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Abstract. The article presents the results of a comprehensive study of heavy turning of high-strength
steels used in structural components of defense and energy engineering, particularly in the tyres and rims
of railway wheelsets. The aim of the work is to improve the efficiency of cutting tools by optimizing their
geometry and cutting parameters based on the analysis of thermomechanical loading, the stress—strain
state of the cutting wedge, and the regularities of tool wear development. The study includes modeling of
temperature fields and contact stresses, analysis of the action of elementary force components on the rake
and flank surfaces of the tool, as well as experimental determination of cutting forces, wear, and surface
roughness during turning of steels with hardness of 2850-3600 MPa. The obtained results show that the
geometry of the cutting part is a critical factor in ensuring tool stability: the use of a shortened rake face,
strengthening chamfers, and a rational nose radius reduces contact stresses and local overheating in the
tool-nose zone. Optimal cutting conditions (V = 45-55 m/min, s = 1.4-2.0 mm/rev, t = 6-8 mm) were
established, ensuring minimal wear intensity and a stable chip-formation process. The practical
significance of the work lies in the possibility of increasing tool life, machining accuracy, and
technological reliability in the production of high-responsibility components from high-strength steels.
Keywords: heavy turning; high-strength steels; wheelsets; cutting tool; tool geometry;
thermomechanical stresses; cutting temperature; wear; tool life.

1. Introduction

Machining steel workpieces under heavy cutting conditions is one of the
most complex and resource-intensive operations in mechanical engineering,
particularly during the processing of large components such as railway wheelsets or
rolling mill rolls. The combination of large depths of cut, high feed rates, and
increased hardness of the surface layer leads to intensive tool wear, an increase in
cutting forces, and significant thermomechanical loading on the cutting edge. Under
such conditions, traditional approaches to improving tool life—use of cutting fluids,
wear-resistant coatings, or preheating of the workpiece—Ilose their effectiveness due
to the sharp rise in temperature on the rake and flank surfaces. This causes plastic
deformation of the carbide layer, reduces its shape stability, and decreases tool life
by a factor of 2-3 compared to standard cutting conditions.
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The need to reduce wear intensity and maintain geometric stability of the
cutting edge has made the optimization of tool geometry a highly relevant task. It
has been established that the formation of the temperature-stress state is largely
determined by the rake and clearance angles, the nose radius, the configuration of
micro-chamfers, and the parameters of chip—tool contact. Optimizing these elements
makes it possible to reduce the temperature in the cutting zone, stabilize the chip-
formation process, and minimize plastic deformation even under conditions of large
undeformed chip thickness.

The aim of this work is to increase the efficiency of heavy turning of alloy
steels by determining rational cutting regimes and optimizing tool geometry under
conditions of intensive thermomechanical loading. This involves experimental
investigation of the influence of cutting speed, feed, depth of cut, rake and clearance
angles, and nose radius on tool wear, chip-formation stability, and surface quality,
followed by justification of geometric parameters that ensure minimal wear at high
productivity.

2. Analysis of Research and Problem Statement

Increasing requirements for the strength and service life of wheelset
components in modern transport and energy engineering have intensified research
aimed at improving the efficiency of heavy turning of high-strength and hardened
steels. A significant body of work focuses on the analysis of temperature fields,
cutting forces, and tool wear mechanisms, as elevated temperatures and intensive
thermomechanical processes determine both chip formation and the degradation rate
of the cutting edge [1-3]. The studies by Duc et al. [1] and Mane et al. [2] present
experimental and FEM-based temperature models for machining high-strength
steels, showing the influence of cutting speed, tool geometry, and cooling conditions.
Work [3] highlights temperature and residual stress characteristics during machining
of hardened AISI 52100 steel, confirming the complex thermal loading relevant to
railway wheelset bandages as well. Studies by Zheng et al. [4] and Zhang et al. [5]
emphasize the critical role of high temperatures in wear mechanisms of coated
inserts under heavy mechanical loads.

Further research focuses on modelling thermal and mechanical processes
within the cutting tool. Work [6] demonstrates the effectiveness of protective
coatings in reducing local overheating, while Twardowski et al. [7] highlight the
potential of predicting tool wear based on temperature and force parameters. The
findings of Krbata et al. [8] provide insight into tribological interactions between
tool materials and hard workpiece materials, which is relevant for machining
hardened wheelset bandages. In parallel, intelligent wear-prediction methods are
actively developing: neural-network-based models presented in the works of Guan
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et al. [9] and Cheng et al. [10] show high accuracy in predicting tool degradation
during high-speed machining of high-strength steels.

