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Abstract: The paper deals with the development of a system for integrated assessment of machinability based on

monitoring tool displacements and cutting temperatures. This system is characterised by its simplicity and low cost.
The proposed approach to evaluating material machinability combines static and dynamic components of cutter dis-
placements, as well as cutting temperature, each assigned specific weighting coefficients. The material machinability
evaluation is differentiated for roughing and finishing operations through weighting coefficients that take into ac-
count the specific influence of each parameter on the machining results. This differentiated approach enables
assessment of material machinability both from the perspective of resistance to deformation and fracture and consid-
ering specific cutting process characteristics. The dynamic displacement component serves as a diagnostic character-
istic for the chip formation process (elemental, segmented, or continuous), surface roughness quality, and, when
combined with temperature, for cutting tool life. Experimental results from end milling of 45 and 09G2S steels,
along with VT6 and VT8M-1 titanium alloys with varying grain sizes, demonstrate the practical application of this
methodology. Standardised experiments provided displacement and temperature data used to evaluate the machina-
bility of tested materials. The results confirm the feasibility of using the proposed comprehensive indicator for assessing
material machinability in cutting processes. This approach forms the basis for the development of a new comprehen-
sive machinability assessment method that considers individual parameters and their combinations to determine
technological constraints, thereby enabling process optimisation and production cost reduction.
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INTRODUCTION

Assessment of material machinability is one of the key
stages in preparing manufacturing process. The effective-
ness of machinability evaluation methods directly influ-
ences production flexibility and competitiveness [1].

One of the key parameters characterising material ma-
chinability is the magnitude of cutting forces and tempera-

the sensor’s sensing element under mechanical load [4; 5].
Their drawbacks include high cost and impossibility for
industrial application. Cutting temperature is often meas-
ured indirectly through thermal electromotive force signals
using thermocouples [6]. A limitation of this method is
the requirement for electrical insulation of technological
system components (tool, workpiece). Furthermore, ma-

tures [2]. Materials with poorer machinability exhibit high-
er cutting forces and temperatures during processing.
Therefore, the assessment of material machinability re-
quires measurement of these cutting forces and tempera-
tures during machining [3].

Existing methodologies for assessing machinability vary
in the sensors used to measure physical quantities charac-
terising the machining process. To measure cutting force,
researchers frequently use high-precision strain gauge
methods based on changes in electrical resistance of
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chinability studies typically measure either forces or tem-
peratures generated during processing. Such a limited ap-
proach cannot fully characterise a material’s capability to
be machined while maintaining required surface quality and
dimensional accuracy.

Consequently, there is a gap related to the absence of
a comprehensive, simple, and inexpensive methodology for
the rapid assessment of material machinability. Such
a methodology would enable the accelerated implementation
of structural materials with new properties in production.
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Among these materials are those with an ultrafine-
grained (UFG) structure produced by severe plastic de-
formation. Since 2018, scientific studies have appeared
investigating the machining of UFG materials, including
titanium [7-9], B95 aluminium alloy [10], and
12H18N10T stainless steel [11]. Earlier studies [12; 13]
examined the machining of low-carbon steel. However,
despite the existence of a number of studies and
the promising applications of UFG materials, infor-
mation on their machinability remains insufficient.

This study aims to fill a methodological knowledge gap
related to the lack of a simple and inexpensive technique
for assessing material machinability, as well as an empirical
gap related to the lack of data on cutting forces and temper-
atures for UFG materials.

The aim of the study is to develop a comprehensive
methodology for the rapid assessment of material machina-
bility. This methodology is based on calculating a machina-
bility coefficient derived from tool displacement and cut-
ting temperature, using specific weighting factors for
roughing and finishing operations. A further key character-
istic of the methodology is its simplicity and low cost.

METHODS

Proposed methodology for assessing material
machinability

To assess material machinability, cutting tool displace-
ments and cutting temperature are recorded. The cutting
temperature was recorded using a Seek Thermal Com-
pact XR thermal imager. The thermal imager’s character-
istics included a temperature range from —40 to +330 °C,
a 20° angle of viewing, a resolution of 412x312 pixels,
and a frame refresh rate of 9 Hz. The thermal imager
measured the temperatures of the cutting zone and
the chip segments that fell within the frame. The cutting
temperature was taken as the highest value among
the maximum temperatures from each frame [14]. Tool
displacement signals were recorded using a Bently

Bently Nevada signal, V

Nevada non-contact sensor. The sensor’s scale factor is
7.87 mV/pum (200 mV/mil). The sensor was installed
opposite the milling cutter in the direction of the workpiece
feed. The signal sampling frequency was 5 kHz. After
the signal was sent to a computer via an [-Card E14-440
analog-to-digital converter and recorded in the L-graph
software, measurements of the static (A) and dynamic (7)
tool displacements were performed (Fig. 1) [15; 16].

