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Multilayer metal materials are increasingly used by tool shops in the production of transfer tools for sheet-metal forming. In re-
search, it is found that during the machining of these advanced materials, damage to the cutting edge often occurs due to jumps
in the cutting forces. The size of the cutting forces when milling a multi-directionally layered metal material is influenced by
both the direction of depositing the individual layer and the geometry of the cutting tool. The main goal of the research was to
create a mechanistic model of cutting forces for the end-milling of unidirectional and multidirectional 20MnCr5/316L four-lay-
ered metal material. The results of the model were compared with experimental data, where a good agreement was found when
milling unidirectional layered material and a slightly worse agreement when milling multidirectional material. The maximum
observed deviation of the predicted cutting forces is 14.6 % for all the comparative tests.
Keywords: end-milling, metallic multilayer material, cutting forces, mechanistic model.

Ve~slojni kovinski materiali se vse bolj uporabljajo v orodjarnah pri izdelavi transfernih orodij za preoblikovanje plo~evine. V
raziskavah je bilo ugotovljeno, da pri obdelavi teh naprednih materialov pogosto pride do po{kodbe rezalnega roba zaradi
skokov rezalnih sil. Na velikost rezalnih sil pri rezkanju ve~smerno nane{enih plasti kovinskega materiala vplivata tako smer
nanosa posamezne plasti kot tudi geometrija rezalnega orodja. Glavni cilj raziskave je bil izdelati mehanisti~ni model rezalnih
sil za ~elno rezkanje enosmernega in ve~smernega {tirislojnega kovinskega materiala 20MnCr5/316L. Rezultate modela smo
primerjali z eksperimentalnimi podatki, kjer je bilo ugotovljeno dobro ujemanje pri rezkanju enosmernega plastnega materiala
in nekoliko slab{e ujemanje pri rezkanju ve~smernega materiala. Najve~je opa`eno odstopanje napovedanih rezalnih sil je bilo
14,6 % za vse izvedene primerjalne preizkuse.
Klju~ne besede: oblikovno frezanje, kovinski ve~plastni materiali, rezalne sile, mehanisti~en model.

1 INTRODUCTION

Multi-layer metal materials are increasingly used in
the tool industry. Such materials are produced using the
Laser Engineered Mesh Design (LENS) process.1 The
research2 shows that the machinability of such material
depends on the position of the workpiece in relation to
the direction of movement of the tool. Machining such
advanced materials is extremely challenging due to
jumps in the cutting forces that cause excessive tool wear
and tool damage.3 Non-uniform magnitudes of the cut-
ting forces lead to a deterioration of the quality of the
machined surface; therefore, knowledge and control of
the cutting forces is crucial to achieving the quality of
machining.4 There are many studies on the machinability
of hard-to-machine nickel-based alloys,5 titanium alloys2

and composite materials.6 In the literature, there are
some studies on the machinability of difficult-to-ma-
chine aircraft alloys and composites,3 titanium alloys,2,7,8

Ni-based alloys5 and composites.6

There are several mechanistic models9 that consider
tool wear,10 tool deflection,11 flank wear,9 chip shape and
size,12 etc. In these models, the cutting forces are related
to the thickness of the uncut chip and the specific cutting
forces.13 In the case of multidirectional layered materials,
the determination of specific constants is even more
challenging due to the different properties of the individ-
ual layers. Researchers predicted the cutting forces when
milling layered laminates with different fibre direc-
tions.6,14,15 A review of the literature shows that no work
can be identified that considers the layer-cladding direc-
tions of multidirectional layered metal material in deter-
mining machinability.

Our contribution describes a mechanistic model of
cutting forces in the helical end milling of layered metal-
lic materials with unidirectional applied layers. A review
of the literature showed that there is no evidence of work
that attempts to model the cutting forces when milling
multidirectional layered metal materials.