Considerable attention is also devoted to optimizing cutting parameters.
Bhemuni et al. [11] investigated the relationship between cutting conditions and
temperature in the cutting zone, while work [12] offers optimal machining
parameters for AISI 52100 steel considering surface roughness and cutting forces.
Review articles by Shihab et al. [13] and Sivaram et al. [14] summarize recent trends
in hard turning technologies, and study [15] examines the influence of cooling-
lubrication conditions on the surface quality of AISI 52100 steel.

A synthesis of the literature shows that despite substantial progress in hard-
turning research, significant gaps remain for the machining of steel bandages and
wheelset rims. Notably, there is a lack of models capable of correctly accounting for
plastic deformation of the tool tip under large stock allowances and elevated thermo-
mechanical loads characteristic of heavy turning. Moreover, available data on the
stress—strain state of the cutting wedge under real industrial loading conditions
remain limited.

3. Object, Subject, and Research Methodology

The object of the study is the turning process of high-strength structural
steels under heavy thermomechanical loading of the cutting tool. The subject of the
research includes the tool materials of carbide inserts, the geometry of cutting tools,
the temperature—force loads in the contact zone, the shear stresses on the rake and
flank surfaces of the tool, and the wear mechanisms of the cutting wedge during
machining of large stock allowances.

The research methodology is based on the combination of theoretical
modelling and experimental verification. To determine the temperature on the rake
and flank surfaces of the tool, a thermomechanical model was applied, accounting
for heat generation due to plastic deformation in the cutting zone and friction on the
contact surfaces. The average temperature was calculated considering the main
technological parameters according to the generalized dependence:

T=f(V,s,t,y,a,1),

where V — cutting speed, S — feed, t — depth of cut, y — rake and
clearance angles, r,. — tool nose radius.

This approach makes it possible to determine heat distribution in the cutting
zone and assess the conditions of local overheating, which significantly influence
tool wear resistance.

To evaluate the stress state of the cutting wedge, a modified Mitchell
method was used, allowing calculation of the maximum shear stresses on the rake
surface through the frictional component of cutting force:
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Fe
Tmax ZE
F. — component of the cutting force associated with friction,

A+— actual contact area between the chip and the rake surface.

The obtained relationships reflect the influence of chip thickness and wear-
land width on the growth of shear stresses, which determines the intensity of plastic
deformation of the cutting wedge.

Tool wear was analyzed by determining the wear intensity, introduced as

the derivative of the wear-land width with respect to the cutting path:
dh

dLr’

where h — wear-land width, L — cutting path.

Using wear intensity makes it possible to characterize tool degradation not
only in the steady-state stage but also at initial and transitional phases, which is
particularly important when machining high-strength steels with non-uniform heat
generation in the cutting zone.

Experimental investigations were performed to determine the evolution of
cutting forces, thermomechanical loading, and wear intensity of the cutting tool
during heavy turning of hardened and high-carbon steels. The tests were carried out
on a heavy lathe model KZh1832, which provides the required stiffness of the
technological system, stable feed, and the capability to machine large stock
allowances under elevated loads (Fig. 1).

Figure 1 - Heavy-duty lathe model KZh1832 (manufactured by the Kramatorsk Heavy
Machine Tool Plant)

For the experimental investigations, heat-treated specimens of steel grade 60—
typical for railway wheel-set tyres—were used. The tool geometry was varied by
adjusting the rake angle y, clearance angle @, and nose radius re, while ensuring
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identical microgeometry of the cutting edge. Cutting parameters were changed
within the range typical for heavy turning according to a factorial experimental
design, which made it possible to evaluate both the individual influence of each
factor and their interactions.

Cutting forces were measured using a strain-gauge system equipped with a
dynamometer, allowing the registration of tangential, radial, and axial components.
The temperature in the cutting zone was monitored using a thermoelectric method.
Tool wear was assessed optically by measuring the width of the flank wear land and
identifying signs of edge degradation or loss of shape stability.

