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Summary. The article is devoted to the designs improvement of face mills with round inserts
on the basis of a systems approach. The increasing a cutting efficiency with face mills is provided by improving
their designs in the following aspects: increasing the tool life, accuracy and productivity, improving the quality
of the machined parts surface. Analysis of the operating conditions of the milling cutters is carried out element
by element (body, shank, inserts and their location, etc.), these components are considered as one system. The
technological system (machine, holder, workpiece, tool) is presented as a supersystem, which is under the
influence of active, intermediate acting, reactive and derivative factors. The article decomposes into elements
(cutting, body, base and fastening parts) of a standard face mill with round inserts and performs their system
analysis relatively the occurrence of adverse cutting conditions. On the basis of this the scheme of structural
improvement aspects of face mills designs is developed. As a result of structural improvement and variants
synthesis, the authors propose concepts of face mills designs for different machining conditions.
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Statement of the problem. Efficiency improvement of face milling is an important
task for metalworking production. It is especially significant for machining of structural
materials of group H and S [1], with their cutting being accompanied by severe cutting edge
wear of tool.

Face mills (FM) with round inserts are increasingly used as they are universal and
employed both for heavy face milling and profile machining.

One of the main ways of increasing the cutting efficiency is improvement of face mill
designs which can be achieved by the following areas: improvement of durability, accuracy
and machining productivity, surface layer quality enhancement.

Evaluation of known research findings. Theory and methodology of cutting tools
design, including FM, are presented by works of Granovskii G. I., Semenchenko 1. I.,
Rodin P. R., Ravska N. S., Senkin Ye. M. and others. Contemporary theoretical works are
also well-known and they describe major design methods for face mills, develop general
mathematical models of their design and highlight priorities of improving face mills designs
for different machining conditions [2-7].

The vast majority of research on face milling process deals with specific problems
regarding the quality assurance of the surface being machined. Thus, works [8, 9] provides
mathematical and simulation models for prediction of surface topography which is formed in
the process of face milling. The presented articles provide possibility to determine best cutting
conditions and geometrical parameters of mill’s cutting edge. The work [10] presents the
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method of fractal analysis which was first adapted to describe the surface area of micro-relief
being formed by face milling at various feed values.

Experimental study of milled surface quality dependent on specific factors is
brought into a sharp focus. For instance, the influence of FM hard alloy insert wear
on the surface roughness under different cutting conditions is studied in work [11]. Profound
theoretical investigation on geometric accuracy of surfaces, machined by face mills, are
presented in works [12-14]. Evaluation model of various types of flatness deviations during
face milling with different insert wear and milling parameters is proposed in work [12].
Work [13] is devoted to the development of technique to determine elastic displacement
of spindle assembly joint of vertical milling machine and face mill with the help of
software product SolidWorks. It provides possibility to prognosticate flatness deviations
during face milling of flat surfaces. The article [14] suggests a new approach
to improve the quality of a surface being machined by means of workpiece optimization
scheme. Authors obtained analytical equations for workpiece elastic deformation depending
on gripping force and optimization model for workpiece deformation minimization has
been developed.

Description of mill cutting edge wear mechanism during machining of various
structure materials is done in works [15-18]. Failure types of face mills during machining of
hardened steel were studied in [15]. Fatigue failure was stated to be the major mechanism of
hard alloy plates’ destruction. The article [16] is an experimental study on the influence of
rounding radius of mill edge on its wear mechanism during steel milling. The work [17]
determines the most typical failures for mills of special forms employed in wheel milling
machines for recovering of wheelset operating profile. The work [18] describes an original
approach to determine the tool wear by observing the change of spindle rpm during milling.
Authors of this study determined the criteria for critical inserts’ wear both in timely and
frequency manner.

The works [19-25] give insights into the problems of influence of the cut
layer parameters and cutting modes on cutting power characteristics of various metals
by face mills of different designs using experimental, mathematical and simulation
methods.

It should be mentioned that vast majority of face mills used in industry employs
generator cutting scheme. One of the exceptions is stepped mill Sandvik Coromant [26].
Besides, there is a number of works, which proves the efficiency of using stepped cutting
scheme for face mills applied both for finishing and roughing machining of flat surfaces of
parts manufactured from difficult-to-machine materials [19, 21, 26-29].

