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Abstract. This study investigates the cutting force distribution during tangential turning of 42CrMo4
alloy steel under high cutting speeds and high feed rates. The experiments were conducted by varying
cutting speed (200 and 250 m/min), feed rate (0.3 and 0.8 mm/rev), and depth of cut (0.1 and 0.2 mm).
The major cutting force, feed directional force, and thrust force components were measured, and their
maximum values and relative ratios were analysed. The results indicate that both cutting speed and feed
rate have a significant influence on the magnitude and distribution of the cutting force components.
Higher cutting speeds generally led to a reduction in cutting force values, while increased feed rates
resulted in higher force magnitudes and altered force ratios. The obtained data contribute to a better
understanding of the cutting mechanics in tangential turning, supporting process optimization and the
selection of appropriate cutting parameters for improved machining performance.
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1. Introduction

In modern manufacturing, the continuous demand for higher productivity,
improved surface quality, and extended tool life has driven the development of
advanced machining processes [1]. Turning, as one of the most fundamental and
widely applied cutting operations, plays a crucial role in the production of
rotationally symmetric parts across various industries, including automotive,
aerospace, and general engineering [2]. To meet the increasing requirements for
precision and efficiency, alternative turning methods have been developed [3],
among which tangential turning [4] offers several notable advantages. Tangential
turning is a variant of conventional turning where the cutting tool is mounted
tangentially relative to the workpiece surface. This tool orientation modifies the
cutting mechanics, leading to potentially lower cutting forces [5], more stable cutting
action, and enhanced chip removal [6]. As a result, tangential turning can improve
tool life, surface finish, and dimensional accuracy, particularly in the machining of
difficult-to-cut or high-strength materials [7]. Despite these advantages, the detailed
understanding of the cutting mechanics in tangential turning, especially under
specific process conditions, remains limited and requires further investigation.
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Tangential turning represents a non-conventional turning method where the cutting
insert is positioned tangentially to the workpiece surface, as opposed to the
traditional radial orientation [4]. This configuration leads to distinct cutting
mechanics, often resulting in favourable force distributions and potential
improvements in tool life, surface integrity, and process stability. While tangential
turning has received growing attention in recent years, its behaviour under specific
cutting conditions, especially at high cutting speeds [8] combined with high feed
rates [9], remains insufficiently explored.

Understanding the cutting forces generated during any machining operation is
essential for process optimization [10,11], tool design [12,13], and prediction of
surface quality [14,15]. In tangential turning, the distribution of cutting forces among
the major cutting force, feed directional force, and thrust force differs from
conventional turning due to the altered engagement of the cutting edge and chip
formation mechanics. The analysis of these force components and their ratios
provides valuable insights into the efficiency and stability of the cutting process.
High cutting speeds are often employed in modern manufacturing [16] to enhance
productivity, reduce cycle times, and improve surface finish. However, when
combined with high feed rates and shallow depths of cut, the force dynamics may
change significantly. Such conditions are frequently encountered in finishing
operations or when machining precision components made of alloy steels such as
42CrMo4 [17-19]. This material, widely used in the automotive, aerospace, and
general engineering industries, offers a good balance of strength, toughness, and
machinability, making it a common choice for components requiring high
dimensional accuracy and surface quality [20-22]. Despite the practical relevance of
these cutting conditions, there is still limited experimental data available concerning
the detailed behaviour of cutting force components in tangential turning of 42CrMo4
alloy steel. The lack of comprehensive studies underlines the need for targeted
investigations to support the development of more accurate force models, improve
cutting parameter selection, and enhance overall process control.

The present study aims to address this gap by experimentally analysing the
cutting force components during tangential turning of 42CrMo4 alloy steel at high
cutting speeds and high feed rates. The maximum values of the major cutting force,
feed directional force, and thrust force are measured under various cutting conditions,
and the ratios between these force components are evaluated. The findings of this
research contribute to a better understanding of cutting force distribution in
tangential turning and offer practical guidelines for optimizing machining
parameters in similar high-speed, high-feed applications.

