge. A cutting 
area Ac (see the square of Fig. 3) is calculated as the surface of 
the slice limited by the two cutting edge trajectories from 0° to 
ϑ, as expressed by Eq.3: 

𝐴𝐴𝑐𝑐(𝜃𝜃) = ∫ (𝑡𝑡𝑢𝑢(𝜃𝜃) + 𝑡𝑡𝑢𝑢(𝜃𝜃 + 𝑑𝑑𝜃𝜃)
2 ) 𝑅𝑅𝑑𝑑𝜃𝜃

𝜃𝜃

0
                                            (3) 

where R indicates the tool radius.  
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Fig. 3. A detailed view of the infinitesimal cutting area dAC. 

With the aim to consider the effect of ploughing on cutting 
force, a ploughed area Ap is defined as the portion of Ac which 
is elastically deformed instead of being cut. The Eq. 4 allows 
to compute Ap: 

{
𝑖𝑖𝑖𝑖 𝑡𝑡𝑢𝑢(𝜃𝜃) < 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑎𝑎𝑎𝑎𝑎𝑎 𝜃𝜃 < 𝛱𝛱/2 𝑡𝑡ℎ𝑒𝑒𝑎𝑎  𝐴𝐴𝑝𝑝(𝜃𝜃) = 𝐴𝐴𝑐𝑐(𝜃𝜃)

𝑖𝑖𝑖𝑖 𝑡𝑡𝑢𝑢(𝜃𝜃) < 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑎𝑎𝑎𝑎𝑎𝑎 𝜃𝜃 > 𝛱𝛱/2  𝑡𝑡ℎ𝑒𝑒𝑎𝑎  𝐴𝐴𝑝𝑝(𝜃𝜃) = 𝐴𝐴𝑐𝑐(𝜋𝜋) − 𝐴𝐴𝑐𝑐(𝜃𝜃)
𝑖𝑖𝑖𝑖 𝑡𝑡𝑢𝑢(𝜃𝜃) > 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀  𝑡𝑡ℎ𝑒𝑒𝑎𝑎  𝐴𝐴𝑝𝑝(𝜃𝜃) = 𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

             (4) 

The ploughed area Ap is equal to the cutting area Ac until tu 
reaches the MUCT. The thickness tu still increase since the 
angle ϑ reaches Π/2. When tu is higher than MUCT, the area Ap 
remains constant until tu decreases (ϑ > 90°) and it reaches 
again the value of MUCT. The maximum ploughed area ApMAX 
is equal to Ap when 𝑡𝑡𝑢𝑢(𝜃𝜃) is equal to MUCT. The ploughed area 
Ap is utilized to compute the tangential (Ft) and radial (Fr) 
components of the cutting force through Eq. 5 and Eq. 6: 

𝐹𝐹𝑡𝑡(𝜃𝜃) = (𝐾𝐾𝑡𝑡𝑡𝑡 ∗ 𝑡𝑡𝑢𝑢(𝜃𝜃) + 𝐾𝐾𝑡𝑡𝑝𝑝 ∗ 𝐴𝐴𝑝𝑝(𝜃𝜃)) ∗ 𝑎𝑎𝑑𝑑𝑑𝑑                      (5) 

𝐹𝐹𝑟𝑟(𝜃𝜃) = (𝐾𝐾𝑟𝑟𝑡𝑡 ∗ 𝑡𝑡𝑢𝑢(𝜃𝜃) + 𝐾𝐾𝑟𝑟𝑝𝑝 ∗ 𝐴𝐴𝑝𝑝(𝜃𝜃)) ∗ 𝑎𝑎𝑑𝑑𝑑𝑑                     (6) 

Specific force parameters Kts and Krs are the shearing force 
coefficients in tangential and radial directions (N/mm2) 
respectively, while parameters Ktp and Krp are the ploughing 
force coefficients in tangential and radial directions (N/mm3). 
The force coefficient values depend on the material properties 
and they should be determined through a refinement procedure 
based on the comparison between predicted and measured 
force components in x and y directions. The cartesian force 
components can be computed from Ft and Fr by using Eq. 7 
and Eq. 8: 