Another aspect for further study is the use of FM cylindrical rake face inserts. This
problem is brought into focus in works [21, 30-32], which confirm the positive influence of
cylindrical rake face inserts on FM durability, as well as reduction of specific pressure on
insert blades.

FM body designing was dwelt on in the study [33], where authors found critical cutting
conditions that lead to tool failure. Leading cutting tool manufactures use aluminum as a
material for bodies of large-size mills. This reduces FM weight and provides machining
stability, which is significant for cartridge type mills [34].

A number of studies are known regarding the improvement of FM shanks and
mandrels [35-37]. Developed designs of shanks allow increased rigidity and accuracy of tool
grip in the spindle as the more rotational speed of the spindle is, the more grip power it
produces.
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Energy efficiency of face milling are highlighted in the works [38, 39], in which the
authors are suggesting multifunctional integrated optimization model to minimize energy
consumption that includes operation factors of cutting tools and cutting modes.

Thus, a great number of diversified studies on face milling are known nowadays,
however these studies lack consistency, post narrow scope and their findings have limited
applications. Therefore, there is an urgent need of applying systems approach [5, 40, 41] to
scientifically ground the main ways of improving FM designs for machining parts, which are
manufactured from group H and S materials.

Objective. Based on systems approach, new FM design conceptions employing round
inserts should be developed to increase durability, accuracy, machining performance and
quality of the surface layer.

Statement of the task. More profound and complete analysis of FM operation can be
achieved when it is viewed as a system [40] consisting of the following elements: body, shank,
inserts and their position, etc. Then, the technological system (TS), which includes milling
machine, holding devices, workpiece and tool itself, can be viewed as a super-system of (TS)
[5, 40, 41]. Interaction of functional relations during the face milling process (operation of
TS super-system) is shown on Fig. 1.

Active Intermediate Reactive Derivative
factors acting factors factors factos
r TS supersystem

Figure 1. Interaction scheme of physical bonds during milling process

Active factors include torques and angular velocities from the engine to the cutting
area.

Intermediate acting force factors include: cutting forces; inertia moments of body, FM,
spindle; inertia force [42] at bending and displacement of the mandrel, as well as heat
formation on the milling cutter blades during cutting process.

Reactive factors include deformation and displacement of the tool and workpiece with
negative or positive feedback, as well as heat dissipation from the cutter blades.

Derivative factors: vibrations with trajectory and cutting speed change; generation of
strain fields within the cutting zone and FM inserts wear. The clearest effect of derivatives in
the super-system is manifested on the newly sharpened cutting tool, which occurs at the
beginning of cutting when instead of effective machining intensive wear takes place, i.e.
during the initial cutting period. Through the TS super-system these factors adjust the effect
of initial active factors.

Research findings. To design enhanced FM with round inserts one should perform
profound systems analysis and analysis of already existing standard FM (ISO 6462:2011
«Face milling cutters with mechanically clamped indexable inserts»): mill diameter —
100-200 mm, insert diameter — 16 mm; no. of inserts — 10-16; maximum cutting depth —
4 mm (see table 1).
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Table 1

Description of the analogue, decomposition into elements and their analysis

Defects

Outcomes

Runout of cutting edges

1. Not all cutting edges perform shaping function.

2. Cutting function is performed by only few cutting
edges, which enhances milling unevenness.

3. The reason for degradation of machined surface quality
lies in the interaction between individual inserts: the most
«protruding» inserts change operating conditions of
inserts with less thickness of the cut including shaping
insert.

4. Reduction of machining productivity is caused by
sharp decrease in the number of inserts which perform
milling.

5. Decrease in FM strength is caused by intense wear of
the most heavily loaded inserts.

Placement of cutting edges on the same

Runout of cutting edges

Cutting part surface of rotation indicates on the
division of chips only by cut thickness
(generator cutting scheme)
Maximum cutting edge angle is equal to | Immediate elastic deformation may occur when FM is
62 and reached at maximum cutting |inaccurately fixed on the spindle.
depth
Non-free orthogonal cutting Expansion of the chip edges and their partial «smearing»
onto the crests of surface microroughness of the
workpiece being machined
Overlapping of functions of allowance | Decrease in general strength, deterioration of surface
removal and shaping machined quality
Lack of overall number of cutting|Low machining productivity, poor quality of machined
elements, even less number of inserts | surface
which perform milling function
When installation of the insert on the | Absence of rigid connection with the body, the insert is
Body part ony,apre—stressinthe dire_ction ofth_e being_ dis.placed resultin_g in its chipping and hence
main component of the cutting force is | deterioration of the machined surface
not formed
The size of the base face surface is|FM locating accuracy deterioration which causes the
much smaller than the operating |runout of cutting edges
diameter of the FM (mounted FM)
Radial base of FM has significant|Significant value of diameter allowance increases cutting
Base and |diameter edges radial runout