2. Experimental conditions and methods
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The objective of this study was to analyse the cutting forces generated during
tangential turning operations. To achieve this, a series of cutting experiments were
performed on an EMAG VSC 400 DS hard machining centre. Before the tangential
turning experiments, the surfaces of the workpieces were pre-machined using a
conventional turning tool equipped with a SANDVIK CNMG 12 04 12-PM 4314
insert. The tangential turning was carried out using a tool system with a 45°
inclination angle, supplied by HORN Cutting Tools Ltd., consisting of the
S$117.0032.00 insert and the H117.2530.4132 holder. The cutting edge was an
uncoated carbide insert (MG12 grade). The workpieces used were cylindrical
specimens with an outer diameter of 60 mm, manufactured from 42CrMo4 alloy
steel. Prior to machining, the material underwent hardening heat treatment, resulting
in a hardness of approximately 410 HV10.

In the experiments, the effects of cutting speed (vc), feed per revolution (f), and
depth of cut (a) on the cutting forces were studied. The parameter levels were
determined according to a full factorial (2°) experimental design. For each parameter,
two levels were selected: cutting speeds of 200 m/min and 250 m/min, feeds of 0.3
mm/rev and 0.8 mm/rev, and depths of cut of 0.1 mm and 0.2 mm, resulting in eight
distinct test conditions (summarized in Table 1).

Table 1 — Experimental setups
Setup 1 2 3 4 5 6 7 8

Ve 200 250 200 250 200 250 200 250
[m/min]
[mfm] 0.3 0.3 0.8 0.8 0.3 0.3 0.8 0.8
[mam] 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.2

The cutting forces were recorded during machining using a Kistler 9257A
three-component dynamometer. The measurement system included three Kistler
5011 charge amplifiers, a N1-9215 data acquisition unit connected to a cDAQ-9171
chassis, and data collection was managed through NI LabVIEW software. The
dynamometer directly provided the cutting force components without the need for
additional calculations.

The following cutting force components were evaluated in this investigation:

» F¢—the main cutting force acting along the cutting speed direction [N]

» F¢—the feed force acting in the feed direction [N]

» Fp— the passive force acting perpendicular to the previous ones [N]

The data analysis employed models based on the factorial design, where the
dependent variable (y) was expressed as a function of the cutting parameters, and the
coefficients (ki) represented the influence of each parameter and their interactions.
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y(VC, f, a) = ko + kyve + Kof + kza + kpoVef + kisvea + kosfa + kiosvefa (1)
3. Experimental results

The cutting experiments were completed, and cutting forces were measured for
each parameter combination. The recorded force—time signals were analysed, and
the peak values of each force component were determined during the steady-state
cutting phase, where the chip cross-section remained constant. These maximum
values are summarized in Table 2. The corresponding mathematical models, derived
through appropriate numerical analysis methods, are presented in Equations 2—4.

Table 2 — Measurement results
Setup 1 2 3 4 5 6 7 8

[EC] 1979 204.0 421.1 406.7 3931 388.2 687.2 663.3

[FN"] 2059 279.4 503.8 5319 463.6 5535 627.8 755.1
Fi[N] 61.1 729 1724 1779 1494 2746 328.0 348.1
Fe(ve, f, @) = 192.6 — 0.9953v, — 246.5f — 1793.2a + 1.387vf + @)
+ 14.93v.a + 7960.3fa — 27.14vfa
Fi(ve, f, @) = 132.7 — 0.8291v; — 293.7f — 1109.6a + 1.569vf + 3)
+ 7.897vca + 4265.7fa — 14.45vfa
Fp(ve, f, @) =319.1 — 2.808v, — 402.8f — 3591.1a + 5.190vf + @)

+ 35.75vca + 7676.4fa — 54.76vfa

In addition to evaluating the individual force components, the analysis also
included the investigation of the relationships between the forces. Examining the
ratios of the cutting forces provides further insight into the chip formation
mechanisms and helps characterize how the cutting process responds to different
parameter settings. Accordingly, based on the results in Table 2, the force ratios
Fo/Fp, Fe/Fs, and Fp/Fr were calculated for each of the eight experimental conditions.
The calculated ratios are presented in Table 3. The corresponding mathematical
expressions for these ratios, used for further analysis and interpretation, are shown
in Equations 5-7.