Excessive cutting tool wear occurs during the ma-
chining of such materials. Since tool wear is directly re-
lated to cutting forces, knowing precise cutting forces is
critical for choosing optimal cutting conditions that re-
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sult in longer tool life and reduced machining errors.
Therefore, the main goal of the developed model of cut-
ting forces is to evaluate the quality of machining and re-
duce the damage to cutting tools by accurately predicting
the cutting forces.

The article is divided into 6 sections. Section 1 intro-
duces the topic of multi-layer material machinability and
the modelling of cutting forces in milling processes. Sec-
tion 2 presents a mechanistic model for predicting the
cutting forces in helical milling. Then follows a descrip-
tion of the experimental implementation and equipment.
Section 4 presents the results of the developed model.
Section 5 concludes the paper.

2 MECHANISTIC MODEL OF CUTTING
FORCES

When predicting, the model considers the cutting pa-
rameters, the current angle of rotation of the milling tool
and the direction of deposition of all the layers of the
multi-layer material. In the mechanistic model, the cutter
is cut into many very thin discs k. For each disc, the in-
clination angle is equal to the helix angle. The specific
cutting force coefficients Kc and Kt are independent of
the inclination angle in each disc and are determined

based on an orthogonal milling test. The results of the
orthogonal milling test are used to calculate Kc and Kt.
The radial and tangential cutting forces are then calcu-
lated for each disc. By integrating the components of the
cutting forces on all the disc’s k that are in contact with
the workpiece, the total cutting force on the tool is calcu-
lated.

Figure 1 shows a milling cutter with helix angle i, di-
ameter D and number of flutes N. On each differential
disc in contact with the workpiece, forces dFt and dFc

appear during cutting. These two forces are calculated as
the product of the uncut chip thickness hj, the axial depth
of cut z and the value of the specific cutting forces ac-
cording to Equation 1 and Equation 2, where dz is the
height of the disc. The uncut chip thickness hj of the disc
j depends on the rotational frequency of the tool nt, the
feed speed of the tool f, and the engagement angle �. The
uncut chip thickness hj is given by Equation 3.

d dc j c jF z K h z zj( , ) ( , )� �= ⋅ ⋅ (1)

d dt j t jF z K h z zj( , ) ( , )� �= ⋅ ⋅ (2)
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The immersion angle for disk j on the flute n at the
axial depth of cut z is given by Equation 4.
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The axial component of the cutting force dFa for the
j-th disk is calculated by vector analysis with the help of
dFt and dFc. The following formula is used for the calcu-
lation of dFa, in which the inclination angle i, the normal
rake angle � and the chip flow angle � are considered.
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The cutting forces dFc and dFt are transformed to the
feed dFy component and normal dFx component using the
following relations:
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The total cutting force on the tool is determined by
the sum of the forces on the individual discs of the tool
that are in contact with the workpiece. The axial cutting
depth AD and the number of cutting edges of the tool are
considered in the calculation.
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Figure 1: Scheme of the milling cutter and its breakdown into discs
with marked cutting forces when milling multi-layer metal material
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Table 1: Pseudo-code of the algorithm for simulating the cutting
forces in helical milling.

Read_inputs
Cutting condition f, nt, AD, RD

Helical cutter data D, N, i
Specific cutting forces/layer Kt, Kc

The angle of layer cladding �

No. of cutting disc k
No. of cutting flutes N

Write_outputs
Cutting force/engagement angle Fy (�), Fx(�), Fz(�)

Calculation_variables
Calculation of tool feed f

Setting the engagement angle � =0

If � � � exit
Engagement angle
0 � � � �exit

Calculation of radial chip thickness h(�)
Set Fx, Fy, Fz, = 0; j=1

If j � k Integration loop
from 0 to AD

Determine engagement angle �
Recall Kt and Kc from ANFIS Calcula-
tion of differential forces

dFt (�, z), dFc(�, z)
and dFa(�, z)

Transformation of cutting force in x-y-z
direction

dFy(�), dFx(�),
dFz(�)

Determination of cumulative force Fx (�), Fx(�), Fz(�)
next j j = j + 1
else-

� = � + 2 �n t/60; t [s]

Plot Fy(�), Fx(�), Fz(�)
else
stop

end

The general pseudocode of the algorithm for the sim-
ulation of the cutting forces in the helical milling of
multi-layered metal materials is presented in Table 1.