The obtained data were subjected to statistical processing. Based on variations
in cutting forces, temperature, and wear intensity, rational cutting regimes and
optimal geometric parameters of the cutting insert were determined for operating
under elevated thermomechanical loading conditions.

4. Theoretical Principles of Tool Geometry Optimization for
Machining High-Strength Steels

4.1. Modelling of Temperature in the Cutting Zone

Accurate prediction of temperature in the cutting zone is fundamental for
the optimization of cutting tool geometry when machining high-strength steels,
where the thermal load often approaches the heat-resistance limits of carbide
materials. The thermal processes are described by the equations of non-stationary
heat conduction, which consider the heat generated by plastic deformation of the
removed layer as well as friction on the contact surfaces.

An important criterion characterizing the ratio between heat conducted into

the chip and into the tool is the Péclet number:
vt

Pe = —,
a

where
V — cutting speed, t — characteristic chip thickness, a — thermal diffusivity of the
workpiece material.

At low Pe values, most of the heat flows into the tool, while at high Pe the
primary heat flow is carried away by the chip, fundamentally influencing the
temperature fields on the contact surfaces.

The general thermal balance is expressed as:

0=0p*qr,

where
Op heat generated by plastic deformation of the material,
gir — heat generated by friction between the chip and the tool rake face.
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The subsequent distribution of heat is determined by its partition into the
chip (»c), tool () and workpiece (yw):

netnetnw=L1.
The maximum temperature on the rake face is estimated as:
ql
Thax =To P
where
To — initial temperature of the tool, | — chip-tool contact length, k — thermal

conductivity of the tool material, A — contact area.

The geometry of the cutting part significantly affects the resulting
temperature fields. Increasing the rake angle y reduces the real contact area and
lowers peak temperatures, although excessive y decreases wedge strength. Chamfers
on the rake face help stabilize chip deformation and redistribute the thermal load.
The nose radius r,. affects heating on the flank face and the overall mechanical
stability of the cutting edge: a larger radius increases strength but also enlarges the
contact zone, raising frictional heating.

4.2. Stress State and Deformation of the Cutting Edge

Evaluation of the stress—strain state of the cutting edge is a key stage in the
analysis of heavy turning of high-strength steels, since the distribution of normal and
tangential stresses directly determines tool durability, wear intensity, and the
accuracy of surface formation. Under large feeds and depths of cut, the cutting
wedge experiences significant thermo-mechanical loading, which leads to local
stress concentrations on the rake-land facet and the flank surface, particularly in the
tool-tip zone where the maximum wear land width is formed and peak heating occurs

(fig 2).
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Figure 2 - Scheme of the stress state of the cutting wedge during machining of high-strength
steel

In the stress—strain model of the cutting tool, individual sections of the
working surfaces are considered as being subjected to elemental force components.
On the rake face, within the chip—tool contact zone, an elemental tangential
component AF:, a normal component AN;, and the resultant force component 4R
directed along the chip flow line act simultaneously. For the clearance face, where a
stagnation zone is formed, a uniformly distributed normal pressure qy is introduced,
representing the contact load on the wear land.

An important element of the model is the description of the cutting edge shape
in local coordinates (&, z), which reflects the real geometry of the edge radius and
the rake chamfer. According to the geometric relations for the radius portion of the
cutting edge, the coordinates of an arc element are defined as:

X2+y?=r2, dl = ——dx.
,rgz—xz

The elemental increment of the tangential cutting-force component is expressed as:

dpP, = KVSb\/idqufysmydx + o0,bh,dx,

Ts —x2

where: Ky — coefficient accounting for the workpiece material properties,
S — feed, b — contact width, gn — normal stresses on the wear land, h, — wear-
land thickness, fy — friction coefficients, y — rake angle.

Similarly, for the axial and radial force components:

r2-x2 r2-x2

The integration limits are determined by the cutting-edge contact length:

x € [O,w/2r€t - tz]

dP, = Ky;Sb——=dxqy f,sinydx + o,bh,dx,dP, = K,Sb——=dxqy f,sinydx,

where t is the chip thickness.
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Thus, the total components of the cutting force are obtained by integrating the
corresponding differential expressions:

Py =] dPx, Py=]dP,, P,=]dP,.

