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Abstract. Machining operations represent a significant part of the entire mechanical processing that is 
done in industry. Current research in material processing techniques determines the necessity of new 
construction variants for the cutting tools, with more efficient, cheaper and intelligent exploitation. 
The present paper consists in an analysis of a new round insert face-milling cutter starting from the 
preliminary design phase, in which creative design methods are used, simulations by means of the 
finite element method, in order to obtain the optimum construction variant that can withstand milling 
conditions and finishing with physical cutting trials.  
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1. INTRODUCTION 

Machining operations currently represent a significant percentage of the entire mechanical processing 
that is performed worldwide. As stated by the CIRP Institute (International Institution of Production 
Research), machining represents more than 50% of all mechanical processing carried out at the industrial 
level, suggesting a high level of accuracy, productivity, efficiency and reliability [1]. Current trends in the 
material processing industry involve new solutions in the construction and use of cutting tools. The great 
variety of material processing and production processes determine the growing need for their optimization. 
The holistic nature of today's market, characterized by an economy of resources, a strong orientation towards 
the client and an unprecedented development of information technology, amid the increasing globalization, 
make necessary a more efficient, more affordable and even more intelligent products [2]. At this level of 
development, technological equipment namely cutting tools, cannot be excluded.  

The evolution of cutting tools represents an important aspect that is closely related to other areas of 
technology, leading to the emergence of more efficient, cheaper and more intelligent cutting tools.  

 
Fig. 1 – Evolution of technology.
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2. RESEARCH OBJECTIVES 

The present paper proposes a highly productive milling cutting tool, a central component in any 
intelligent milling process that can easily handle a custom production system, which is characterized by a 
quick change of the technological equipment, with a substantial reduction in working times and especially in 
auxiliary time. This type of construction allows changing the plan angle Kr, when using triangular or 
rectangular cutting inserts, by allowing the rotation of the insert around its axis; it also allows bringing a new 
cutting edge in the cutting area, when using round cutting inserts. Due to the large utilization of round insert 
milling cutters in face milling, profiled and cylindrical surface milling, a milling head with round inserts was 
chosen to be the starting point of the new design. 

This requires a further step towards creating the intelligent cutting tool [3]. Many research papers on 
the cutting process have been published. Domains such as monitoring cutting forces are presented in [4–8], 
cutting vibrations [9, 10], tool wear and tool geometry [11–13] and research investigations needed for the 
integration of the monitoring sensors are underway [14–16].  

In this respect, research is needed on new machining models that are appropriate for the new cutting 
tools and designing new types of tools that must meet a new series of intelligent functions in a manufacturing 
process. It is necessary to develop a design algorithm for the new tools and for model validation, and a 
numerical as well as an experimental analysis with the new milling cutter is needed. For this model, the main 
interest of this paper is in the mechanical part of the milling cutter, namely the tool's body, intermediate 
elements for locking/unlocking and rotating the inserts. They will be treated in detail in the following 
sections. 

3. APPLIED CONCEPT 

By applying the PLM concept in the conception and production phase (Fig. 2), and applying creative 
design methods such as TRIZ [17], we identified the optimum construction variant for quick locking/ 
unlocking the inserts. Given the current worldwide achievements, we propose the designing of a new original 
construction variant for the milling cutter that consists in a quick change of the worn inserts. 

 
Fig. 2 – Product lifecycle management. 

To obtain the new milling tool, in the preliminary conception phase, a design concept will be applied. 
The closest conception model in this respect is the holistic model (Fig. 3). It is based on four major areas, 
namely the customer domain, the functional domain, the physical domain and the process domain. To 
achieve the optimum milling head, it is first necessary to identify the clients requests (the customer domain), 
which must be prioritized, and then to select only those that are viable to be implemented in the future 
cutting tool (the functional domain). There is an iterative road between these four domains, which will 
ultimately lead to implementing the identified functions by appropriate technical solutions (the physical 
domain). Of course, we must opt for a technical solution that is cost-efficient and easy to implement (the 
process domain). 

The main requirements (needs) that a milling tool must meet in any modern milling process are 
obtaining the shape and dimensions of the cutting area as specified, obtaining the machined surface quality 
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according to specifications, high productivity, low operation/production costs, and reduced auxiliary time. 
These customer needs must be transformed into functional requirements following a detailed functional 
analysis that represents the second field (the functional domain) of the holistic conception model. 

To this end, an external functional analysis is required, consisting of a Pieuvre diagram, necessary to 
determine the influences of the external environment on the functional requirements of the new milling tools. 
Through this, the service functions (consisting of main functions and constraint functions) are highlighted. 
The identified functions are the primary function: material cutting; constraint functions – high dynamic 
stability, quick setup, data regarding the state of milling tool, online decision-making ability, use for custom 
production parameters, adequate clamping system, usage safety, chip removal and maintaining a proper 
cutting geometry. 