3 SPECIFIC CUTTING FORCES

In the research, layered metal materials are used, in
which the layers have different machinability. This sec-
tion describes the procedure for determining the specific
cutting forces of unidirectional layered metal materials
for a wide range of cladding directions and cutting pa-
rameters. Experimental data for determining the specific
cutting forces were obtained from milling experiments in
which several unidirectional layered materials were ma-
chined with different cutting parameters. The input vec-
tor of the database consists of the material cladding di-
rection (�), cutting speed (nt), feed rate (f) and chip
thickness (h). Specific cutting forces Kc and Kt represent
the output vector of the data base. The cutting forces
measured in the experiments are used to calculate the
specific cutting forces for a specific pair of tool and
workpiece for several material-cladding directions and
chip thickness. The layers of the individual workpieces
were made with an equal direction of cladding. When
determining the specific cutting forces Kc and Kt, the an-
gle of layer deposition and the uncut thickness of the
chip are considered. Therefore, in the specific cutting
force determination, it is necessary to correct the normal
rake angle with the effective cladding direction of the
material gradient layer �j, which is given by Equation
12. The angle of cladding of the gradient material layer
is denoted by �. The constant of the specific cutting force
is calculated as the quotient between the measured com-
ponent of the cutting force and the theoretical area of the
uncut chip according to Equation 13.
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1
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In the equation, Ft and Fc are obtained from measure-
ments. The experimentally evaluated cutting forces Fx

and Fy are first transformed into the tangential Ft and ra-
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Figure 2: ANFIS structure for predicting the specific cutting forces Kc and Kt



dial cutting force Fc. Then, Ft and Fc are equated to ana-
lytically derived force expression, which leads to the
identification of specific cutting forces. The expression
in the denominator is the calculated area of the uncut
chip. The instantaneous cross-section of the chip is de-
termined by the product of the axial cutting depth AD and
the instantaneous radial thickness of the uncut chip h,
which is formed at the engagement angle �. The radial
thickness of the uncut chip h is calculated using Equa-
tion 3, where f is the feed rate, nt is the tool rotation fre-
quency, and N is the number of tool blades. The values
of nt and f are determined according to the plan of exper-
iments.

The experimental values of Kc and Kt were then used
to build the ANFIS (adaptive neural inference system)
predictive model of specific cutting forces. To train, test
and validate the ANFIS model, 54 machining experi-
ments were carried out. The machining experiments
were carried out with three levels of tool rotation fre-
quency, three levels of feed speed, two levels of axial
depths of cut and three unidirectional workpiece configu-
rations (three-layer cladding directions).

A total of 1080 data points obtained from experi-
ments were used to create the ANFIS model. These data
sets were randomly divided into a training/validation set
(720 data points) and a testing set (360 data points). The
ten-fold cross-validation was used to assess the accuracy
of the developed ANFIS models. The results of the
ten-fold cross-validation analysis show that the maxi-

mum prediction error of the ANFIS model is 5.02 % for
Kc and 4.7% for Kt with a 95 % confidence interval. The
predicted values of the Kc and Kt are in close agreement
with the experimentally obtained values.

The developed ANFIS model generalizes Kc and Kt

according to the cutting conditions that did not partici-
pate in the learning process of the model. The structure
of the ANFIS model, which connects 5 inputs and 2 out-
puts with 40 logical rules, is shown in Figure 2.

4 EXPERIMENTAL EQUIPMENT AND
PROCEDURE

Machining experiments to develop the mechanistic
cutting-force model were carried on the Heller BEA02
machine tool. The workpieces in the machining experi-
ments for the creation of the ANFIS model of specific
cutting forces (3 workpieces) and for the validation of
the mechanistic cutting force model are shown in Fig-
ure 3. Table 2 shows the cutting conditions of 54 or-
thogonal milling experiments for the creation, testing
and validation of the ANFIS model. A single flute car-
bide end mill with a diameter of 16 mm and a rake angle
of 3.7° is used to determine Kt and Kc.