These components are then transformed into the global coordinate system (Fig. 2),
enabling determination of the resultant load acting on the cutting wedge:

R=P,P, B,

Additionally, using Mitchell’s solution for a wedge, the shear stresses in the tool
cross-section are defined as:

B
Py tan;
X 2,

2

T =
™ be cos

where £ is the wedge angle, e is the cross-sectional thickness, b is the contact width.

An increase in the wedge angle 8 reduces tm, confirming a lower tendency toward
plastic deformation as the wedge strength increases — a typical effect for tools with
a shortened rake face.

The generalized analysis shows that maximum stresses are concentrated in
the edge-radius zone, where peak thermal and mechanical loads occur
simultaneously. This region becomes the initiation point of intensive wear and
formation of the wear land h,, which is confirmed by experimental results and agrees
with the modelling outcomes.

4.3. Wear Intensity Model

The functional efficiency of a cutting tool during the machining of high-
strength steels is determined by the regularities of wear development on the cutting
wedge and its ability to maintain geometric parameters under increased
thermomechanical loading. To quantify this process, a wear-intensity model is used,
which assumes division of the contact zone into local regions, each characterized by
its own rate of cutting-edge degradation.

The local wear intensity at a point with coordinate x along the cutting edge
is expressed as:
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where h(x) is the local wear value (micro-chipping depth or flank-wear
width), L is the cutting path.

The highest values of I(x) are observed in the tool-nose region, where
maximum shear stresses, workpiece-induced pressure, and localized temperature
peaks coincide (Fig. 3).

Local wear

intensity /(x) Tmax

Moderate
flank wear

oh VB | x

Figure 3 - Diagram of the local and integral wear intensity of the cutting edge

The boundary conditions for edge shape stability are defined as:
Trax<Tt, Geq<op,

where Tt is the temperature at which the hard alloy begins to soften, oy is the strength
limit or the conventional yield strength of the tool material.
Exceeding these parameters leads to a loss of geometric stability of the cutting
wedge, accelerated wear, and the onset of plastic deformation in the tool tip.

The integral wear intensity is defined as the average degradation rate of the
cutting edge:

Lt = %fOLI(x)dx,

which makes it possible to evaluate the tool life and determine the cutting length at
which the critical wear value VBt is reached.

5. Optimization of Tool Geometry for Machining High-Strength
Materials on Heavy Turning Machines

Studies of thermomechanical loading during turning of steel wheel-set tyres
and rims have shown that the geometry of the cutting part has a decisive influence
on cutting forces, stress localization in the edge zone, and tool wear rate. For steels
with hardness HB 2850-3600 MPa, the maximum loads are concentrated at the tool
nose, where peak temperatures and the largest wear-land width are formed. For
standard prismatic inserts, the vertical cutting-force component Pz reaches 4045 ky,
which leads to accelerated tool degradation.

Comparison of different geometries demonstrated the advantages of inserts
with a shortened rake surface: a reduced rake angle on the chamfer increases wedge
strength, while a larger inclination of the main rake surface stabilizes chip formation.

127



ISSN 2078-7405 Cutting & Tools in Technological System, 2025, Edition 103

Such tools promote a more uniform distribution of normal stresses and reduce peak
shear stresses in the nose region. Radius inserts with r = 4-14 mm also effectively
decrease local loads in the transition zone, provided that the clearance angle is
corrected to prevent backside overheating.

Analysis of cutting forces showed that at t =8 mm and feed 1.2-1.6 mm/rev,
the Pz component increases by 20-25 %, accelerating wear-land development. This
confirms the need to limit feed in rough turning of wheel-set tyres.

The optimal tool parameters were found to be: rake angle 12—14°, clearance
angle 4-6°, nose radius 1.2-1.6 mm for tyres and 4-6 mm for rims. This geometry
reduces shear stresses zm by 15-20 % and stabilizes the stress state of the cutting
wedge. Combined with rational cutting regimes (V = 45-55 m/min, S = 1.4-2.0
mm/rev, t = 6-8 mm), tool life increases by 25-30 %.

A rationalized tool geometry includes the use of strengthening chamfers,
adaptive selection of nose radius depending on operation type, adjustment of rake
angle according to tyre hardness, and minimization of the real chip-contact zone to
reduce thermal loading. This approach ensures improved tool life and stable profile
formation under heavy-duty machining of high-strength steels.

