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Abstract. The study proposes a multi-criteria machinability evaluation based on cutting forces, surface
quality, and productivity characteristics obtained from CNC milling experiments. Three tool steels
(1.2379, 1.2842, and ES Aktuell 1200) and four long-reach milling cutters were tested under controlled
machining conditions. The experimental data set, including force components and surface roughness
parameters, was analysed using the TOPSIS (Technique for Order Preference by Similarity to Ideal
Solution) method to integrate multiple performance indicators into a single metric, referred to as the
Cutting Ability Index (CAI). The results show that the proposed approach enables the ranking of material -
tool combinations and provides a more comprehensive interpretation of machinability compared to
single-parameter evaluations. However, the resulting rankings are sensitive to the selection and balance
of input criteria and, in certain cases, deviate from expected physical behaviour. This highlights the
limitations of equally weighted multi-criteria approaches and underscores the importance of appropriate
parameter selection and weighting. The study confirms that while TOPSIS can serve as an effective
decision-support tool in machining analysis, its application requires careful methodological
consideration.
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1. Introduction

In machining technology, process parameters and circumstances such as
cutting speed, feed rate, and depth of cut, tool and material properties also
significantly influence surface quality, tool wear, energy consumption, and
productivity. However, these performance measures often conflict with each other.
Therefore, parameter selection cannot be treated as a single-objective optimization
problem [1].

Traditional optimization approaches typically focus on a single objective
function, which cannot adequately handle the multivariate and complex nature of
machining processes. As a result, increasing attention is being paid to Multi-Criteria
Decision Making (MCDM) methods, which enable the simultaneous consideration
of multiple conflicting criteria [2].

In machining applications, performance evaluation often requires the joint
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consideration of quality, economy, and process stability. Such problems can be
addressed using MCDM methods, which provide a structured and mathematically
based ranking of alternatives by evaluating multiple criteria simultaneously [3].
MCDM approaches typically rely on a decision matrix, followed by normalization,
weighting, and aggregation steps. Several methods have been developed, including
AHP, ELECTRE, VIKOR, and TOPSIS, all aiming to compare alternatives across
multiple, often conflicting criteria [4].

TOPSIS (Technique for Order Preference by Similarity to Ideal Solution) was
introduced by Hwang and Yoon as a multi-attribute decision-making method based
on the principle that the optimal alternative has the shortest distance from the ideal
solution and the greatest distance from the anti-ideal solution [5]. The method is
particularly suitable for processing engineering and experimental data due to its
simple mathematical structure and clear ranking procedure.

The application of TOPSIS has been reported in machining research. Previous
studies have investigated the multi-criteria optimization of CNC turning parameters,
where surface roughness and material removal rate were evaluated simultaneously
[6]. Other studies have combined TOPSIS with statistical and optimization
techniques to achieve a more comprehensive evaluation of machining responses [7].

The aim of this study is to develop a multi-criteria framework for assessment
of machinability, integrating cutting force and surface quality into a unified
performance indicator. The approach enables the interpretation of machinability as
a composite, data-driven property. The TOPSIS method is applied to construct a
Cutting Ability Index (CAl), supporting the ranking of technological alternatives.
The aim of this article is to examine the applicability and sensitivity of the method.
The novelty of this study lies in modelling machinability as a unified and
interpretable performance measure.

2. Material and methods

The study is based on an end-milling experiment, which varies the cutting
parameters, tool geometries and workpiece materials. The test ensures different
types of comparisons. The cutting experiments were performed on a Mazak Nexus
410A-11 CNC machining centre. During the experiments, long-reach milling tools
were used, which represent particularly critical, vibration-sensitive machining
conditions in manufacturing technology. The experiments were designed to evaluate
different material-tool-parameter combinations under identical machining
conditions, considering multiple performance criteria simultaneously.