Table 3 — Calculated ratios of the cutting forces
Setup 1 2 3 4 5 6 7 8
F°[_/]Fp 0961 0.730 0.836 0.765 0.848 0.701 1.095 0.878
Fe/Fs 3239 2799 2443 2285 2632 1413 2.095 1.905
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(-]
F'E_/]Ff 3370 3.834 2922 2989 3.104 2015 1914 2169
Fe/ Ft(ve, T, @) = 1.657 + 0.0157v, + 4.082f + 7.693a — 0.03626v.f —

—0.085v¢a — 25.31fa + 0.1807vcfa (5)

Fe/ Fp (ve, f, @) = 1.213 + 0.00124v, + 0.1803f + 6.507a — 0.00735vf —
—0.05695v.a — 4.953fa + 0.08726v.fa (6)

Fp !l Fr(ve, f, @) = 1.125 + 0.0128v, + 2.243f — 6.81a — 0.012146v.f + 0
+0.04891vca + 0.127fa — 0.09437vfa

3. Discussion

The evaluation of the influence of the cutting parameters on the cutting forces
was performed in two stages. Initially, the maximum values of each individual force
component were analysed, followed by the assessment of the ratios between these
force components.

The main cutting force (Figure 1) exhibited clear dependency on both feed rate,
depth of cut, and cutting speed. Increasing the feed rate from 0.3 mm/rev to 0.8
mm/rev caused a significant rise in F¢ at both depth levels. For the lower depth of
cut (a=0.1 mm), F increased from 197.9 N to 421.1 N at 200 m/min cutting speed,
and from 204.0 N to 406.7 N at 250 m/min.

a=0.1mm a=0.2mm
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Figure 1 — Alteration of the Fc in the studied range
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A similar trend is observed at the higher depth of cut (a = 0.2 mm), where the
force increased from 393.1 N to 687.2 N at 200 m/min, and from 388.2 N to 663.3 N
at 250 m/min. The increase in cutting speed generally led to a slight decrease or
stabilization of F. values for the same feed and depth of cut, especially at higher
material removal rates. This indicates that higher cutting speeds slightly reduce
cutting resistance, potentially due to thermal softening or reduced contact stresses at
the tool-workpiece interface. The results confirm that feed rate and depth of cut have
a dominant influence on the main cutting force, while the cutting speed plays a
secondary, stabilizing role.

The feed force (Figure 2) showed a strong dependence primarily on feed rate
and depth of cut, while cutting speed had a less pronounced but still observable effect.
When the feed rate increased from 0.3 mm/rev to 0.8 mm/rev at a depth of 0.1 mm,
Fr rose from 61.1 N to 172.4 N at 200 m/min, and from 72.9 N to 177.9 N at 250
m/min. For the larger depth of cut (a = 0.2 mm), F; increased more steeply, reaching
328.0 N and 348.1 N at 200 m/min and 250 m/min, respectively. The cutting speed
slightly increased the feed force at lower feed rates, but its influence diminished as
both feed and depth of cut increased. The high sensitivity of F; to the feed rate is
expected, as feed directly affects the chip thickness and thus the resistance
experienced by the tool in the feed direction. The relatively smaller effect of cutting
speed on F¢ suggests that chip formation mechanics in the feed direction are more
strongly controlled by chip load than by thermal or frictional effects that cutting
speed influences.

a=0.2mm a=0.1mm
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Figure 2 — Alteration of the Fr in the studied range

The passive force (Figure 3), which acts perpendicular to both feed and cutting
directions, was strongly influenced by all three cutting parameters. Increasing the
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feed rate from 0.3 mm/rev to 0.8 mm/rev at a constant depth of 0.1 mm resulted in a
considerable increase of F, from 205.9 N to 503.8 N at 200 m/min, and from 279.4
N to 531.9 N at 250 m/min. At the higher depth of cut (0.2 mm), the passive force
further increased, reaching 627.8 N at 200 m/min and 755.1 N at 250 m/min under
the highest material removal conditions. Unlike F and Fr, F, appears to be more
sensitive to cutting speed, especially at higher depths of cut and feeds, where thermal
and dynamic effects may amplify side loading on the cutting edge. The higher values
of passive force may indicate elevated radial loading, potentially affecting
dimensional accuracy and tool deflection during tangential turning. These results
show the need to control feed rate and depth of cut carefully to minimize side loading,
especially in high-speed tangential turning

a=0.1mm a=0.2mm

S S S S
0“\‘0::‘:‘:“:/4«
=

S

Figure 3 — Alteration of the Fp in the studied range
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Figure 4 — The ratio of Fc and F+ in the studied range

