/.\ BicHuk TepHONiibChbKOro HALIOHAJIBLHOT0 TEXHIYHOT0 YHIBEPCHTETY
https://doi.org/10.33108/visnyk_tntu

my Scientific Journal of the Ternopil National Technical University
\_/ 2024, Ne 1 (117) https://doi.org/10.33108/visnyk_tntu2025.01
ISSN 2522-4433. Web: visnyk.tntu.edu.ua

UDC 621.91

MECHANISM AND KINETICS OF PCBN TOOL WEAR DURING FACE
MILLING OF HARDENED STEEL

Yana Kovalenko

Zhytomyr Polytechnic State University, Zhytomyr, Ukraine

Abstract. This article presents the results of a study on the wear behavior of cutting tools equipped with
polycrystalline cubic boron nitride (PCBN) inserts in the machining of 4Kh5MFS hardened steel with a high
hardness of 62 HRC. A key property of 4Kh5MFS steel is its ability to be hardened uniformly without losing
hardness throughout the depth of the workpiece, and to maintain its strength level under high temperatures and
mechanical loading. Laboratory experiments were carried out on vertical milling machines — DMU 80 eVo Deckel
Maho and HAAS VF-2SSYT-NG — using a Seco Tools face mill with a built-in inclination angle of —6°, fitted with
six cutting inserts at negative angles of —20° and —25°. Four types of Seco Tools inserts were employed: Group
BH (CBN200, CH3505, DBS900) and Group BL (DCS500). The study focuses on comparing the performance of
PCBN tools in BL and BH groups, which differ in composition, microstructure, and resistance to shock and high
temperatures. Group BH inserts exhibit higher fracture toughness and strength, making them generally
recommended for operations involving considerable dynamic loading. The wear rate of PCBN tools, especially at
high cutting speeds, is largely determined by the mechanical, chemical, and adhesive interactions in the cutting
zone, driven by tribological reactions between the cutting and workpiece materials. By means of energy-dispersive
X-ray (EDX) microscopy, the worn areas of the cutting inserts were scanned to identify the wear mechanism,
measure the width of the worn notch, and detect any chemical element adhesion that occurred as a result of
interactions between the workpiece and the cutting insert over time. Based on the research findings and subsequent
analysis, characteristic wear stages for each PCBN tool group were established, along with recommended cutting
conditions that provide the best balance between machining efficiency and tool life. The practical significance of
this study lies in the development of guidelines for selecting the appropriate type of PCBN tool (BL or BH)
depending on thermal and mechanical loading conditions and the required surface quality.

Key words: hardened steel, face milling, wear mechanism, diffusion wear, cubic boron nitride, BL and
BH groups.
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1. INTRODUCTION

Face milling of hardened steels is one of the key technological processes in modern
machine building, particularly in the manufacture of dies, moulds and cutting tools. Hardened
steels, particularly 4X5MFS, are characterised by high hardness (60-62 HRC) and wear
resistance, which makes them difficult to machine. Traditionally, such materials are finished
by grinding, which ensures high surface quality but is inefficient and requires significant
resources. In this regard, there is a need to introduce alternative high-performance processing
methods, such as face milling.

Polycrystalline cubic boron nitride (PCBN) is one of the most common materials for
cutting tools used for machining hardened steels. Tools equipped with PCNB are
characterised by high hardness, thermal stability and wear resistance, which ensures
the stability of the cutting process, reduction of cutting forces and high quality machined
surfaces [10, 11, 12]. However, the wear process of tools made of PCNB, especially
in milling conditions at high cutting speeds, is complex and depends on many factors,
such as chemical composition of PCNB, tool geometry, cutting modes, and the presence of
wear-resistant coatings [16, 17].
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Mechanism and kinetics of pcbn tool wear during face milling of hardened steel

An important task is to study the mechanisms and kinetics of wear of cutting
inserts made of PCNB of different groups (BL and BH) when machining hardened
steels, which will help determine the conditions under which minimal tool wear,
stability of the cutting process and high quality of the machined surface are
ensured.