fastening part | Gripping errors occur due to non-
parallelism of opposite base and
fastening surfaces of FM and the
mandrel, and/or non-perpendicularity

of the thread axis and operating nut face

Different clamping stiffness of FM along the spindle
contour is created, which promotes oscillation excitation
(especially harmful at the initial period of FM wear)

When machining flat surfaces with mills, negative effects may occur such as impacts at

entering and withdrawal in the contact area with workpiece, cutting edges damage, uneven
milling blade loads, etc., which lead to reduction of FM tool life, machining accuracy and
productivity, deterioration in quality of surface layer. This can be avoided by improving the
shape of cutting edges, geometric parameters, cutting schemes, which will smooth the milling
dynamics, control cutting speed, etc.

Intensification of initial impact processes from cutting forces is the most dangerous
in deformed FM elements and their joints. When cutting begins with just sharpened FM cultters,
instead of efficient workpiece machining, the intensive wear occurs, which causes impact
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entering-withdrawal of inserts from the cutting area, but in most cases — oblique impact, i.e.
impact being applied not along the bisector of the cutting angle. These are
major factors for wearing of the initial cutting period, therefore it is important to make time
extension for the initial cutting period in order to smooth and minimize the aforementioned
factors. For this purpose, the most effective will be the technical decisions connected with
improvement of FM designs at the expense of a choice: cutting type and schemes;
shape, number of active inserts and optimal values of geometric parameters; body and shank of
FM, etc.

Significant smoothing of the FM machining dynamics can reached by applying oblique
cutting with circular inserts, which reduce wear intensity, especially at the initial cutting period.

When designing FM it is necessary to choose such cutting schemes, which would
produce the lowest specific cutting forces by providing greater thickness and smaller chip width
[29]. This is due to the predominance of the value of the destructive shear deformation for the
allowance layer relative to the amount of compression deformation, as well as a decrease in the
hydrostatic pressure observed within the cutting area. This approach to cutting schemes
realization was used by authors [27, 29] in designing FM with rectangular arrangement of
cylindrical inserts on Fermat spirals. Proposed FM design provided formation of type cut “fish
scale”. It was found that the developed cutting scheme helped to increase the dynamic stability
of the machining process, and, as a result, increase in the tool life and the quality of the machined
surface.

It is recommended to increase the number of inserts involved in milling at the same
time to 3 or more, as this reduces the negative effect of impact phenomena during machining,
instability of the machine kinematics, workpiece deformations, etc.

The geometrical parameters of FM inserts determine the cutting scheme (elements of
the cut layer) and are intended for specific machining conditions. The comprehensive analysis
of the influence of geometric parameters on the cutting scheme, especially for stepped FM,
requires the development of mathematical models of the tool cutting edges load [19]. They
allow determining the optimal geometric parameters for each step of the milling cutter.

Stepped cutting schemes are characterized by changing operating conditions of inserts
at different steps. Therefore, to realize a gradual uniform transition from rough to shape-
forming finishing inserts, it is necessary to apply a spherical or torus cutting surface, which can
be obtained through the appropriate shapes of the body using the same protrusion of the inserts
relative to the body.

Tool life and the quality of the processed surface also depend on its installation
accuracy on the machine. The enhancement of installation accuracy can be achieved by
improving the design of the FM shank (milling mandrels). One of the aspects of such
improvement is the design provision for increasing the rigidity of joint FM with the spindle of
the milling machine [13].