During machining, the workpiece is placed in a clamp-
ing fixture (Fig. 2). Machining is performed with specified
parameters using a tool installed in a chuck. A displacement
sensor monitors the milling cutter’s displacements in
the feed direction, and the signal is recorded by a data ac-
quisition unit. The temperature in the cutting zone is meas-
ured using a thermal imager, and its signal is also recorded
by the data acquisition unit.

All results obtained from all passes were averaged.
The maximum values for each parameter were determined.
To obtain an overall machinability assessment, the relative
static and dynamic displacement components and the tem-
perature were summed. Each of these values was first di-
vided by its own maximum value. The resulting ratios were
then multiplied by their own weighting coefficients,
the magnitude of which varies depending on the type of
machining. The coefficients were determined by pairwise
comparison of the importance of each parameter relative to
the others, taking into account the nature of the machining
operation (roughing or finishing).

After that, the static and dynamic components of
the displacements and temperature were added together
with their respective weighting coefficients to obtain a ma-
chinability score:

1_ oy, + Ay + ;T
K yst.max Aymav( Tmax

where 01, , ®3 are the weighting coefficients for the static
displacement component, the dynamic displacement com-
ponent, and temperature, respectively;
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Fig. 1. Bently Nevada signal
Puc. 1. Cuenan Bently Nevada
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Fig. 2. Scheme for measuring tool displacements and temperature using milling as an example:
1 — workpiece; 2 —vice; 3 — milling cutter; 4 — chuck; 5 — displacement sensor; 6 — data acquisition unit; 7 — thermal imager
Puc. 2. Cxema uzmepenus cmewyenuii UHCMpYMeHmMa u memMnepaniypvl Ha npumepe Qppe3eposanusi:
1 —3azomosxka; 2 — mucku; 3 — gpesa; 4 —nampon; 5 — oamuuk cmewenuil; 6 — pecucmpamop, 7 — menjiosu3op

Vst Ay
yst.max ’ Ay max ’ Tmax
the parameters of static displacements, dynamic displace-
ments, and temperature;
Vstmaxs AVmax, Imax are maximum values obtained in the se-
ries of experiments;
s, Ay, T are average values obtained in the series of experi-
ments.

are relative assessments of

Experimental validation of the method

The experiment was conducted on a PROMA FHV-
50PD universal milling machine. The workpieces were ma-
chined with a 12-12D-30C-75L-4F HRC55 carbide cutter,
as well as with high-speed steel (HSS) cutters. No cooling
was used during the machining process.

The study was conducted for workpieces made from four
materials: 45 and 09G2S steels, and VT6 and VT8M-1 titani-
um alloys. For each material, two samples with dimensions of
40x15x10 mm were investigated in one of two conditions: the
as-delivered condition with a coarse-grained (CG) structure,
and after equal channel angular pressing (ECAP) via the Con-
form scheme (ECAP-C), with an ultrafine-grained (UFG)
structure [17; 18]. After the ECAP process, all materials exhib-
ited enhanced physical and mechanical properties (Table 1).

During the milling experiments, between 8 and 21 pass-
es were conducted for each material under various pro-
cessing conditions: cutting depth /=0.6, 0.8, 1.0 mm; feed
rate s=65, 100, 185 mm/min; speed n=720, 875 rpm.

To assess the significance of differences in mean values
and variance, a two-factor analysis was performed for mate-
rial grades and grain sizes.

Table 1. Mechanical properties of the materials in different states

Taonuua 1. Mexanuueckue ceolicmea Mamepuaios 6 paiuiHoM COCMOSHUU

Material State davy, pm HB ours, MPa ovs, MPa 3, %
Quenching + high tempering (CG) 10 302 985+25 839420 8+1.5
Grade 45 steel
After ECAP (UFG) 0.56 346 1171£30 1064+18 5+0.8
Initial state (CG) 20 143 485+3.0 354+11 25+1.8
09G2S steel
After ECAP (UFG) 0.45 331 838+12 655+44 10£1.5
Initial state (CG) 15 34 950420 849+30 12+1.5
VTé6
After ECAP (UFG) 0.24 36 1090+30 990+40 8.0£0.3
Initial state (CG) 5 331 1017+20 949425 15.7+0.4
VT8M-1
After RF (UFG) 0.2-0.3 352 1216+10 1137+15 11.0£2.0