6. Experimental investigations

Experimental studies were carried out to verify the adequacy of the
analytical models and to determine the influence of cutting tool geometry on tool
life and machining quality when turning high-strength steels under heavy-duty
conditions. Cutting force measurements showed that the tangential component of the
cutting force Fc increases almost linearly with feed rate, which corresponds to the
regularities of chip thickness formation in heavy turning. The characteristic form of
this dependence is shown in Fig. 3.

As the feed increased from 1.2 to 2.5 mm/rev, the cutting force rose by
approximately 25-30 %, confirming the dominance of mechanical loading over
thermal effects within the tested cutting-speed range. An increased nose radius
contributed to a reduction of peak stresses in the tool-tip zone, which is consistent
with the analytical stress model.

0.8 Optimized geometry
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Figure 4 - Comparison of wear intensity for the baseline and optimized tool geometry

The wear of the cutting tool during heavy turning followed a three-stage
pattern: rapid initial break-in, steady uniform wear, and a sharp acceleration before
the catastrophic stage (Fig. 4). At the beginning, wear intensity was maximal due to
micro-geometric adaptation; this was followed by an almost linear increase in flank
wear VB under stable thermal conditions, and after 40-45 minutes a rapid rise in
wear occurred as a result of local plastic deformation of the cutting edge and
increasing temperature on the flank surface.

A comparison of the baseline and optimized geometries showed that modifying
the rake angle, clearance angle, and nose radius significantly influences the
degradation of the cutting edge. The optimized geometry provided a 20-35%
reduction in wear intensity, delayed the onset of the catastrophic stage, and resulted
in lower temperatures in the tool-tip region, which agrees with the modelling results.

Surface roughness analysis confirmed an improvement to Ra = 2.4-3.8 um
(20-30% better than the baseline tool), which is associated with reduced plastic
deformation of the tool tip and lower equivalent stresses. Based on the overall
results, the optimal heavy-turning cutting conditions were identified as: cutting
speed 45-55 m/min, feed rate 1.4-2.0 mm/rev, depth of cut 6-8 mm, with rake angle
12-16°, clearance angle 4—6°, and nose radius 8-10 mm. These parameters ensure
minimal wear intensity, stable mechanical and thermal loads, and high tool life when
machining high-strength steels on heavy lathes.

7. Conclusions

The study presents a comprehensive investigation of heavy turning
processes applied to high-strength and hardened steels, combining
thermomechanical modelling, analysis of the stress—strain state of the cutting wedge,
construction of a wear-intensity model, and experimental verification on a heavy
lathe. It is shown that an accurate assessment of tool shape stability is possible only
when temperature, force, and contact phenomena are considered simultaneously, as
these factors govern the behaviour of the cutting edge under large depths of cut,
increased feed rates, and variable hardness of the surface layer.

Thermomechanical modelling established the critical influence of the rake
and clearance angles, nose radius, and the configuration of strengthening chamfers
on the distribution of heat fluxes and the location of maximum temperatures. It was
demonstrated that optimization of these parameters reduces local overheating at the
tool nose and delays the onset of intensive wear. Analysis of the stress state using a
modified Mitchell approach confirmed that tools with a shortened rake face and a
properly selected nose radius reduce peak shear stresses and ensure a more uniform
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distribution of normal stresses on contact surfaces, thereby lowering the risk of
plastic deformation and edge chipping.

The wear-intensity model made it possible to quantitatively describe the
development of edge degradation and confirmed the critical role of the nose region
in the formation of the wear land. Experimental studies during the turning of steels
used for wheel-set tyres and rims demonstrated reductions in cutting forces, slower
wear progression, and improved machining accuracy when optimized tool geometry
was applied.

The generalised results enabled the formulation of recommendations: the
use of strengthening chamfers, adaptation of the nose radius to the type of operation,
correlation of the rake angle with material hardness, and minimisation of the real
chip—tool contact zone. The optimized solutions enhance tool life, stabilise the
cutting process, and improve surface quality when machining large, high-strength
steel components.
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BikTop KoBankos, ['anuna Kinumenko, SlHa Bacumbuenko,
Makcum IllanoBanos, Poman boponaii, €rop 3axapos
Kpamaropcek, Ykpaina