Four different long-reach milling tool types (F1-F4) were used for the test,
which differed in the number of teeth, edge geometry and tool rake angle. Figure 1
shows the main tool characteristics. Every tool contains partially polished blade for
cutting corner reinforcement. The F1 and F3 tools have special protective chamfer,
which allows higher feed; and they have variable helix angle, which ensures higher
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material removal rate and tool life by minimizing the vibration and oscillation. The
F3 and F4 tools contain special edge conditioning, which increases the edge stability
and tool life. The F2, F3 and F4 tools contain chip breakers, which are advantageous
for large depth of cut. Finally the F2 tool has variable tool pitch to reduce vibration
and noise, and ensures better surface quality; further, the increased core diameter
improves the tool rigidity.
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Figure 1 - Applied tools and their properties.
The tests were carried out on three alloyed tool steel grades: 1.2842
(90MnCrVv8), 1.2379 (X153CrMoV12), and ES Aktuell 1200. Their tensile strength
(Rm) and chemical compositions are summarized in Table 1.

Table 1. - Chemical composition and mechanical properties of the investigated materials.

Material Rm C% Cr% | Mn% | Mo% | Ni% Si% V%
[MPa]

1.2842 1050 0.90 0.35 2.00 - - 0.25 0.10

1.2379 1000 1.55 11.30 0.30 0.75 - 0.30 0.75

ES1200 1200 0.26 1.25 - 0.50 1.05 0.10 0.10

The materials differ significantly in carbon and alloying element content,
resulting in distinct mechanical and machining properties. Steel 1.2842 provides a
balanced combination of hardness and machinability. In contrast, 1.2379, with its
high carbon and chromium content, exhibits high hardness and wear resistance but
reduced machinability. The ES Aktuell 1200 is a non-standard grade. It has a lower
carbon content and a more complex alloying system, leading to improved toughness
and different cutting characteristics, particularly under dynamic loading conditions.

The cutting speed was constant (v = 50 m/min, n = 1590 1/min) throughout the
entire series of experiments, in order to ensure that the effects examined were
primarily due to changes in the feed parameters, tool geometry and material
properties. The feed per tooth (f,) was varied at four levels: 0.03; 0.05; 0.07 and 0.09
mm. The axial depth of cut was fixed at a, = 35 mm throughout the entire series of
experiments, while the radial depth of cut was fixed at a. = 0.2 mm. Table 2 shows
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the cutting parameters. The feed rate (vs) is determined by feed per tooth (f;), spindle
speed (n) and number of teeth (z). The feed rates (vs) for the different tool and feed
combinations were determined based on the number of teeth and the feed per tooth.
These values are detailed in Table 2.

Based on the cutting parameters the material removal rate (MRR, mm?/min)
was calculated, as the indicator of the productivity.

MRR =V; - a, - a, Q)
Table 2. - Cutting parameters.
f; Vf -
Tool [mm/tooth] | [mm/min] Ve [m/min]
0.03 190.8
0.05 318.0
F1 0.07 445.2
0.09 572.4
0.03 190.8
0.05 318.0
F2 0.07 445.2
0.09 572.4
0.03 238.5 50
0.05 397.5
F3 0.07 556.5
0.09 715.5
0.03 333.9
0.05 556.5
F4 0.07 779.1
0.09 1001.7

The cutting performance was characterised by cutting force components and
surface roughness parameters. The cutting force components were measured by a
Kistler 9257B piezoelectric dynamometer during the cutting process. The measuring
system recorded the three orthogonal cutting force components, namely the axial
force (F), the feed force (Fr) and the passive force (Fp). The force data were
evaluated using the Kistler DynoWare software, which enabled the processing of
time-dependent force signals and the determination of statistical characteristics.
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Figure 2 - Surface roughness measurement.

To characterize the quality of the machined surfaces, surface roughness
measurements were performed by a Mahr-Perthen GD120 roughness measuring
device. For each parameter setting, the roughness parameters were measured at
seven different positions on the machined surface (Figure 2). During the roughness
evaluation, the parameters R,, R; and Rsm Were examined, and the mean value and
the standard deviation were calculated in each case.

The cutting force components, surface roughness characteristics and material
removal rate together formed an extensive database, which served as the basis for
the subsequent multi-criteria decision support analysis. Using the collected data, the
different material-tool-technology alternatives were objectively compared and
ranked using the TOPSIS method.