The objective of the article is to determine the mechanism and kinetics of wear of
BL and BH group CBN cutting inserts during face milling of 4X5MFS hardened steel, to
assess the influence of tool geometry and cutting modes on the wear pattern, tool life and
machined surface quality.

2. EXPERIMENTAL METHODS

For laboratory studies of the wear mechanism, hardened steel 4X5MFS of hardness
62 HRC was used. The steel is alloyed with elements such as Cr, V, Mo, which increases
heat resistance and toughness. An important property of 4Kh5MFS steel is its ability to
harden qualitatively and evenly, without changing its hardness to the full depth of the
workpiece, and to maintain its strength level under high temperatures and mechanical stress.
The hardened steels were machined by face milling on a 5-coordinate vertical milling
machine DMU 80 eVo Deckel Maho (Fig. 1 a) and a 3-coordinate vertical milling machine
HAAS VF-2SSYT-NG (Fig. 1 b).

Figure 1. Machine tool equipment:
a) DMU 80 eVo Deckel Maho b) HAAS VF-2SSYT-NG

A workpiece of hardened steel 4X5MFS with dimensions of 200*200*120 was
processed by face milling on a HAAS VF-2SSYT-NG machine (Fig. 2). The wear of the cutting
inserts made of BCNB of the BL and BH groups during face milling of hardened steel 4X5MFS
was studied for different cutting periods — 8, 16 and 24 minutes. Under the same
cutting conditions (cutting speed — v = 120 m/min; feed rate — f = 0.125 mm/tooth; depth
of cut— t = 0.5), inserts with different PCNB content were used (CBN200, CH3505,
DBS900 - BH group ~ 90%; DSC500 — BL group ~ 50%).
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Figure 2. Machining of hardened steel 4X5MFS by face milling on the machine HAAS VF-2SSYT-NG

Figure 3 a shows the SECOTOOLS face milling cutter used in the present research, with
a diameter of 63 mm (6 cutting elements) and a built-in 6° inclination angle.

SECOTOOLS cutting inserts (Fig. 2.b) made of BHA of the BL and BH groups with
negative chamfer angles: DBS900 (chamfer 25°), CBN 200 (chamfer 20°), CH3505 (chamfer 20°),
DCS500 (chamfer 25°) with a wedge clamping mechanism.

Figure 3. Cutting tools: a) SECOTOOLS face milling cutter
b) SECOTOOLS CBN200 insert made of PCBN of BH grade with a 20° chamfer

The electron microscopic studies of the worn samples were performed using a ZEISS
EVO 50XVP scanning electron microscope (manufactured by CARL ZEISS, Germany) with
an INCA450 energy dispersive X-ray spectrum analyser equipped with an INCAPentaFETx3
detector and an HKL CHANNEL-5 system for diffraction of reflected electrons (manufactured

by OXFORD) (Fig. 4).

Figure 4. ZEISS EVO 50XVP electron microscope
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Using a KEYENCE VR-6000 3D profiler (Fig. 5), the worn areas of the insert surface
were scanned and obtained after 8 min, 16 min, and 24 min of cutting, and the width of the
worn hole was measured.

Figure 5. 3D profilometer KEYENCE VR-6000
3. RESULTS AND DISCUSSION

A CBN200 insert (CBN content 90%, chamfer width 0.2 mm with an angle of 20°) was used
to process the workpiece for 8 min, 16 min, and 24 min, and after that the 3D profilometer was used
to image the worn surface and measure the length of the worn hole (um). The images of the worn
areas of the CBN200 insert for different time periods (8, 16, 24 min) are shown in Table 1.

Table 1

Images of the worn area of the CBN200 insert after 8, 16, 24 min of cutting

Insert | Cutting time | Image of the insert surface Worn areas of the insert

1 8 min

2 | CBN200 16 min

3 24 min
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Based on the results obtained, the width of the worn insert surface was 393.2 um
at 8 min, 542.7 pm at 16 min, and 613.7 um at 24 min. The wear pattern for different cutting
periods is shown in Fig. 6.