Note. CG is coarse-grained; UFG is ultrafine-grained; RF is rotary forging.
Tpumeuanue. K3 — kpynnosepnucmoe cocmosinue; YM3 — ynompamenxoseprucmoe cocmosinue; PK — pomayuonnas koska.
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RESULTS

Fig. 3-5 present systematised data grouped by material
type regarding the force-related and temperature-related
parameters of milling. The static displacements of the mill-
ing cutter are lowest for 09G2S steel, higher for grade
45 steel, and highest for VT6 and VT8M-1 titanium alloys
(Fig. 3). The dynamic displacements of the cutter are higher
for grade 45 steel and lower for titanium alloys (Fig. 4).
Among the steels, the milling temperatures are higher for
the fine-grained alloys (Fig. 5). The highest cutting temper-
atures were recorded for titanium alloys; however, since
the measurement range of the thermal imager is limited to
300 °C, the exact value of the milling temperature for
the titanium alloys could not be measured in the experi-
ment. Thus, the more difficult a material is to machine,
the higher the values of the measured parameters, which
confirms the applicability of the developed methodology
for assessing machinability.

For the studied materials, a change in grain size leads to
an increase in both the relative static and dynamic dis-
placement components (Fig. 6). When machining grade
45 steel in both the CG and UFG conditions, the difference
between its relative static and dynamic displacements is
significant. For UFG 45 steel, the overall level of both stat-
ic and dynamic components increases. For 09G2S steel in
the CG condition, the relative static and dynamic compo-
nents differ significantly, whereas in the UFG condition,
they increase relative to the CG state and become compara-
ble to each other. For the VT6 alloy in both CG and UFG
conditions, the relative dynamic displacements are lower
than the static ones. During the transition to the UFG condi-
tion, the dynamic displacements remain practically un-
changed. For the VT8M-1 alloy, the situation is the oppo-
site. In both CG and UFG conditions, the relative static
displacements remain unchanged, while the dynamic dis-
placements increase. The observed changes in displace-
ments and temperatures are primarily due to the technologi-
cal properties of the compared materials (Fig. 7).

A two-factor analysis of variance (factors: material
grade and grain size) revealed the following p-values: for
parameter 7 — <0.01135; for parameter Vs max
<0.0144x1073; for parameter Ay — <0.0232x1077. Fig. 8
presents the average values with a confidence interval for
each group of materials, taking into account their grain size
for the static component of displacements.

When deriving the weighting coefficients, through their
pairwise comparison, the priorities for each type of pro-
cessing were taken into account. In roughing, the primary
goal is to ensure a uniform distribution of the stock allow-
ance for the subsequent finishing operation, utilising re-
duced cutting speeds and without strict requirements for
shape accuracy and surface roughness. During roughing,
which involves maximum force loads, the primary consid-
eration will be the static displacement component. There-
fore, when pairwise comparing each parameter for roughing
operations, static displacements will be prioritised. Con-
versely, the dynamic displacement component and tempera-
ture will be prioritised for finishing operations, as they di-
rectly influence the quality of the machined surface.

As a result of the comprehensive machinability assess-
ment, taking into account the type of machining operation,

the results were obtained using the following weighting
coefficients: ®1=0.7; ®,=0.15; ®3=0.15 for roughing and
®1=0.3; ©,=0.35; ®3=0.35 for finishing. The calculation
results are shown in Fig. 9, where it is evident that the ma-
chinability coefficients are distributed according to the ma-
terial machinability groups. Grade 45 steel has the highest
machinability coefficient, 09G2S steel has a lower one, and
VT6 and VT8M-1 titanium alloys have the lowest coeffi-
cients. The convergence of the coefficients for the roughing
and finishing machinability assessments is determined by
the changes in ysimax, Ay. A decrease in cutting temperature
is observed for the UFG materials, with the exception of
grade 45 steel. This is an advantage for finishing opera-
tions. For 09G2S steel, a significant increase in the static
displacement component is accompanied by a relatively
minor increase in the dynamic component, which balances
its machinability coefficient for both roughing and finishing.

DISCUSSION

Machinability of materials with different grain sizes

The magnitude of the dynamic displacements of
the milling cutter can be explained by chip formation char-
acteristics. For example, due to their ductility, titanium al-
loys typically produce continuous chips, while when mill-
ing grade 45 steel, the chips fragment, leading to an in-
crease in the oscillation amplitude of the cutter (Fig. 4).