3. Multi-criteria decision and the TOPSIS method

The TOPSIS (Technique for Order Preference by Similarity to Ideal
Solution) method used in this research is one of the best-known and most widely
used MCDM methods. The basic idea of the method is that the optimal alternative
is the one that is as close as possible to the ideal solution, while being the farthest
from the anti-ideal solution. The ideal solution is a theoretical reference state that
contains the most favourable values for each criterion, while the anti-ideal solution
consists of the most unfavourable values [8].

The first step in applying the TOPSIS method is to establish a decision matrix
that contains the criterion values for the alternatives:
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Due to the different units of measurement, the elements of the decision matrix
cannot be directly compared, so normalization is necessary. The most common
method used in TOPSIS is vector normalization, which can be described by the
following equation:

xij
Nij = /77— 3)
?—l1xi2j

The elements of the normalized decision matrix were then multiplied by weight
factors expressing the relative importance of the criteria, resulting in the weighted
normalized decision matrix. In the present study, all criteria in the decision matrix
were assigned the same weight values, i. e. each characteristic contributed equally
to the evaluation of the alternatives. This approach was used to avoid prior
preference for a single cutting characteristic and to ensure a balanced consideration
of cutting force and surface quality parameters. The weighting thus created does not
result in an absolute machinability index, but expresses a compromise performance
interpreted based on the criteria involved.

Based on these, the so-called ideal and anti-ideal solutions can be determined.

The ideal solution represents a theoretical reference state that contains the most
favourable values possible for the criteria under study, while the anti-ideal solution
is built up of the most unfavourable values. Based on the nature of the criteria, the
ideal solution is determined by selecting the maximum values for benefit-type
criteria, while the minimum values for cost-type criteria; the anti-ideal solution
accordingly contains the opposite extreme values.

Subsequently, the distance from the ideal and anti-ideal solutions is determined
for each alternative examined. These distances express the extent to which the given
alternative approaches the optimal state and how far it is from the most unfavourable
solution. This step of the method allows for an objective comparison of alternatives
in the multidimensional criterion space and establishes the basis for the subsequent
ranking, which takes into account the proximity to the good solution and the distance
from the bad solution together (Figure 3).

129



ISSN 2078-7405 Cutting & Tools in Technological System, 2026, Edition 104

Positive distance D/’

Alternative

Negative distance D;

Posmve ideal
o Solution
Negativevideal
Solution
Figure 3 - Interpretation of the distance measured from each alternative in the TOPSIS

system.

During the ranking, the evaluation of each alternative is done by taking into
account the distances measured from the ideal and anti-ideal solutions together. To
quantify this, the TOPSIS method uses the relative proximity coefficient, which
expresses how close the given alternative is to the ideal solution compared to the
most unfavorable state. The basis for the final ranking is the relative proximity
coefficient:

D:

S ap- (4)

i D +D;

The value of C; ranges between 0 and 1; the higher its value, the more favorable
the given alternative is, since it is closer to the ideal solution and further away from
the anti-ideal state. The advantage of the TOPSIS method is that it has a simple and
understandable mathematical structure, provides a complete ranking of alternatives,
and can be effectively applied to multi-criteria evaluation of engineering
experimental data, especially when the examined criteria can be measured
numerically [5][9].

4. Results and Discussion

Because of the interdependence of the evaluated parameters, the results and
their interpretation are presented together in this section.

Table 3 summarises the type of parameters used in the TOPSIS analysis and
their roles. The selected variables represent the key aspects of machining
performance, including cutting forces, surface quality, and productivity. Only the
most representative parameters were considered in order to ensure a balanced and
transparent evaluation while avoiding redundancy in the dataset.
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Table 3. - Criteria used in the TOPSIS analysis

Parameter Description ;(;IE/ ;?s Type

Fi Radial cutting force Load Cost

Ri Surface roughness Surface quality Cost
MRR Material removal rate Productivity Benefit

Cutting force and surface roughness parameters were treated as cost-type
criteria (lower values are preferable), while material removal rate was considered a
benefit-type criterion. During the analyses the following parameters were
considered: Ff_mean, Ff_max, Fp_mean, Fp_max, Fz_mean, Fz_max, Ra_mean, Ra_SD, Rz_mean, RZ_SD,
Rsm/fz, Rsm_sp and MRR (SD means standard deviation).