The second type of insert CH3505 (CBN content — 90%, chamfer width — 0.2 mm with
an angle of 20°) was used for machining of hardened steel for 8 min, 16 min, 24 min, and the
length of the insert wear hole was measured using a 3D profilometer. Images of the worn areas
of the insert after cutting at different time periods are shown in Table 2.

Table 2

Images of the worn area of the CH3505 insert after 8, 16, 24 min of cutting

Insert | Cutting time | Image of the insert surface | Worn areas of the insert

1 8 min

2 | CH3505 16 min

3 24 min

N 24 min

1€ min

BN g min
8458 pum
6142 pm

556,5 LM

Figure 6. Wear pattern of a CBN200 cutting insert over a different time periods
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Based on the results obtained, the width of the worn surface of the insert was 471.9 um
at 8 min, 607.2 pm at 16 min, and 735.4 um at 24 min. The wear pattern for different cutting
periods is shown in Fig. 7.

N 24 min
16 min
mm g min

7354 um

607,2 um

4719um

Figure 7. Wear pattern of the CH3505 cutting insert over different time periods

The third type of insert was used by the DBS900 in machining hardened steel for 8 min,
16 min, and 24 min, and the length of the wear hole of the insert was measured with
a 3D profilometer. Images of the worn areas of the insert after cutting at different time periods
are shown in Table 3.

Based on the results obtained, the width of the worn surface of the insert was 556.6 pm
at 8 min, 614.2 um at 16 min, and 845.8 um at 24 min. The wear pattern for different cutting
periods is shown in Figure 8.

Table 3

Images of the worn area of the DBS900 insert after 8, 16, 24 min of cutting

Insert | Cutting time | Image of the insert surface | Worn areas of the insert

1 8 min

2 | DBS900 18 min

3 24 min
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B 24 min
16 min
mm g min

845 8 pum
6142 pm

556,65 |1 M

Figure 8. Wear pattern of the DBS900 cutting insert over
different time periods

The last type of insert, the DCS500, was used for machining of hardened steel for 8 min,
16 min, and 24 min, and the length of the worn hole of the insert was measured with a
3D profilometer. Images of the worn areas of the insert after cutting at different time periods
are shown in Table 4.

Table 4

Image of the worn area of the DCS500 insert after 8, 16, 24 min of cutting

Insert | Cutting time | Image of the insert surface | Worn areas of the insert

1 8 min

2 | DCS500 16 min

3 24 min

Based on the results obtained, the width of the worn surface of the insert was 424.7 um
at 8 min, 460.2 pm at 16 min, and 527.9 um at 24 min. The wear pattern for different cutting
periods is shown in Fig. 9.
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s 24 min
16 min
- g min

5279 um cloaaukoaca

460,2 um

424,7 R

Figure 9. Wear pattern of the DCS500 cutting insert over different time periods

Figure 10 shows the width of the worn area of all the inserts (CBN200, CH3505,
DBS900, DCS500) depending on the cutting time (8, 16, 24 min).

1,000 I CaN200
I CH3505

DBSH00
I DCS500
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=
=

Width of worn area, mm

=

8 16 ]
Time of cutting, min

Figure 10. Dependence of the width of the worn area of the cutting inserts on the time of cutting

Figure 10 shows that at 24 min, all insert types had a maximum width of wear area
compared to 8 and 16 min. The highest wear at 8, 16, and 24 min was recorded when cutting
with the DBS900 insert (556.6 um, 614.2 um, and 845.8 um).

Microscopic studies of the wear of cutting inserts. The worn areas of the cutting
insert after 24 minutes of cutting (cutting depth 0.5 mm, feed 0.125 mm/tooth, cutting speed
120 m/min) were examined under a microscope at a magnification of up to 100X and an image
of the structure of the worn area of the insert was obtained.

CBN200 insert. Image of the surface structure of the CBN200 insert (Fig. 11).