 
Fig. 3 – Holistic conception model. 

In order to identify the multitude of possible 
variants, it is necessary to consider all functional 
requirements of the new milling cutters and 
formulate them in the form of existing 
contradictions in the operative area. To this end, 
the TriSolver Professional software was used, 
which allows the expression of contradictions as 
the 40 basic principles of the TRIZ method. For 
each pair of contradictions, the application 
automatically generates a set of principles to be 
applied, along with its occurrence frequency. 

Fig. 4 – Generated TRIZ principles. 

 The returned principles will be combined in order to obtain a number of viable constructive variants 
to meet all the requirements of a modern cutting 
process, using the morphological matrix. In this 
respect it is important to establish the functional 
requirements weights, which will then help to 
underline the possible constructive variants. This was 
based on the following technical end economical 
evaluation criteria such as minimizing the auxiliary 
time, lower manufacturing costs, lower maintenance 
costs and easy recycling. 

Among the highlighted functions we propose a 
further research in the direction of resolving one 
important market demand with minimum effort, 
namely a rapid reconditioning of the inserts by 
rotating them around their axis. This will allow to 
minimize the auxiliary time necessary with cutting 
tool change. The cutting process will not be stopped 

 

Fig. 5 – Possible constructive variants. 
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in order to change the cutting tool. We can thus outline the general model for the new milling tool, placed in 
an intelligent manufacturing system that contains elements belonging to different complex domains such as 
mechanics, programming, electronics and automation. Further, we will focus on the mechanical part of the 
cutting tool and mechanism for quick blocking and unblocking of the insert. 

    

4. CONSTRUCTION VARIANT 

The design of the new milling cutter was performed using the Catia V5 R20 software. Because 
prototyping the model was necessary, the modelling started from two normed components, namely the insert 
and the tool's clamping system. The chosen cutting insert was of Sandvik origin having the RCHT 20 06 M0-
PL code [18]. The geometry of the assembly is shown in Fig. 7. 

 
Fig. 7 – Geometry of the new cutting tool. 

The system is composed of a tool's body (7) on which the insert (1) is mounted by tightening the 
central screw (2). This is screwed on the cylindrical pin (3) which is fixed by the conical pin (4) by 
tensioning the spring (5) with the dowel pin (6). In Fig. 8, a represents the milling cutter with the worn insert; 

 
Fig. 6 – General model for an intelligent cutting tool. 
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Fig. 8 – General functioning scheme. 

b – the tapered pin (4) is pressed and a gap is created between the insert (1) and the tool's body (7); c – the 
insert is rotated with a certain degree, bringing in position the new cutting edge; d – the pressing is removed 
and the insert is again clamped in the new position. This operation can be performed individually for each 
cutting insert or simultaneously for all cutting inserts, either manually or automatically.  

Depending on the number of cutting inserts available on the tool's body we have an auxiliary time 
necessary for insert reconditioning composed of: 

mountrecexremaux TTnTT +⋅+= / , (1)

where: auxT – auxiliary time for tool reconditioning; remT – time necessary for removing the tool from the 
spindle; n – number of cutting inserts; recexT / – time necessary for insert exchange/recondition; mountT – time 
necessary for tool mounting. 

By using this type of clamping in an automated manner, a substantial reduction in the auxiliary time is 
made. We propose an exterior automated device for simultaneous insert rotation, presented in Fig. 9. 

 
Fig. 9 – Exterior device for simultaneous insert rotation. 

This device can be placed on the machine tool's table, thus it is no longer necessary to remove the tool 
from the spindle. It functions as follows: when the cutting insert is worn out, the machine tool stops the 
cutting process and the spindle travels to the device located on the machine's table. The conical pin (4) (from 
Fig. 7) is pressed by the disc (9) and flange (14) with the helical spring (13). A gap is created between the 
cutting insert and the tool's body. In this position, the cutting inserts are rotated with the appropriate number 
of degrees by performing an axial movement of the spindle within the adherent surface (12). After the 
rotation is complete, the pin (10) is removed and the mechanism clamps again the cutting insert into the new 
position. The spindle then retreats and the cutting process continues. In this situation the remT  and mountT  
become 0 and the number of inserts is no longer relevant.  
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5. NUMERICAL VALIDATION OF THE MODEL 

The analysis was conducted on a model having a diameter of 125 mm and five cutting inserts. 
We have analyzed several models for the milling tool's geometry, followed by the finite element 

analysis to achieve geometry optimization. Finite element analyses were carried out with the help of the 
Abaqus 6.12 software. For simplification reasons, the static analyses were performed for one cutting insert. 

Because no plasticity is allowed in the tool's body or in the intermediate elements, to define the 
material, an isotropic elastic steel was considered (E = 210 000 MPa, ν = 0.3). The meshed model is 
presented in Fig. 10. 