The presentation of all data is not possible because of the amount and variation
of measured parameters, but some examples are presented in order to demonstrate
the problem of the assessment. Figure 4 shows the measured surface roughness (Ra)
and axial cutting force (F,) data as a function of material grade. The mean value of
Ra is the smallest in case of ES1200, but the mean of F; is the largest.

an [N]

Ra [um]

0
SIS

1.2842 ES1200 12379 1.2842 ES1200
Material grade Material grade

Figure 4. Distribution of surface roughness (Ra) and axial cutting force (Fz) values for
different material grades.

Figure 5 shows the measured surface roughness (Ra) and axial cutting force (F)
values as a function of cutting tool. The results indicate that the applied tool
geometry has a noticeable influence on both surface quality and cutting forces. Tool
F2 performs the highest R, values and the greatest variation, while tool F4 results in
lower R, values with reduced variability. In contrast, the axial cutting force shows
an increasing trend from F1 to F4, with tool F4 producing the highest force levels,
because of the 7 teeth.
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Figure 5. Distribution of surface roughness (Ra) and axial cutting force (F) values for
different cutting tools.
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Figure 6 presents box plots of the average passive cutting force (Fp _mean) Values
as a function of both material grade and cutting tool. The results indicate that ES1200
exhibits the highest average passive force, while materials 1.2379 and 1.2842 show
lower and comparable values. A clear increasing trend can also be observed across
the cutting tools, with tool F4 producing the highest and tool F1 the lowest force
levels, while tools F2 and F3 form an intermediate group.
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Figure 6 - Average passive cutting force (Fp_mean) values for different material grades and
cutting tools.

The elevated force levels observed for tool F4 may be attributed to its higher
number of cutting edges (z = 7). Under identical feed conditions, a larger number of
teeth are engaged simultaneously in the cutting process, which can increase the
contact area and, consequently, the passive cutting force. In addition, reduced flute
space may hinder chip evacuation, further contributing to higher force levels.

The difference between tools F1 and F2, despite having the same number of
teeth, may be related to their different rake angles. Tool F1, with a higher rake angle
(y = 6°), promotes more favourable chip formation, resulting in lower cutting forces,
whereas the lower rake angle of tool F2 (y = 3°) may increase cutting resistance.
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Figure 7 shows the material removal rate (MRR) values as a function of cutting
tool. The results indicate a clear increasing trend from tool F1 to F4, with tool F4
achieving the highest MRR values, while tool F1 presents the lowest productivity.
This trend is directly related to the number of cutting edges, as a higher tooth count
increases the feed rate under identical feed per tooth conditions, resulting in a higher
material removal rate.
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o 4000 }
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F1 F2 F3 F4
Tool

Figure 7. Material removal rate (MRR) values for different cutting tools

The larger deviation observed for tool F4 may be attributed to the wider range
of applicable cutting conditions, as well as increased sensitivity to process
parameters such as feed rate. In addition, the higher number of engaged cutting edges
may lead to more complex chip formation and evacuation conditions, which can
contribute to increased variability in the calculated MRR values.

The presented particular parameters cannot be used to evaluate the performance
of the cutting tools, or machinability of the materials. Therefore, an overall
assessment is required. Now the application of the TOPSIS method is presented.

The TOPSIS method enables the reduction of a large set of measured data into
a single performance indicator, allowing the ranking of materials, tools, and process
parameters. In this study, a Cutting Ability Index (CAl) was introduced to quantify
machinability by integrating multiple performance criteria into a unified metric.

Figure 8 presents the TOPSIS-based ranking of the investigated materials and
cutting tools expressed by the CAIl values. Among the materials, 1.2379 achieved
the highest relative proximity coefficient (Ci = 0.75), followed by 1.2842 (Ci = 0.48),
while ES1200 exhibited the lowest value (Ci = 0.31). According to the CAI, material
1.2379 shows the most favourable overall machinability under the investigated
conditions. This result is somewhat unexpected, considering that its higher alloying
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content and mechanical strength are generally associated with less favourable
machinability. However, the CAI reflects the combined effect of cutting forces,
surface quality, and productivity, indicating a more balanced overall performance.
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1.2379 1.2842 ES1200 F1 F2 F3 F4
Material Tools

Figure 8. TOPSIS-based ranking of the investigated materials and cutting tools expressed by
the Cutting Ability Index (CAI).