& i 4

S
20 : 2
|—l|‘m EHT =20.00 kV Signal A= SE1 ZEISS
WD = 9.0 mm Mag = 500 X

Figure 11. Image of the worn area of the CBN200 insert after 24 min of cutting
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The X-ray phase composition of the surface of the cutting inserts was studied
by micro-X-ray spectral analysis, where it was found that the predominant wear
mechanism is diffusion. The analysis shows that, in addition to CNB, the insert samples
contain adhesions of chemical elements from a 4X5MFS hardened steel workpiece.
Fragments of adhering elements are distributed into spectra (areas) on the cutting
insert. The distributed spectra on the cutting insert are shown in Fig. 12. For detailed
analysis, the spectrum closest to the cutting edge of the CBN200 insert was selected
(spectrum 15).

Cnextp tnexrp 3 Cnextp Lnel

KTP Tnexip 6 Cre
P Lnexip 6 Crextp Cnexrp \E‘CHE.@p Ohex 10¢ 1
L &"'E""P 1§nenp 1Xnexp 1478

|- e—
100pm

Figure 12. Distribution of adhesion spectra on a CBN200 cutting insert

The distribution of elemental adhesions on the spectrum 15 of the CBN200 cutting insert
is shown in Fig. 13. The figure shows that the highest content of chemical elements on the insert
is the adhesion of W, C, N, B, Al, Co. It can be concluded that W, C, Co are adhesions of
chemical elements from the workpiece, and N, B, Co are adhesions from the tool due to the
chemical interaction of the workpiece and the tool during cutting.

Figure 13. Content of chemical elements in the scope of adhesions on the CBN200 cutting insert
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4. CONCLUSIONS

The carried out research has confirmed the high efficiency of using a tool made
of PCBN for face milling of hardened steel 4X5MFS with a hardness of 62 HRC. It
was found that tools of the BH group (CBN200, CH3505, DBS900), due to such properties
as impact resistance and fracture toughness, are more suitable for machining under
conditions of increased dynamic loads, while the BL group (DCS500) shows more uniform
wear (at 8 min —424.7 um, 16 min — 460.2 um, 24 min — 527.9 um), but can lose hardness
faster due to inefficient heat dissipation.

It has been determined that:

- The main mechanism of wear of cutting inserts is diffusion wear, which occurs due
to high temperature, intense contact pressure, and chemical activity of alloyed elements in
hardened steel.

- The processes of interaction between the tool and the material being processed in the
cutting zone significantly affect the formation and wear rate of the CBN200 cutting insert
chamfer, which was confirmed by energy dispersive X-ray microscopy of the worn areas of the
inserts where the adhesion of chemical elements was detected. The highest content of chemical
elements on the plate: W, C, N, B, Al, Co, where W, C, Co are chemical elements adhering
from the workpiece, and N, B, Co are adhering from the tool due to chemical interaction
between the workpiece and the tool during cutting.

Based on the obtained experimental data, the characteristic stages of wear for each group
of PCBN were determined, and the recommended cutting conditions (CBN200 insert, cutting
speed — 120 m/min, cutting depth — 0.5 mm, feed — 0.125 mm/tooth) were established to ensure
an appropriate ratio between efficiency and tool life.
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MEXAHI3M TA KIHETHUKA 3HOIIYBAHHSA IHCTPYMEHTY 3
NKHB IIPU TOPLIEBOMY ®PE3EPYBAHHI 3ATAPTOBAHOI CTAJII

