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Abstract

This paper is based on the knowledge gained in the field of development and construction of tools for machining very
hard and difficult to machine materials based on thermal spraying (for example NiCrBSi, Fe13Cr, Stellite 6 and others)
and printed materials such as Inconel 718. Due to the methods of coating production, using heat technologies and their
specific composition due to increased hardness and wear resistance, their conventional machining is very difficult. A
common way of machining the coatings thus formed is by grinding. However, grinding productivity is low and production
costs are relatively high. Therefore, it is necessary to explore the possibilities of machinability of thermal sprays and
increase the cutting ability of tools, especially through more productive approaches and technologies. When machining
thermal sprays, a large heat is also generated in the cutting area, which further helps to wear the tool edge faster. In the
conventional method of machining by turning and milling, cutting materials such as cubic boron nitride (CBN) or
polycrystalline diamond (PKD) are often used, precisely because of their high hardness or heat resistance.
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1. Introduction

Certain problems arise when milling or milling difficult to machine materials, especially hot-dipped materials. One of
the problems is plastic deformation affecting the base material due to the effect of the small depth of cut. This poses a
risk of possible cracking or partial tearing of the hot-dip coating. Another issue is the high temperature in the cutting area,
which causes in particular an increase in the wear intensity of the inserts. This leads to a deterioration of machinability
and especially to an increase in the wear intensity of the insert. High hardness also increases the requirements for tool
rigidity due to high cutting forces. [1] [2] [17]

Because of plastic deformation and the need for very small cutting depths of up to 0.5mm, tool tip machining is a
problem. Therefore, it is advisable to use a so-called "linear cutting edge". This way the tool does not work through the
tip, but the whole length of the cutting edge can be used. Due to the small cutting edge radius, very little wear can be
achieved and it is also possible to use the entire length of the cutting edge and thus increase the life of the insert. [1] [2]
[17]
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On the basis of the experiments already carried out, high wear and low lifetime of the inserts during hot spray
machining by conventional turning method, i.e. in the case where the tip of the insert enters the cutting point, was
evaluated as one of the problems. Based on these findings, due to the high temperature of the cutting point and the low
life of the insert, it is proposed to optimize the cutting tool to bring the coolant as far as possible into the cutting point and
to use the full length of the inserts (linear cutting edge) to eliminate the aforementioned shortcomings. [1][2]

Thus, the main idea is to make the wafer cooling more efficient and to use the full length of the cutting edge of the
wafer, thus making the machining of the hot stampings more efficient and increasing the life of the wafer. The next point
is then to increase the rigidity of the tool and to develop a tool that meets the above requirements. [1][2]. Since the design
of the ideal cooling and placement of the insert so that the entire length of the cutting edge can be utilized while
maintaining or even increasing tool stiffness is a rather complex design task, the use of topological optimization using
additive technologies appears to be the ideal design method. [1][2] [15]

2. Summary of the current state in the field of printed tools and cooling

When machining certain types of materials, it is necessary to use a cooling or lubricating medium during the cutting
process. During cutting, heat is generally generated by the friction of the surfaces between the tool and the material being
cut, as well as by plastic deformation at the point of chip formation. The dissipation and reduction of heat at the cutting
point then has positive results on the durability of the cutting edge and the resulting quality of the machined surface. The
cooling system then has positive effects on the actual cutting, lubrication and cleaning of the cutting area. The medium,
usually a liquid, can be fed to the cutting point in a conventional external way. The second way (internal), which is
increasingly used nowadays, is to feed it directly through the cutting tool, which increases the cooling efficiency and thus
the machining performance, thanks to the possibility of more efficient and precise delivery of the fluid to the cutting point.
The fluid can be supplied at standard or elevated pressure, referred to as high pressure cooling. Where this type of high
pressure cooling allows better penetration of the fluid between the chip and the tool face/back, thus aiding chip separation
and better heat dissipation from the cutting point. [3] [17]

Nowadays it is common to design tools with internal cooling, such as sintered carbide drills, where it is possible to
produce cooling channels in the helix, or milling and turning knives with straight drilled channels. The disadvantage is
the impossibility of bringing the channels to exactly the required locations to make cooling more efficient. It is this
disadvantage that is eliminated by topological optimization using additive technology, where it is possible to achieve the
ideal shape and course of the channel as well as its precise alignment to achieve the most efficient cooling and reduce
turbulent fluid flow in the channel and fluid pressure losses. [3] [17]