For the cutting tools, tool F1 achieved the highest ranking (Ci = 0.70), followed
by F3 (Ci =0.55) and F2 (Ci = 0.52), while tool F4 exhibited the lowest value (Ci =
0.45). This result highlights that the best overall performance is not determined by a
single parameter, but by the balance between competing criteria. Although certain
tools may provide advantages in specific aspects, the CAl identifies tool F1 as the
most favourable option due to its balanced machining performance.

Figure 9 presents the TOPSIS-based ranking of the investigated cutting tools
for each material separately. The results show that tool F1 consistently achieves the
highest CAI values across all materials, while tool F4 generally exhibits the lowest

performance.
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Figure 9. TOPSIS-based ranking of cutting tools for each material using the Cutting Ability
Index (CAl).

These results highlight that the performance of cutting tools is strongly
dependent on the material-tool combination, and that different evaluation
perspectives can reveal additional relationships within the dataset. While global
rankings provide an overall comparison, the material-specific analysis allows a more
detailed interpretation of machining performance.

Figure 10 presents the TOPSIS-based ranking of the investigated materials for
each cutting tool. The results indicate that the relative performance of the materials
varies depending on the applied tool, confirming that machinability cannot be
described independently of the tool geometry. While material 1.2842 achieves the
highest CAl values for tools F1, F2, and F3, tool F4 shows a different trend, where
ES1200 exhibits the most favourable performance.

This variation highlights the interaction between tool geometry and material
properties, suggesting that the optimal material-tool combination depends on the
specific cutting conditions. The results further demonstrate that the proposed CAI-
based approach enables multi-perspective evaluation, providing deeper insight into
machining behaviour beyond conventional single-factor analyses.
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Figure 10. TOPSIS-based ranking of materials for each cutting tool using the Cutting Ability
Index (CAl).

5. Summary

This study presented a multi-criteria evaluation for machinability based on
cutting force, surface quality, and productivity characteristics, using the TOPSIS
method. The proposed approach integrates multiple, often conflicting performance
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indicators into a single comparative index, defined as the Cutting Ability Index
(CAl), enabling the ranking of materials and cutting tools under identical machining
conditions.

The results confirmed that machinability strongly depends on the material—tool
combination. However, the obtained rankings revealed several inconsistencies with
expected physical behaviour. Material 1.2379 achieved the highest CAIl value
despite its unfavourable composition and mechanical properties, while tool F4,
although providing the highest material removal rate, exhibited one of the lowest
overall rankings. These findings clearly demonstrate that the results are highly
sensitive to the selection and interaction of input parameters.

This observation highlights a fundamental limitation of the TOPSIS-based
approach: the resulting ranking does not necessarily represent the actual
machinability behaviour. Favourable values in certain criteria (e.g., cutting force or
surface quality) may not compensate for disadvantages in others (e.g., productivity),
which may lead to misleading conclusions. The inconsistencies observed do not
indicate limitations of the TOPSIS method itself, but rather reflect the sensitivity of
multi-criteria evaluation to the definition of input parameters.

Therefore, the appropriate selection, weighting and number of input parameters
are critical for obtaining reliable results. The selected parameter set in this study does
not fully capture the complexity of the machining process. Additional factors such
as tool wear, vibration, temperature, or energy consumption may also significantly
influence machinability and should be considered in future studies. Furthermore, the
applied cutting conditions, particularly the cutting speed, may alter the relative
performance of the tools, indicating that different parameter ranges could lead to
different rankings.

The proposed CAI represents a step toward a data-driven and quantitative
characterization of machinability as a measurable and comparable property.
However, its effectiveness strongly depends on the appropriate definition of the
evaluation model; therefore, it should be interpreted as part of a broader analytical
framework rather than as a standalone indicator.

Overall, the study demonstrates that while TOPSIS provides an effective
framework for integrating multiple machinability-related criteria into a single
performance index, the validity of the resulting rankings critically depends on
careful model definition. When appropriately applied, the method can support
advanced, data-driven approaches for machining process evaluation and
optimization.
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bena Mecapon, banam Miko, Bynanerur, Yropiusna

OIIHKA OBPOBJIOBAHOCTI MATEPIAJTY BUPOBY HA OCHOBI
CNJIA PI3BAHHA TA XAPAKTEPUCTUK AKOCTI HIOBEPXHI 3
BUKOPUCTAHHAM METOAY TOPSIS.