The ratio of main cutting force to feed force (F. / F) varied notably across the
tested parameter combinations (Figure 4). At lower feed rates (0.3 mm/rev), the ratio
ranged between 0.96 and 1.62, while at higher feeds (0.8 mm/rev), the ratio generally
stabilized around 1.31 to 1.62. At lower depth of cut (0.1 mm), increasing cutting
speed caused an increase in F¢ / Fy, for example from 0.96 to 1.62 at 200 to 250
m/min when f=0.3 mm/rev. However, at a = 0.2 mm, the ratio remained more stable,
with values mostly around 1.62 regardless of cutting speed or feed. These results
indicate that at higher chip loads, the increase in feed force tends to proportionally
follow the increase in main cutting force, leading to more balanced force components.
At lower depths and feeds, the cutting speed exerts more influence on this ratio,
likely due to combined effects of thermal softening and cutting edge engagement
dynamics. The stability of F¢ / F at higher depths may suggest a more predictable
force relationship under productive machining conditions.

The ratio between the main cutting force and passive force (Figure 5) was
generally below 1.0 for most cutting conditions, indicating that the passive force was
comparable to or exceeded the main cutting force.
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Figure 5 — The ratio of Fc and Fp in the studied range

At low feed and low depth of cut (f = 0.3 mm/rev, a = 0.1 mm), the ratio was
near unity (0.96 at 200 m/min) but decreased to 0.73 at 250 m/min. At higher feeds
(0.8 mm/rev), Fc / F, remained below 1.0 for most conditions, with values ranging
between 0.70 and 0.84 at lower depth, and reaching 1.09 and 0.88 at higher depth of
cut (a = 0.2 mm). This shows that increasing feed and depth of cut both increase
passive force more aggressively than the main cutting force. The decrease of F¢/ Fp
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with cutting speed also suggests that thermal effects at higher speeds may
disproportionately elevate radial forces. These results highlight the particular
significance of passive forces in tangential turning and their potential role in
influencing tool deflection, surface waviness, and stability.

The passive-to-feed force ratio (Figure 6) showed a decreasing trend as feed
rate and depth of cut increased. At the lowest feed and depth (f = 0.3 mm/rev, a =
0.1 mm), the ratio was relatively high, reaching 3.37 at 200 m/min and 3.83 at 250
m/min, indicating that at light cutting conditions, the passive force dominates over
feed force. However, as feed increased to 0.8 mm/rev, F, / Fr reduced to values
between 2.92 and 2.99 at lower depth, and further decreased to around 1.91-2.17 at
a = 0.2 mm. This suggests that increasing material removal rate leads to a more
balanced distribution between passive and feed forces, as feed force grows more
rapidly than passive force. The cutting speed had a minor effect on this ratio, with
slightly higher values observed at 250 m/min for the lowest feeds. These results
imply that at heavier cutting conditions, radial loading becomes less dominant
relative to feed resistance, contributing to improved process stability but potentially
increasing tool wear in the feed direction.

a=0.1mm a=0.2mm
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Figure 6 — The ratio of Fp and Fs in the studied range

4. Conclusions

In this study, cutting force components were analysed in tangential turning
under varying cutting conditions. The experiments were conducted on 42CrMo4
alloy steel workpieces using a tangential turning tool with a 45° inclination angle.
The tested cutting parameters included two cutting speeds (200 and 250 m/min), two
feed rates (0.3 and 0.8 mm/rev), and two depths of cut (0.1 and 0.2 mm), resulting
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in a full factorial experimental design with eight unique setups. The major cutting
force, feed force, and passive (thrust) force were measured for each combination
using a three-component dynamometer. Additionally, the ratios between the force
components were calculated to further characterize the cutting process. The
experimental results revealed several important findings.

1. Both feed and depth of cut had a dominant influence on all force components,
with higher values leading to significant increases in Fc, F, and Fp.

2. The cutting speed mainly influenced the passive force, especially at higher
material removal rates, where the increased speed led to higher radial forces.

3. The ratio analyses showed that at higher feeds and depths of cut, the F¢/F: ratio
stabilized around 1.6, indicating a more balanced relationship between cutting
and feed forces under productive conditions.

4. Finally, the passive-to-feed force ratio (Fp/Fr) decreased as feed and depth of
cut increased, suggesting that under heavier cutting conditions, the feed force
grew more rapidly than the passive force, reducing radial load dominance and
potentially improving process stability.