For the validation of the developed mechanistic
model, four experiments were carried out with a seg-
mented helical milling cutter with a diameter of 8 mm,
two flutes, a helix angle of 25° and an inclination angle
of 4.7°. The cutting conditions for the performed four
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Figure 3: Placement of the workpieces in the experiments according to the milling direction



helical milling experiments are described in Table 2. One
workpiece has three layers, which are applied at an angle
of 90°, 135° and 180°. Layers have different machin-
ability; this property of the material, expressed in the
form of experimentally calculated specific cutting forces
Kc and Kt, was considered when modelling the cutting
forces. Therefore, the research devoted much work to de-
termining the material coefficients for individual layers
of multilayer material. The other three workpieces have
three identical layers, which are made in the same clad-
ding direction.

Table 2: Cutting conditions of the machining experiments with the in-
dicated layer-cladding directions.

Variable Orthogonal mill-
ing experiment

Helical milling
experiment

nt [min–1] 3600, 3900, 4200 3900
f [m/min] 190, 240, 290 190
RD [mm] 1.2 0.6
AD [mm] 1.8, 2 2
D [mm] 16 6

Layer cladding di-
rection � [°] 90, 135, 180 90, 180, 135,

90/135/180
Number of flutes 1 2
Helix angle [°] 0 25.9
Radial angle [°] 3.7 5.1

The tool material is sintered tungsten carbide with a
hardness of 1800 HV. Helical milling was performed on
unidirectional and multidirectional workpieces with a
tool rotation frequency of 3900 min1, a feed rate of 190
m/min, a depth of cut of 2 mm and a radial depth of cut
of 0.6 mm. A Kistler piezoelectric dynamometer, a
two-mode charge amplifier with a lowpass filter with a
cut-off frequency of 2.5 kHz is used to measure the cut-
ting forces.

A workpiece with a constant direction of the cladded
layers, which are made of stainless steel 316L, is used.
All three layers are made with the same cladding direc-
tion. The measured hardness of the manufactured layers
is 288 HV. The tensile strength of the 315L material is
485 MPa. The basic substrate is made of 20MnCr5 with
a tensile strength of 250 MPa and a measured hardness
of 850 HV. In orthogonal milling, the tool feeding direc-
tion was at an angle of 90°, 135° and 180° with respect
to the direction of layer cladding (Figure 3a). The
workpiece for the helical milling test (Figure 3b) is
made of the same subtract with three layers applied at an
angle of 90°, 135° and 180° with respect to the tool feed
direction.

5 RESULTS AND DISCUSSION

This section presents the results of four machining
tests (Table 2; Helical milling experiments), which were
carried out to validate the mechanistic model of cutting
forces. Validation is performed by comparing the calcu-

lated values of the cutting forces with the signals of the
measured cutting forces. For comparison, the values of
the predicted and measured cutting force are graphically
presented in the diagrams with respect to the engagement
angle. From the diagrams, the agreement of the time
course of the predicted cutting forces with the time
course of the measured cutting forces was assessed.
Finally, the maximum deviation between the model pre-
dictions and experimental values of the cutting forces in
the milling of unidirectional and multidirectional
workpieces was calculated.