The following text describes the state of the art in the field of process fluid feed solutions and control options, as well
as tools constructed using topological optimization and additive technologies. The first tool that is already conventionally
offered is the CoroMill® 390 lightweight cutter manufactured using additive technology by Sandvik Coromant. In
designing the cutter, topological optimization was used to create an optimum cutter design to achieve minimum weight
and compactness of the tool. The cutter is printed in titanium alloy, which further helps to reduce the resulting weight.
The lower overall weight in this case helps to minimize vibrations and increase machining safety when machining with
long tool unloading, thus also increasing machining productivity. The milling cutter is particularly used in milling
operations with long tool unloading, where the adapter houses the damping mechanism. The low weight of the tool as
well as the short distance between the damping mechanism and the tool cutting edge thus helps to reduce vibrations and
thus increase the performance and improve the safety of the machining process. The milling cutter can be used for face
and side milling of deep corners, cavities and grooves and is available in 40 or 50mm diameter, with a choice of three or
four teeth with uneven tooth spacing and internal coolant supply. [4]

Fig. 1. Sandvik CoroMill 390 [4]
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LMT's tool is based on a similar principle. This tool uses additive technology to create curved cooling channels. This
delivers the fluid exactly where it is needed. According to tests conducted, this design change has resulted in a 50%
increase in VVBD life when milling titanium. The following question is a prototype of LMT's coolant channel tool. [5]

Fig. 2. A tool developed using 3D printing and optimization of cooling channels [5]

Makino also has a specific approach to lightweighting the tool. The tool pictured below is designed for machining
gearboxes and motor housings. Given the size of the tool, the aim is to make it as light as possible. Particularly because
of the ability to change cutting speeds quickly and also to move the tool quickly in the tool magazine. Makino uses
additive technologies in conjunction with a carbon fibre composite tool body. This achieves very low weight while
maintaining high strength and rigidity. [5]

Fig. 3. Lightweight tool with composite body [5]

Another tool that is based on the principle of optimization and 3D printing is a cutter developed at the University of
West Bohemia. This milling machine is based on the principle of a bar construction, where the individual insert carriers
and the tool body are connected by spacers and struts are incorporated between them. This achieves sufficient rigidity of
the tool while reducing its weight as much as possible. The body of the tool is also fitted with nozzles which are directed
onto the face and back of the interchangeable inserts, serving to cool the tool more efficiently. The entire tool is printed
in tool steel, due to the difficulty of machining and high cost in the case of titanium printing. The tool is designed primarily
for roughing operations. The tool's bar structure is not manufacturable by conventional manufacturing methods, so
additive manufacturing is used. Another advantage is the material savings, up to 60% less weight compared to standard
tools, while maintaining the rigidity and strength of the tool. [6] [7] [14] [16]
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Fig. 4. KRAKEN milling head [7]

The following patents are based on the principle of controlling, opening and closing the cooling channels. The first
patent described in US8696252 is a cutter with an adjustable cooling mechanism. Where, on the circumference of the
tool, helically mounted inserts with cooling channels are fed to the inserts faces. The tool is designed as a conventional
cutter without the use of optimization and 3D printing. A center pin is located in the center of the cutter and serves as a
mechanism to open and close certain cooling channels. The pin is hollow and has grooves in which the outlet of the
cooling channels is located. These can then be further connected to the channels in the body of the tool. The grooves on
the body of the bolt can be provided with a sealing ring and thus the flow of coolant into the tool body and to the
replaceable inserts can be sealed (interrupted). The stud is threaded and the stud must be unscrewed each time the cooling
is adjusted, meaning adding or rearranging the seal. This solution is therefore quite tedious, especially in a situation where
there is a frequent need to open and close certain channels according to the type of material being machined, the machining
method and the cutting conditions. The following figure shows a prototype tool with a pin controlling the fluid supply.

(8]

94

Fig. 5. Patent of tool with adjustable cooling [8]
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The invention CZ 306957 is based on a similar principle. It is a cutter which is attached to a chuck by means of a
hollow screw equipped with a system for supplying coolant to the cutting point. The cutter thus has an internal fluid
supply through the tool body and through the hollow screw, thus achieving more efficient cooling at the face and directly
at the cutting point. However, this design of the tool does not allow for control in the form of partial closure of the cooling
channels compared to the previous design. The design of the tool with the hollow locking screw is shown in the following
figure. [10] [13]

Fig. 6. Design of rotary tool with internal cooling [10]