These findings contribute to a deeper understanding of the force distribution in
tangential turning at high cutting speeds and high feed rates, supporting better
parameter selection for stable and efficient machining.
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IrrBan Crankosuy, ImrBan Ilactop, Mimkonel, YropuuHa

PO3MO/II 3YCHJLIS PI3BAHHS ITPA TAHTEHIIIAJIBHIN TOKAPHIA
OBPOBIII JIETOBAHOI CTAJII 42CRMO4: BIIUB BUCOKHX
IBUJIKOCTEM PI3BAHHS TA BEJJUKHUX 3HAUEHD ITOJIAYI

AHoTauis. ¥ yvomy docniodcenni Oyau npoananizo8ani cKiadosi cui pisauHs npu MmaHeeHYiarbHoOMy
mouinni npu pisHux ymoeax pisauns. Excnepumenmu npoeoounucs Ha 3a20moeKkax 3 1e206anoi cmari
42CrMo4 3 eukopucmanHaM MAaHSeHYIANIbHO20 MOKAPHO20 [HCMPYMEHmy 3 Kymom Haxuny 45°.
Ilepesipeni napamempu pizannsa exnoyanu 06i weuokocmi pisanna (200 i 250 m/x8), 06i weuoxkocmi
nooaui (0,3 i 0,8 mm/06) i 06i enubunu pizanns (0,1 i 0,2 mm), wo 00360aUN0 OMPUMAMU NOGHULL
paxkmopianehuil excnepumenmanbHull OU3aiH 3 8icbMoma yHikanoHumu ycmanosekamu. Ocnosna cuna
Pi3anHsA, cuna nooayi ma nacusxa (msea) cuia 8UMIPHOBAIUC O KOMHCHOI KOMOIHayii 3a donomozon
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MPUKOMNOHEHMHO020 Ounamomempa. Kpim moeo, cnig8iOHOWEen ST MIdIC CULOGUMU CKAAOOSUMU Oy
po3paxoeani 05 NOOANLWLOL Xapakmepucmuxu npoyecy pizanus. Pezynomamu excnepumenmie guaguiu
KINbKA 8AJNCTIUBUX BUCHOBKIG. SIK nodaud, max i 2iubGUHA Pi3aHHs MAu OOMIHYIOUULL GRIUE HA 8CL CKIAA08I
cuny, npudoMy Oibl BUCOKI 3HAYEHHS NPU3B0OUNU 00 3HAuHOo20 30invwenns Fe, Ffi Fp. [lleuokicmo
Pi3anHs 8 OCHOBHOMY 6NIUBANA HA NACUGHY CUTLY, OCOOIUBO NpU OilbUl GUCOKUX WUBUOKOCTAX 3HAMMA
Mmamepiany, Oe RiO8UWjeHA WEUOKICMb Npu3600uia 00 OilbW BUCOKUX PadianbHUX cur. AHaniz
CRIBGIOHOWIEHHS. NOKA3A6, W0 NpU OilbUl GUCOKUX NOOayax i enubumi pizanns cnigsionowenns Fc/Ff
cmabinizysanocs 6ausvko 1,6, wo 6xazye Ha Oinbul 30A1AHCO8AHE CNIBBIOHOULEHHS MIJIC CUNAMU PI3AHHS
i nooaui 6 npodykmuerux ymosax. Hapewimi, eioHowenns cunu nacusnocmi do nooaui (Fp/Ff)
3MEHULY8aN0Cs 31 36LIbUEHHAM NOO0ayi ma enUOUHIU PI3aHHs, WO CEIOUUMb NPO me, o 8 OilbUl BANCKUX
YMOBAX pi3aHHA cuia nooaui 3pocmana weuouie, Hidc NACUBHA CUNA, 3MEHULYIOYU OOMIHYBAHHS
PpadianvbHo2o0 HABAHMAIICEHHA MA NOMEHYIHO NOoKpawylouu cmaditbricms npoyecy. Li pesynomamu
CRpUsIoNb  2IUGUWOMY PO3VMIHHIO DO3NOOITY 3YCUlb NpU MAHSEHYIANbHOMY MOYIHHI NPU GUCOKUX
WBUOKOCMAX PI3AHH MA BUCOKIU WBUOKOCMI N00ayl, Wo CNpuse Kpawjomy eubopy napamempie 0.s
cmabinbHoi ma epekmusHoi 06poOKuU.

K1040Bi c10Ba: nianysanns excnepumMenmie; Cula pi3aHHs; eKCnepumMeHm, maHeeHyiantbHe MOoYiHHIL.
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