The increase in the relative static and dynamic dis-
placement components following the change in grain size is
likely due to the increase in cutting force caused by
the enhanced strength properties of the UFG materials.

The observed differences in the static displacement
component for the VT8M-1 UFG titanium alloy are due to
the specific characteristics of chip formation during
the machining of titanium alloys. The chips have a seg-
mented nature, representing a transitional type between
continuous and discontinuous chips. The stabilisation of
the static displacement component can be explained by the
effect of vibration-assisted cutting, which manifests itself
when the dynamic displacement component increases at
the chip formation frequency.

Data on the comparative machinability of grade 45 steel
and VT6 titanium alloy with coarse grains are consistent
with other studies [19]. The low machinability of titanium
alloys can be explained by their increased strength proper-
ties, toughness, and low thermal conductivity. The decrease
in machinability within each group of materials for
the UFG structure occurs due to an increase in strength
properties with decreasing grain size.

For the VT6 titanium alloy, convergence of the machin-
ability coefficients for roughing and finishing occurs due to
a minor increase in the static component while the dynamic
displacement component remains stable. In contrast, for
the VT8M-1 titanium alloy, the static component remains sta-
ble, while a growth in the dynamic component is observed.

Thus, the experimental research has identified specific
cutting characteristics of materials with different grain siz-
es. To enhance the reliability of the results, it is necessary to
conduct experiments with a larger number of workpieces.
To explain the observed patterns, it is essential to perform
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Fig. 3. Static displacements during milling for different materials
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calculations of cutting forces, temperatures, and the types of
chips formed, based on the fundamental principles of plasticity
theory and fracture mechanics. These calculations require fun-
damental testing of the materials with different grain sizes,
including tensile tests, ductility tests, and thermal property
tests. A stress-strain diagram can be used to calculate the cutting
force, a plasticity diagram will help predict the type of chip
formed, and the thermal properties of the materials will enable
the calculation of the temperature field in the cutting zone.

The proposed methodology for assessing material
machinability

Separating the static displacement component provides
an estimate of the constant cutting force based on the mag-
nitude of deformation in the machine tool’s elastic system
(the cutting tool). Separating the dynamic component as
the oscillation amplitude during stable cutting provides
an estimate of the dynamic component of the cutting force,
including the part influenced by the nature of chip formation.

Together with temperature, these components determine both
tool wear and the roughness of the machined surface.

Averaging the results for the static and dynamic dis-
placement components, and through them, the cutting forc-
es, as well as the cutting zone temperature over all passes,
provides a weighted estimate for all possible machining
conditions, giving a generalised characterisation of the ma-
chinability of the material under study.

Dividing each indicator by its maximum value enables
the summation of relative assessments, where each one
characterises the process from its own perspective:
(the static component relates to dimensional accuracy,
the dynamic component relates to roughness, and the dy-
namic and temperature components relate to tool life).
The dynamic displacement component also serves as a di-
agnostic characteristic of the chip formation process (ele-
mental, segmented, or continuous chip).

The summation of the static and dynamic displacement
components and temperature, each with its own weighting
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coefficients, provides an assessment of the material’s overall
machinability, rather than just its resistance to deformation and
fracture. Furthermore, the machinability assessment is con-
ducted considering the type of machining operation (roughing
or finishing), prioritising either the force-related or tempera-
ture-related components through the ratio of the weighting
coefficients. Within the force-related terms, the evaluation can
be shifted between the static and dynamic magnitudes. For
example, the machinability assessment for roughing should be
conducted based on the minimum static component to achieve

stable deformations and the maximum uniform allowance
for finishing. For finishing, the machinability assessment
should be conducted with the contribution of the dynamic
component predominating to achieve minimal roughness.
For labor-intensive operations with long main processing
times, the machinability assessment should be conducted
based on the temperature and dynamic force components
to ensure maximum tool life.

Thus, while previous research has focused on labor-
intensive and expensive methods for assessing machinability,
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the obtained results demonstrate that it is possible to apply
a rapid, simple, and inexpensive technique for the express
evaluation of material machinability. To further develop this
approach, it is necessary to correlate the measurement results
obtained using the presented technique with those from more
precise measurements (using a strain-gauge system) to en-
hance the accuracy and reliability of the diagnostics.