NIJIBUIIEHHA EGPEKTUBHOCTI IHCTPYMEHTIB JIVISI TOKAPHOI
OBPOBKH BUPOBIB 3 BUCOKOMIIITHUX MATEPIAJIIB

AHoTanis Y cmammi npeocmaeneno pesyrbmamu  OOCTIONCEHHA NPOYECI8 BANICKO20 MOUIHHA
BUCOKOMIYHUX MA 3a2apmoSaHux cmanell, ujo 3acnoco8ylOmbCs Y KOHCMPYKMUBHUX eNeMeHmax
6i0N06I0aANbHO20 NPUSHAYEHHS 8 MPAHCHOPMHOMY, 0OOPOHHOMY Ul eHEPLeMUYHOMY MAUUHOOYOYEaHHI.
Poboma cnpsamosana Ha nioSUWEeHHs eheKmUeHOCMI PI3aibHO20 THCMPYMEHMA WIAXOM ORMUMI3ayii
tloco ceomempii ma pexcumie pi3aHHA 3 YPaxy8awHsm Oii IHMEHCUBHUX MEPMOMEXAHIUHUX
HABAHMAIICEHb, XAPAKMEPHUX O/ 00POOKU BEIUKUX NPUNYCKIB | MAMepIianie 3 Nid8UEeHOr Meepoicmio.
YV meoicax Oocniodicenns BUKOHAHO MOOENIOBAHHA MeMNepamypHux Nonie, po3noodiny KOHMAKMHUX
Hanpysceny, CUIOBUX 63AEMOOI Y 30HI PISAHHA, A MAKONC (DOPMYSAHHA JNOKANbHUX NIKOBUX
memnepamyp, Wo UHAYAOMb PO3GUMOK NIACIUYHOT Oehopmayii pi3anbHo20 KIUHA MA 3POCMAHHS
iHmeHcugHocmi  3HoutyeanHus. Excnepumenmanvhi eunpo6ysanms, npogedeHi npu MoOYiHHI cmaneu
meepoicmio  2850-3600 Mlla, niomeepounu OoMmiHylOuUll 6N 2eomempii pidxcyyoi uacmuHu
IHCMpYyMeHma Ha  KOHYEHmpAayiro  HAnNpyJiceHb V  30HI  6EPWUHU  mMA HA  CMAGLIbHICMb
cmpyoickoymeopenns. Tlokazaro, wo 3acmocyeants yKOpoueHoi nepeoHboi NOGepXHi, 3MiyHIOBATLHUX
pacok ma onMUMAanbHO20 paodiyca BepUIUHY CRPUSE SHUNCEHHIO TOKATILHO20 Nepezpisy, PIGHOMIPHIUOMY
PO3n00iny cun pisauns i CnoGiTbHEHHIO PO36UMKY 3HOULy8anHs. Bcemanoeneni payionanvui pescumu
pizanns 3abe3neuyioms nioguwenns cmiuxocmi incmpymenma na 25-30 %, noxpawenns mounocmi
popmoymeoperns ma 3MeHWIeHHs WOPCMKOCMI NogepxHi 06pobnosanoi  Odemani. Ompumani
pesyrbmamu  ModCcymv  Oymu @uKopucmaui 011 ONMUMI3AYii MeXHONO2IUHUX npoyecié 0OpobKu
BUCOKOMIYHUX CMANell Y BANCKUX PedCUMAX, NiOGULWYeHHS DecypCy IHCMpYMeHma ma NOKpaujeHHs
MexHON02iuHOT HaoditiHocmi 8uUpoOHUYMEda. 3anponoHoeanuil nioxio MaKodc CMEOPIOE OCHOBY O
n00abu020 YOOCKOHANEHHA MoOenell NPOSHO3Y6AHHS 3HOULYBAHHA 6 YMOBAX 3MIHHUX HABAHMAICEHD.
Ompumani HANPayoBanHs MOACyms Oymu iHmMez2poani 6 cucmemu Yuppoeo2o eupobHuymea oOns
NiOBUWEHHS KepOBAHOCNIT NPOYECie MeMAIopIi3aHHs.

KarouoBi ciioBa: nadiunicmv; 31H0C iHCmMpyMenmy; moma; adcke MAauiunoOyoyeanus; obpooxa
pizannam; adee3iuinull 3HOC, MePMOMEXaHiuHe HAGAHMAdICEHHS, NAACMUYHA Oeghopmayis; pizanvHa
Kpatika.
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