The application of a spherical shape of the FM body compared to the torus, has a large
difference in cutting speeds on inserts of different steps, as well as a smaller width of the
machined surface. In addition, the torus body has a smaller size and therefore less weight, so
the torus shape of the body is more rational. The use of materials with low specific weight for
manufacturing of bodies of large-sized FM (titanium — 4.5 g/cm?®, aluminum — 2.5 g/cm?,
magnesium alloys — 1.8 g/cm?®) reduces the load on the operating parts of the machine and
ensures the stability of the machining process.

Based on a systems approach and the above considerations, a scheme of the main ways
in improvement of FM designs with round inserts was developed (see Fig. 2).
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Based on the above systems approach to the design of FM with

Figure 2. Ways of design improvement of face mills

round

inserts, recommendations for their structural improvement were developed (selected cells
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in Fig. 2) and a synthesis of variants of improved FM for different machining conditions was
proposed (Table 2).

Table 2

Variants of synthesis of advanced face mills designs

1. Type of . FM without . . FM without
milling cutter FM W't.hOUt shank, FM W'th shank, FM V\."th shank, FM with shank,  shank,
. shank, single- . adjustable adjustable . .
and its - adjustable oo . four-helix adjustable
. helix, o multihelix, four-helix, _ o
nominal D =250 mm multihelix, D =160 mm D =160 mm D =160 mm | multihelix,
diameter - D =250 mm - - D =250 mm
2 EM Machining
L Machining of high strength steels Machining of hardened steels | of titanium
Application
alloys
3. Cutting 240 240 150 150 150 240
width, mm
4. Cutting 14 6-8 6-8 2,4 2,4 8-10
depth, mm
5. Body anq 40X steel 40X steel 40X steel 40X steel AL34 Alloy | 40X steel
shank material
Cylindrical Cylindrical Cylindrical Hexanit Hexanit Cylindrical
6. Insert, hard-alloy hard-alloy hard-alloy | (PCBN) bilayer (PCBN) hard-alloy
mm insert, insert, insert, insert, bilayer insert, insert,
16x15 11x10 11x10 5,56x3,97 5,56x3,97 11x10
7. Inserts
location in the Cylindrical hole and face of regulating screw
FM body
8. Inserts
protrusion, 5 3 2,5 1,5 1,5 3
mm
9. Fixturing of | Elastic wedge
inserts on the | element with Wedge element with a screw
body a screw
10. Clearance | -, ¢ 12...16 12...16 16...20 16...20 12...16
angle, gr.
11. Number of 18 18 12 28 28 20
inserts
12. Body Torus with Torus with slots Torus with angular holes Torus with
angular holes slots
. s Alongside of
Alongside of cylindrical :
13. FM_body surface of spindle hole and Alongside of hollow shank spindle face
location . and frame
increased face belt shaft

Thus, on the basis of the systems approach variants of the improved designs of face
mills were developed, one of which is given in fig. 3, namely adjustable stepped FM for
machining of high strength steels with cylindrical cutters located on the torus body with 3
Fermat helices, with a shank, characterized by increased rigidity of the joint with the machine
spindle.
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Figure 3. General view of the adjustable square shoulder face mill for high-tensile steels machining [27]

Some elements of the developed design solutions have already been used in modern
engineering, such as the use of stepped cutting schemes [26] and hollow shanks [35-37]. The
advantage of the proposed design concepts is the integrated application of new technical
solutions, which are based on a systems approach, which will increase the efficiency of face
milling of flat surfaces of parts made of group S and H materials.

Conclusions. It is suggested to analyze the FM operating conditions element by
element: the body, shank, inserts and their location, etc., and consider these components as a
system. In this case, the technological system, which includes the milling machine, holding
device, workpiece and a tool, can be represented as a supersystem, which is under the influence
of active, intermediate acting, reactive and derivative factors. For a standard face mill with
round inserts, decomposition into elements (cutting, body, base and fastening parts) was done
and their systems analysis of the occurrence of adverse cutting conditions was performed. The
design improvement of FM elements made it possible to propose technical solutions that are
aimed at significant increase of FM tool life, accuracy, machining productivity and quality
enhancement of the machined surface of the part. The main suggestions for improving the
design of FM are to make a torus-shaped body, stepped arrangement of inserts on Fermat
helices, employment of a cylindrical rake face of the inserts and the shank with increased
rigidity of the joint by dividing the conical surface into two strips reducing the angle of the cone
and hollowing its angle.