A different view of coolant control is offered by patent US9434011.This patent addresses the "spray” nozzle that is
located at the outlet of the coolant channel facing the face of the plate. The nozzle consists of an insert that is screwed
into the body of the tool and then an adjustable nozzle itself with a slot-shaped outlet. The advantage of this nozzle design
is both the two-axis adjustability and rotation and the slotted outlet shape. This makes it possible to direct the coolant
directly to the cutting point and the entire length of the blade, thus achieving better cooling and chip breaking. [9]
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Fig. 7. Coolant spray nozzle [9]

Many other patents and inventions, such as US8573098B2 or US7125207B2, are based on the principle of feeding
the cutting fluid through the central clamping screw. However, none of these solutions address the possibility of regulating
the supply of cutting fluid to the cutting point, or the possibility of supplying fluid only to the face, only to the back, or
both at the same time, depending on the need and method of machining. [11] [12]

3. Prototype of a machining tool

From the findings presented in the previous chapter, it is clear that additive technologies combined with topological
optimization enables a new and completely different perspective on the design of machine tools. By using these
technologies, it is possible to achieve improvements in tool properties, in particular in terms of addressing the cooling of
the cutting edge of the tool, increasing its strength and stiffness, or improving its damping properties, for example. A
major benefit of 3D printing is the ability to optimise the cooling channels, thus achieving the desired shapes and the
supply of cutting fluid exactly to the cutting point with the desired channel pattern in the tool. Losses caused by, for
example, perpendicular drilling of the channels or inaccurate direction of the cutting fluid are then eliminated. [15]

None of the tooling solutions analysed offers a combination of features and technical solutions that are suitable for
use in hot runner machining. This means designing the tool to be able to use the full length of the cutting edge during
machining, and to be able to mill and also possibly turn when fitted with the same inserts for both operations. For this
reason, it is also necessary to regulate the cutting fluid supply, specifically the ability to close and open the cooling
channels according to the required operation and other machining parameters. This is also related to the optimised coolant
supply to the back and front of the insert along the entire length of its blade, precisely because of the use of the entire
length of the blade.
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The second, and no less important, part is the optimisation of the tool design to increase its strength and reduce its
susceptibility to instability in the cutting process, for example due to vibrations from the cutting forces. This can be
achieved precisely on the basis of topological optimisation, where the design is designed to eliminate as far as possible
the influence of cutting forces on the instability of the tool and the associated vibrations. [15]

On the basis of the obtained knowledge and the shortcomings identified from it, a prototype of a special tool was
designed, especially for machining of hot spray. | participated in the development and design of this tool myself and also
carried out and pre-experiments and experiments of NiCrBSi and Fe13Cr spray machining. The tool will then be further
optimized based on the evaluation of the experiments and machining experience of these injections. As already mentioned,
the tool is designed for both milling and turning, for this reason it has a specific position of the interchangeable inserts in
relation to the tool axis. This makes it possible to machine with a linear cutting edge and use the full length of the cutting
edge. Thanks to additive technologies, it was possible to design the cooling channels with the smoothest possible flow so
that there is no loss of fluid flow. Another advantage of using additive technology is the change in cross-section of the
channels from an inlet circular to an outlet oval, which covers the entire length of the blade, a very important feature in
linear cutting edge machining. The channels are also brought to the face and back of the insert for more efficient cooling.
One of the main benefits is then the ability to regulate the coolant using the control elements on the side of the tool. With
these members, it is possible to cool either the face/back or both at the same time, independently for each inserts separately
according to the needs for the specific machining operation. Each control member therefore has four positions: all open,
face only open, back only open and all closed. This makes it possible, for example, to open the cooling on only one insert
in the case of turning, and thus achieve higher fluid pressure than when the cooling is also open on inserts that are not
being machined. The following figures show the design of a prototype tool. [16] [17] [18]

Fig. 8. prototype of tool

Fig. 9. Optimized channel guidance inside the tool

4. Conclusion

The main objective of the thesis was to elaborate the knowledge and introduction to the problem of design
optimization. Due to the scope of the thesis, it does not contain a comprehensive view of the issue, but only a basic
introduction to it. The review part is then devoted to the analysis of the current state and level in the field of development
and design of tools using topological optimization and additive manufacturing, some part is also devoted to the solution
of coolant supply to the cutting point and its possible regulation. On the basis of the research, the design of the tool design,
evaluation of the knowledge and setting of objectives for the follow-up work, which will be focused on the development
and design of the tool for machining not only for hot spraying, and on the experimental activities associated with it. The
aim of the follow-up work will be to link the knowledge gained so far in the given issue and to deepen it. [17] [18]
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