Figure 4 shows the predicted and measured compo-
nents of the cutting force depending on the angle of rota-
tion of the tool when milling layered material. From the
course of the cutting force, the maximum force can be
seen at the 20° engagement angle. This is the maximum
cutting force acting on one tooth of the tool during one
revolution of the tool. The course of the cutting force is
consistent with the increase in the thickness of the chip.
When entering the material, the thickness of the chip is 0
and then increases to a maximum value just before the
tooth exits the material. As the tool rotates, the angle be-
tween the blade and the cladding direction of the mate-
rial layer changes. The results show that the largest jump
in the cutting force occurs when milling multi-layer ma-
terial with a 90° direction of layer cladding. This jump in
cutting force is greater than the jump in cutting force
when milling material with a 180° direction of layer
cladding. In the case of material with a layer cladding
angle between 90° and 135°, there is a noticeable in-
crease in the magnitude of the cutting force. An in-
creased fluctuation in force magnitude is also noticeable.
The most unfavourable cutting conditions occur when
milling material with a 135° layer cladding direction. Ir-
regular chip shapes could be detected, which could be
the result of the tip of the tooth sticking into the bound-
ary space between the deposited layers. In the case of
material with a layer cladding direction between 135°and
180°, there is a noticeable reduction in the magnitude of
the cutting force. There is also less vibration. Figures 4d
shows the measured and predicted cutting forces for the
helical milling of workpieces with unidirectional applied
layers. The course of the cutting force when milling a
multidirectional workpiece has two peaks of the cutting
force (Figure 4d). The two jumps of the cutting force
coincide with the passage of the tool tooth over the junc-
tions of different material layers with different cladding
directions. In the experiment, the tool first processes the
bottom layer, where the first peak of the cutting force
components appears. It then hits the middle layer and
eventually exits all three layers. When milling the middle
layer with a 180° cladding direction, there is a noticeable
reduction in the cutting force. A second jump in cutting
force occurs when passing through all three layers.
When processing the upper layer, chips of an unfavour-
able shape appear. The maximum cutting force occurs.
The course of the cutting force depends on the thickness

U. @UPERL, M. KOVA^I^: MODELING OF THE CUTTING FORCES IN END MILLING OF A METALLIC MULTILAYER ...

Materiali in tehnologije / Materials and technology 58 (2024) 4, 443–449 447



of the applied layers and the sequence of layers with dif-
ferent cladding directions. The results in Figure 4 shows
that the developed model of cutting forces is effective in
predicting the cutting forces depending on the engage-
ment angle when milling multi-layered metal materials.
The maximum error of the predicted forces is 7.8 % for
the Fx force, 10.1 % for the Fy component and 14.6 % for
the Fz component of the cutting force. The smallest error
can be detected when processing a workpiece with a 90°
direction of applied layers. The largest error of the model
is when predicting the cutting forces for a workpiece
with different directions of deposition for the individual
layers.

6 CONCLUSION

The article presents a mechanistic cutting force
model for the helical milling of layered metal materials.
During the calculation, the model considers the
machinability of each material layer, given by a specific
cutting-force constant. The calculation of constants of
specific cutting forces considers the direction of the lay-
ers deposition of multilayer metal material. By changing
the material of the layer, it is necessary to perform three
additional standard machining tests to determine the spe-
cific cutting forces for the three deposition directions of
this layer. The large number of tests to obtain specific
cutting forces for different combinations of materials and
deposition directions represents the main challenge of
this research. However, during the machining test and
data acquisition, the ANFIS system automatically up-
grades the predictive model of the specific cutting forces
with new material data in a few seconds without using
statistics and programming. By pressing a start button in
the ANFIS software, the data from the experimental tests

and the associated parameters are automatically classi-
fied into data sets for training and testing. Then, the
training and validation of the ANFIS model are per-
formed. The validated ANFIS model can then generalize
the specific cutting force Kc and Kt for any current mate-
rial layer deposition direction, making the method practi-
cal, widely applicable, and suitable for industrial use.
Experimental testing established that the mechanistic
cutting-force model is effective in predicting the flow of
cutting forces in relation to the cutting parameters and
the cladding direction of layers of the unidirectional and
multidirectional 20MnCr5/316L four-layered material.
An excellent agreement of the predicted forces with the
measured ones is found for the workpieces with 180°
and 135° directions of the cladded layers. A slightly
worse match is found for workpieces with 90° direction
of cladded layers. The maximum error of the predicted
forces is 7.8 % for the Fx force, 10.1 % for the Fy com-
ponent and 14.6 % for the Fz component of the cutting
force. The largest error of the model is when predicting
the cutting forces for a workpiece with different direc-
tions of deposition of individual layers.
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