As a result of design improvement and synthesis of variants, the development of
concepts of improved FM designs for different machining conditions of flat surfaces made of
group S and H structural materials has been realized. The proposed systems approach can be
further developed and applied to improve the design of cutting tools of different types.
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CTPYKTYPHE YJOCKOHAJIEHHS KOHCTPYKIINA TOPIIEBUX
®PE3 HA OCHOBI CUCTEMHOTI'O IIIAXO0AY

Jlapuca I'nem6oubka; Harauis baamnubka; Ilerpo MeabHUYYK;
I'eopriii Buroscobkmi

epotwcasnuii ynisepcumem «Kumomupcoka noiimexmikay,
Kumomup, YVrpaina

Pesziome. [Ipucesueno yOoCKOHANEHHIO KOHCMPYKYIll mopyesux gpe3 i3 Kpyeaumu HAACMUHAMU HA
0CHOGI cucmemHnozo nioxody. Topyesi ¢hpesu 3 Kpyerumu NAACMUHAMU 3HAXOOAMb WUPOKE 3ACMOCYB8AHHA 8
MawunoOyOy6anHi, OCKiIbKU GOHU € YHIBEPCANbHUMU MA BUKOPUCHOBYIOMbCA AK Ol CKIAOHO20 MOPYE8020
@pesepyeanns, max i oas npo@invroi 06pobru. Ilidsuwenns eexmusnocmi pisanus mopyesumu @pesamu
Modcnuge uepes YOOCKOHANEHHS iX KOHCIMPYKYIL 30 MAKUMU HANPAMKAMU: NIOSUWEHHS CIILIKOCMI IHCIMpPYMeHmd,
mouHOCMI Ma NPOOYKMUBHOCHIT 0OPOOKU, NOKPAWEHHS IKOCMT NOBEPXHEBO20 ulapy 06pobaeHoi nosepXui demaii.
Amnaniz ymos pobomu T® 30iticHioembcs noeremMeHmuo (KOpnyc, X60CmMosuK, HoxiCi, ix po3mautyganus mowo). Lfi
CKa008i po32nadaromscs Ak 00Ha cucmema. TexHonoziuna cucmema (8epcmam, npucmocy8ants, 3a20moeKa,
iHCcmpymenm) npeocmasgieHa AK Haocucmemd, AKa nepedysdae nio GNIUBOM AKMUBHUX, NPOMINCHUX Oil0uUX,
PeaKkmusHux ma noxionux uwunnuxie. Ilpoeedeno Ooexomnosuyiio na enemenmu (pisanbHa, KopnycHa, 6a3o6a i
KPINuIbHAa YacmuHu) cmaHoapmuoi mopyegoi (hpesu 3 Kpy2aumu nAACTIUHAMY MA BUKOHAHO X CUCTNeMHUL AHANT3
w000 BUHUKHEHHS HECRPUAMUBUX Y MO8 pizanHa. Ha ocHo6i ybo2o po3podaeno cxemy HanpsAMKi6 CIMpYyKmypHO20
B00CKOHANEHHSI KOHCIMPYKYill mopyesux ¢pe3. 3anpononosano mexuiuHi eupiuieHts, CNPSIMOBAHI HA CYMMESe
nio8UUerH s CMIIKOCMI IHCMPYMeHMY, MOYHOCMI Ma NPOOYKMUBHOCII 00POOKU, a MAKONMC NOKPAUJeHHS AKOCMI
00pobienoi nosepxni demani. Hageoeno ocHosHi npono3uyii w000 600cKoHanenHss KOHempykyiu T®: sukonanHs
Kopnycy mopogoi ghopmu, cmyninuacme po3miugenns Hoicie no cnipanax epma, 3acmocysanis YuriHOpuyHoi
nepeoHboi NOBePXHI HOMHCI6 MA BUKOHAHHS X80CHOBUKA 3 NIOBUWYEHOT0 HcopCmKicmio 3’ cOHanns. B pesynomami
CMPYKMYPHO20 800CKOHANEHHS A CUHMe3Y 8apianmie po3pobieHo Konyenyii yoockonanenux koncmpyxyiu T®
07151 PI3HUX YMOB 00POOKU.

Knrouosi cnosa: mopyesa gpesa, cucmemnuti nioxio, cmpykmypHuil anaiiz, KOHCmpyKyis gpesu.
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