SAua KoBajeHnko

epowcasnuii ynisepcumem «Kumomupcoka nonimexuikay, Kumomup, Ykpaina

Pesztome. Ilpeocmaeneno pesynomamu O00CHiONCEHb 3HOULYBAHOCMI THCMPYMEHMY, OCHAWEHO20
PI3ANLHUMU NAACMUHAMY 3 NOAIKPUCMALIYHO20 KyOiuHo20 Himpudy 6opy ([IKHB) npu obpobyi 3aeapmosanoi
cmani 4X5SMOC sucoxoi meepoocmi (62 HRC). Bascnusoro eracmusicmio cmani 4XSM®C € 30amuicme sKicHO
ma pieHOMIPHO 3a2apmogyeamucs, He 3MIHIOIOYU Meepoicmb HA 6CI0 eNUOUHY 3A20MOBKU i 8 NOOANLULOMY He
3MinI08amMU CBIll pigeHb MiyHOCMI Ni0 OICl0 BUCOKUX MEMNEpamyp 8 YMO8aX MeXAHIUH020 HABAHMAICEHHS.
Jlabopamopni 0ocniodxcenHs nposedeHo Ha eepmukanbHo-@pesepuux gepcmamax. DMU 80 eVo Deckel Maho,
HAAS VF-2SSYT-NG, a incmpymenm, 3oxpema mopyesa ¢peza ¢ipmu SECOTOOLS, obpano 3 e6yoosanum
KYMoMm Haxuy -6° 3 pi3aibHUMu niacmunamu y Kiaokicmi 6 Hoowcig 3 610 emuumu Kymamu -20° i -25°. Pizanehi
nracmunu suxopucmosgysanucs medc mapku SECOTOOLS womupvox munis: epyna BH— CBN200, CH3505,
DBS900, zpyna BL— DCS500. 3ocepedoiceno yeazy Ha nOpIGHAHHI XApAKMEPUCMUK [HCMPYMEHMY, WO
ocuawenuti IIKHB epynu BL i BH, axi 6i0pizHaiomsbcsi 34 CKAAOOM, MIKDOCMPYKMYPOK Md 1ACMU80CIAMU
yoapo- i acapocmitixocmi. Ilnacmunu epynu BH maioms 6invbiu 6ucoxy 8'a3xicms pyuHy8amnHs, € MiyHiuuMu, momy
OCHAWeHi HUMU [HCMPYMEHMU 3A36UdAll  PEKOMEHOVIOMmbCs O0as  00poOKU | 3HAYHUM — OUHAMIYHUM
HasanmasceHHAM. Inmencuenicmo 3nouryeants incmpymenmis i3 I[IKHB, ocobaugo npu 8UCOKUX UEUOKOCTAX
Ppi3anms, 3anexrcums Gi0 3aKOHOMIPHOCMEl NPOMIKAHHSA MEXAHIYHUX, XIMIYHUX ma adee3iiHux npoyecie y
KOHMAKMHIU 30Hi pi3aHHs 6HACAIOOK MPUOONOSIYHUX Pearyitl 83aeMo0ii Midc [HCMPYMEHMATbHUM MaA
006pobt0ganum mamepianamu. 3a 0ONOMO2010 eHep2oOUCNepPCiliHoi peHmM2eeHI8CbKOI MIKPOCKONIT 8i0CKAHOBAHO
3HOWEH] OLIAHKYU PI3ANbHOI NAACMUKU, WO 00360IUN0 GCMAHOBUMU MEXAHIZM 3HOULYBAHHS, WUPUH)Y 3HOUWEHOT
JIYHKU MA HATUNAHHHA XIMIYHUX eleMeHmI8, w0 GUHUKIU NPU 83a€MOO0I] 00poOII08AH020 Mamepiany 3 pi3aibHO0
NIACMUHON 8 30HI pi3anHs 3a pi3Hull nepiod uacy. Ha ocnoei nposedenux 0ocniodcens i ananizy pe3yivmamie
BUSHAYEHO XapakmepHi cmaodii 3HOULY8aHHA KOXCHOI epynu incmpymenmy i3 [IKHB, a maxodxc écmanogieHo
PAYIOHANBHI pedicuMU PI3aHHs Ol 3a0e3NeUeHHs Kpaujoeo CnigIOHOUWEHHS MIJIC eqQeKmuUGHICIIO Ul MePMIHOM
cayorcou incmpymenmy. Ilpakmuuna 3uayywicmo OOCHIONCEHHST NOAA2AE Y (POPMYBAHHI PEKOMEHOAYI OO0
subopy muny incmpymenmy iz IKHEB (BL yu BH) 3anedicho 6i0 menniosux i MEXaniuHux HagaHmaiceHb ma 3a0anoi
AKocmi 06pod.II06aAH0T NOGEPXHI.

Kniouosi cnosa: 3azapmosana cmans, mopyese ¢hpesepy6anhs, MexXauizm 3HOULYBAHHS, OUQy3iliHe
3HOWLY8AHHS, KyOiunull Himpuo 6opy, epyna BL i BH.
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