𝐹𝐹𝑥𝑥 = 𝐹𝐹𝑡𝑡 ∗ 𝑑𝑑𝑑𝑑𝑐𝑐(𝜃𝜃) + 𝐹𝐹𝑟𝑟 ∗ 𝑐𝑐𝑖𝑖𝑎𝑎(𝜃𝜃)                                         (7) 

𝐹𝐹𝑦𝑦 = −𝐹𝐹𝑡𝑡 ∗ 𝑐𝑐𝑖𝑖𝑎𝑎(𝜃𝜃) + 𝐹𝐹𝑟𝑟 ∗ 𝑑𝑑𝑑𝑑𝑐𝑐(𝜃𝜃)                                      (8) 

𝐹𝐹𝑐𝑐 = √𝐹𝐹𝑥𝑥
2 + 𝐹𝐹𝑦𝑦

2                                      (9) 

4. Model calibration and results 

Cutting force was measured during the preliminary micro 
slot machining to determine the MUCT. To statistically 
validate the procedure, a portion of signal which corresponds 
to thirty rotations of the micro tool was considered. The cutting 
force peak was computed for each rotation in order to calculate 
an average cutting force for each value of feed per tooth. The 
average cutting force peak was normalized on the chip cross 
section by using Eq. 2. Fig. 4 shows the relation between the 
specific cutting force and the feed per tooth. The specific load 
increment due to ploughing regime is clearly recognizable at 
low feed rate. As feed rate increases, the SCF generally 
decreases but the rate of decrease strongly reduces for feed per 
tooth greater than 2.5 μm/rev*tooth. In ploughing dominant 
region, the force data shows also a greater variability 
attributable to the higher instability compared to shearing. A 
value of 2.5 μm was utilized as MUCT in the subsequent 
analytical force model calibration.  

Fig. 4. Relation between the average peak of the specific cutting force and the 
feed per tooth 

The model refinement consisted in the calculation of the best 
set of parameters Kts, Krs, Ktp and Krp by minimizing the gap 
between the experimental cutting force and the model 
predictions. Cutting force were measured during the thin wall 
micro cuts summarized in Table 3. Average cutting force peaks 
were computed for each repetition of each machining test. The 
experimental data were utilized as benchmark for an iterative 
search artificial intelligence algorithm, the Particle Swarm 
Optimization (PSO) by Eberhart and Kennedy [20]. The 
objective function described in a previous research [21] was 
updated by considering the prediction error about the resultant 
cutting force Fc instead of the force components Fx and Fy. 
Furthermore, in [21] the model refinement was performed by 
considering only the test with the minimum force signal 
distortion due to tool run-out. The new objective function was 
computed as the sum of the prediction error of all the tests, as 
expressed by Eq. 10: 

𝑂𝑂𝑂𝑂𝑂𝑂𝑒𝑒𝑑𝑑𝑡𝑡𝑖𝑖𝑂𝑂𝑒𝑒 𝐹𝐹𝐹𝐹𝑎𝑎𝑑𝑑𝑡𝑡𝑖𝑖𝑑𝑑𝑎𝑎 =  ∑ (|𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚.𝑐𝑐 𝑀𝑀𝑀𝑀𝑀𝑀−𝐹𝐹𝑚𝑚𝑒𝑒𝑒𝑒.𝑐𝑐 𝑀𝑀𝑀𝑀𝑀𝑀|
𝐹𝐹𝑚𝑚𝑒𝑒𝑒𝑒.𝑐𝑐 𝑀𝑀𝑀𝑀𝑀𝑀

)
𝑖𝑖
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where Fmodel.c MAX is the peak of predicted cutting for the i-
th test, while Fexp.c MAX is the average experimental peak of 
cutting force. Lower and upper bound were set in order to limit 
the parameters domain. The best solution was identified by 
using 150 particles after 1500 algorithm iterations and it is 
reported in Table 4 as optimum set with 2nd strategy. 