The model contains a number of 111080 elements: 96915 C3D10M elements, 12884 C3D8 elements, 
and 1281 R3D4 elements. The number of nodes is 158 604.  

The analysis was divided into four steps: pre-tensioning the central screw; replacement of the coil 
spring with its equivalent force; loading the forces developed during the cutting process and unloading. 

The principal cutting force Fy has a value of 1 500 N and the vertical and axial forces (Fz and Fx) were 
considered as 25% of the principal cutting force having a value of 375 N. They were calculated using the 
relations 2, 3 and 4. 

 
Fig. 10 – Meshed model. 
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where: mh [mm] – average chip thickness; o
sϕ – angle of approach; zf [mm] – feed per cutting edge;  

B [mm] – workpiece width; D [mm] – diameter of the milling cutter; rκ [o] – plan angle; cK [MPa] – 
specific cutting force; z  – exponent (material constant); 1,1ck [MPa] – specific cutting force related to 1 
[mm2] chip area; K – correction factors; F [N] – average major cutting force per milling cutter edge; b [mm] 
– width of cut. 

As result of the static simulation, load-deflection curves corresponding to the insert's reference point 
are obtained, as it is shown in Figs. 11 and 12. 
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Fig. 11 – Force – total displacement. Fig. 12 – Force – Y displacement. 

 We can see that the total displacement of the reference point of the cutting insert has a maximum value 
of 0.0044 mm and corresponds to a total reaction force from the boundary of 1476 N. For the X and Y 
directions, the maximum displacement is 0.0026 mm and after the Y direction, it has a value of 0.0024 mm. 
The distribution of the von Mises stress is shown in Figs. 13 and 14. 

 

Fig. 13 – Von Mises stress – tapered pin. Fig. 14  – Von Mises stress – cylindrical pin. 

  In order to withstand the milling forces and to ensure that no plasticity appears in the intermediate 
elements, a material with the yield stress limit higher than 430 MPa should be used for the tapered pin and 
another one with the yield stress limit higher than 750 MPa for the cylindrical pin. For the tapered pin, the 
proposed material is steel S620Q, and for the cylindrical pin steel S890Q [19]. 
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6. EXPERIMENTAL VALIDATION OF THE MODEL 

 The purpose of conducting these tests was to determine the maximum forces developed in the  
3 directions during milling with the new round inserts milling cutter and to compare the values obtained by 
experimental means to the ones determined through analytical calculation. The experiment consists in a 
factorial 32 experiment, which was based on two parameters of the cutting regime (cutting depth ap and chip 
thickness hex) each with three levels of variation. Their values were adopted based on the recommendations 
from the tool catalogs. In the experiments, the cutting speed was considered constant vc = 260 m/min, which, 
for the processed metal material (steel S355 DIN EN 10025-2) [19] and a milling head diameter of 125 mm, 
has a corresponding spindle speed of 600[rpm]. In the experiment, we used the feed/tooth parameter (fz) 
which was determined [18] with respect to the relation (5) 
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 The cutting trials were made on a CNC milling machine with 3 axes, DMC 635V. The dynamometer 
used is a Kistler stationary 9257B dynamometer (–5 ... 10 kN, size 100 × 170 mm) connected to a charge 
amplifier 5070A × 11xx and a computer with the LabView 8.5 software preinstalled. Cutting trials were 
done with a total engagement of the cutting tool. The machining parameters that were used during cutting 
trials are presented in Table 1. 

Table 1 

 Machining parameters 

Trial ap [mm] hex [mm] fz [mm/tooth] 
2 0.5 0.05 0.16 
9 0.5 0.08 0.26 
1 0.5 0.11 0.35 
3 0.75 0.05 0.13 
8 0.75 0.08 0.21 
4 0.75 0.11 0.29 
6 1 0.05 0.11 
7 1 0.08 0.18 
5 1 0.11 0.25 

  
 The signal acquisition and analysis were performed using the LabView 8.5 software together with a 
virtual instrument, through which we determined the maximum and minimum values for each component of 
the signal. 

Fig. 15 – Initial signal monitored for no. 1 cutting trial. 

 The values obtained for the nine cutting trials are presented in Fig. 16. 
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Fig. 16 – Forces obtained after the X, Y, and Z directions.

7. CONCLUSION 

 The original construction of the milling head enables an easy reconditioning of the cutting insert by 
simply lifting the clamping element and rotating the insert axially. Experimental tests were conducted after a 
theoretical and numerical verification of the loads that appear during the cutting process, confirming the 
force values and the correct behavior of the structural elements.   
 Following the experiment, we conclude that the maximum force obtained using the recommended 
cutting parameters for the specified dimensions of the cutting tool and the processed material is 1 330 N, 
within the limits that were calculated using the analytical method and used in the finite element analysis, i.e. 
1 500 N.    
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