CONCLUSIONS

A comprehensive methodology for the rapid assessment
of material cutting ability has been developed, characterised
by its simplicity and low cost. Results were obtained for
static and dynamic displacements, as well as temperatures
during the machining of materials with different grain sizes.
The machinability coefficient values for both roughing and
finishing operations of these materials were calculated.
The obtained results will help to accelerate the process
planning for the manufacture of products from UFG materials.
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Annomayusa: Ctatbs MOCBSIIEHA pa3padOTKe CHCTEMbI KOMITIEKCHON OLIEHKH 00pa0aThIBaeMOCTH Ha OCHOBE PETUCTPAIN
CMEIICHUH MHCTPYMEHTa M TeMIleparyphl pe3aHus. PaccmarpuBaemasi cHCTEMa OTIIMYAETCs IIPOCTOTOM, a Takke HEBBICOKOW
CTOMMOCTBIO. [IpensoykeHHbI MOIXO0 K OIeHKe 00padaThIBAEMOCTH MaTepHaioB OCHOBAH Ha CIOKEHWM CTaTUYECKOM M JTMHA-
MHYECKOH COCTABIIOIINX CMEIIeHHH (Ppe3bl, a TakKe TeMITepaTyphl pe3aHus CO CBOMMH BeCOBBIME Kod(dummenTamu. OrieHka
00pabaThIBACMOCTH MaTEPHAIOB MPOBOXUTCS U PEPEHIIMPOBAHHO TS YePHOBOTO M YHCTOBOIO 3TANOB 00pa0OOTKH depes3 Be-
coBbIe KO3((HUIMEHTBI, KOTOPbIE YYUTHIBAIOT OCOOCHHOCTH BIMSHHS KaXJOI0O TapaMerpa Ha pesyisrarbl 00paboTku. Takoi
T hepeHIMPOBaHHBIN ITOIXO O3BOIISIET OIIEHUTH 00padaThIBAEMOCTh MaTepraia He TONBKO ¢ TOYKU 3PEHUSI €10 COIIPOTHBIIS-
eMOCTH Ae(hOPMUPOBAHHIO M Pa3pyIICHUIO, HO M C YIETOM XapaKTepHUCTHK CaMoro Ipoliecca pe3aHus. JlnHaMuueckast COCTaB-
JISTIOIAst CMEICHHUH BBICTYIIAeT B KAYeCTBE JUAarHOCTHYECKOI XapaKTEePHUCTHKHU TIpolecca CTPY>KKo0Opa3oBaHusl (3JIEMEHTHOTO,
HaJJIoMa WM CIIUTHOTO), [IEPOXOBaTOCTH 00pabOTaHHOM MOBEPXHOCTH, @ TAKXKE, B COUYETAHUHN C TEMIIEPATypOH, CTONKOCTH pe-
JKYILETO MHCTpyMeHTa. Kak mprumep NMpHMEHEHHs! JAHHOTO TIOAXO0/1a TPUBEACHBI PE3YbTarhl SKCIIEPUMEHTOB 10 KOHIIEBOMY
(pesepoBanuto craineit 45, 0912C, a Takxe ThTaHOBBIX ciutaBoB BT6, BTSM-1 ¢ paznuunbsiM pa3smepoM 3epHa. B xone omHo-
THITHBIX 9KCIIEPUMEHTOB TIOy4YEHBI JJaHHBIE [0 CMEICHHSM M TeMIeparype, Mo KOTOPBIM IPOM3Be/ieHa OlieHKa o0padaTbiBae-
MOCTH JIJISL KCCIIElyeMbIX MaTepraiIoB. B pesynsrare 000CHOBaHA BO3MOYKHOCTD MCIIONB30BAHMS PEATI0KEHHOTO KOMIUIEKCHOTO
TIOKa3aTelisl 11 OLIEHKH 00padaThIBAEMOCTH MareprasioB pe3aHreM. JJaHHBIN MOIXO0 SBJISETCS OCHOBOMH JUIsl pa3padoTKH HOBOTO
METO/Ia KOMIUIEKCHOI OLIEHKH 00pabaThbIBAEMOCTH C YUETOM Ka)KI0TO KOHKPETHOTO MOKA3aTellsl ¥ MX COUETaHMIT ISl MOTydeHHs
TEXHOJIOTMIECKNX OIPaHNYEHHH, YTO O3BOJIUT ONITUMH3HPOBATH POLIECCH 00PaOOTKM M CHU3UTH 3aTPAThl HA IPOU3BOZICTBO.

Knrwouegvie cnosa: o06padbaTbIBa€MOCTh; CMEIIECHHS PEXYIIET0 HHCTPYMEHTA; TeMIleparypa pe3aHust; YabTpaMeIKo3ep-
HHCTBIE MaTepUallbl; KOHIIEBOE (pe3epoBaHme
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