AHoTauis. JJocniodcenHs nponoHye 6a2amokpumepitiHy OYiHKY 00poOHOCMI HA OCHOBI CUL PI3aHHS,
SAKOCMI NOBEPXHI MA NPOOYKMUBHUX XAPAKMEPUCIUK, OMPUMAHUX Y eKCREPUMEHMAX 3 (hpe3epyeaHHIM
na eepcmami 3 YI1Y. Tpu incmpymenmaneni cmanu (1.2379, 1.2842 ma ES Aktuell 1200) ma womupu
yuninopuuni - ghpesu  30inbuenol  O0BNICUHU MECYBATUCS 8 YMOBAX KOHMPOIbOSAHOI 00pOOKU.
Excnepumenmanshuti Habip 0AHUX, 8KIIOUHO 3 KOMNOHEHMAMU CUIU MA NAPAMEMPAMU UOPCMKOCI
noeepxui, 6ys npoananizosanuti 3a memooom TOPSIS (Technique for Order Preference by Similarity to
Ideal Solution) oxs inmeepayii kinbkox nokasnuxie epexmusrnocmi 6 00Hy Mempuxy, 6idomy sk Inoexc
Cutting Ability (CAl). Pesyremamu nokasyroms, wo 3anponoHoganuii nioxio 00360J5€ PAHNCY8amu
Kombinayii mamepianie i incmpymenmis i 3a6e3neuye Oinbui KOMWIEKCHe MIAYMAYeHHs. 06pobHOCmi
nopisuaAHo 3 oOHonapamempuyHumu oyinkamu. OOHAK ompumani peimuneu uymausi 0o eubopy ma
banancy Kpumepiig 6XiOHUX OaHUX | 6 NeBHUX BUNAOKAX BIOXUNAIOMbCA BI0 OHiKY8aHoi @isuuHoi
noeedinku. Tomy 6i0n0GIOHUIL 6UBIp, 36AHCYBAHHA MA KIILKICMb 6XIOHUX NAPAMEmpI6 € KPUMUYHO
savicausuMu Ol OMPUMAHHA  HAOTUHUX pe3yibmamie. Bubpanuii nabip napamempis y ybomy
00CHiOIHCeHHI He NOgHICMIO 8I00Opadicae ckiadHicmy npoyecy 0opobku. [Jodamkosi ghakmopu, maxi sk
3HOC [HCMpyMenmy, 6ibpayii, memnepamypa abo eHepOCNONCUBAHHSA, MAKONC MOXCYMb CYMMEEO
enauamu Ha 0OpobNI0eanicmy i cio paxosysamu 6 Mandymuix docuiocennsx. Kpim moeo, npuknadeni
YMOBU pI3aHHs, OCOOIUBO WIBUOKICMb PI3AHHA, MOJICYMb SNAUBAMU HA GIOHOCHY NPOOYKMUBHICHIb
iHCMpyMeHmis, wo cei0UUms npo me, Wo pizHi dianasoHu NApamempie MoXICyms HPU3E0OUMU 00 Pi3HUX
pisnis. ILle niokpecnioc obmedicenns piGHOBANCHUX OA2AMOKPUMEPIIHUX Ni0X00i8 I niOKpecmoc
saxciugicms iONOBIOHO20 8UOOPY MA 36AHCYBAHHS napamempis. JJociioxiceHHs ni0meepoXxCye, uo xoua
TOPSIS moorce cnyeyeamu epexmusnum incmpymenmom niOMpUMKU NPUUHAMMSA pienb Y aHanizi
MawunHoi 00pobKuU, 11020 3acMOcy8ants nompedye pemenbHo20 MemoooI0i4HO20 PO32IA0Y.

Kuaiouosi ciioBa: o6pobniosanicms, gpezepysanns 3 YI1Y; TOPSIS, 6acamoxpumepiansue npuiitnamms
PpllleHb, noéepxuHesa uopCmKicmb.
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