Table 4. Bounds and optimum sets of the analytical model coefficients. 

Parameter Lower 
bound 

Upper 
bound  

Optimum set 
1st strategy 

Optimum set 
2nd strategy 

Kts 0 10000 2595 1559 
Ktp 0 5000 4625 2187 
Krs 0 10000 1870 2933 
Krp 0 5000 3000 4415 

 The optimum set computed by the 1st strategy of 
optimization is the results of the model tuning described in 
[21]. A comparison between the two strategies was performed 
in terms of percentage error of the model prediction for each 
repetition of each test. The result is expressed by Table 5, as an 
average prediction error calculated by considering the three 
repetitions of each test listed in Table 3. 

Table 5. Average errors of the analytical model. 

Test Cutting 
speed 

(m/min) 

Feed per tooth 
(μm/rev*tooth) 

Average Error 
1st strategy 

(%) 

Average Error 
2nd strategy 

(%) 
1 30 2.5 2.5 -0.6 
2 40 2.5 1.9 0.1 
3 30 5 -10.4 -10.2 
4 40 5 -12.4 -7.3 
5 30 10 1.7 -0.3 
6 40 10 0.9 1.3 

The absolute values of percentage errors oscillate between 
0.9 % and 12.4% with the model calibrated with first strategy, 
while the second strategy slightly improves the model 
accuracy. The percentage errors of the model calibrated by 
using the second strategy oscillate between 0.1% and 10.2%. 
Also with the new coefficient set, the model achieved the best 
results for Tests 1 and 2 and Tests 5 and 6. By considering a 
MUCT of 2.5 μm, Tests 1 and Tests 2 did not involve a 
transition of cutting regimes during the tool rotation. Ploughing 
was the unique and exclusive cutting regime, since the feed per 
tooth was equal to 2.5 μm/rev*tooth. At the same time, Tests 5 
and Tests 6 were characterized by and early transition to 
shearing and the ploughing effect is neglectable.   The model 
accuracy is maximum for tests in shearing and ploughing 
dominant region, while the accuracy reduces in intermediate 
cutting condition. Tests 3 and Tests 4 share a feed per tooth of 
5 μm/rev*tooth. The transition from ploughing to shearing 
occurs at not-neglectable rotational angle of the tool edge. 

 

Fig. 5. Comparison between the experimental data and the model prediction 
for Test 1. 

 (a)  (b) 

 Fig. 6. Comparison between the experimental data and the model prediction 
for Test 3 (a) and Test 5 (b).  

Fig. 5 shows a comparison between experimental data and the 
model forecasting for Tests 1, while Fig. 6 illustrates the same 
comparison for Tests 3 (Fig. 6a) and for Tests 5 (Fig. 6b). 
Analogue data were achieved for Tests 2, 4 and 6, which were 
performed with the same feed rate but a higher cutting speed. 
The experimental data are presented with a confidence interval 
of 95%. Process variability appears meaningful in Tests 1 due 
to ploughing regime. The material is not correctly removed, but 
it is compressed and ploughed. Nevertheless, the model well 
fits the cutting force signal along the entire machining phase. 
The model is accurate also for Tests 5 in shearing dominant 
region. Fig. 6a shows as the model accuracy for Tests 3 is 
lower, but the model prediction is included in the confident 
region of the experimental data. 

5. Conclusion 

The authors investigated the micro-machinability of Inconel 
625 samples formed by L-PBF process. The experimental 
analysis favorites the embedding between micro milling and 
additive manufacturing in order to integrate their respective 
advantages. An analytical model was successfully developed 
by considering the cutting regime transition, a key feature of 
micro machining processes. The Minimum Uncut Chip 
Thickness was experimentally determined, and it was utilized 
in the model tuning phase. Model calibration was approached 
by implementing an algorithm and by searching a best fit 
through the Particle Swarm Optimization technique. The model 
was subsequently applied to predict the cutting force, a 
fundamental process variable. A good matching between 
experimental data and model prediction was finally achieved 
as the major research output. 
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