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INTRODUCTION

hull saturation parts [1]. The edges of holes in the thick-walled hull structures where these parts are installed must
be beveled to perform welding [2]. The cross-sectional shapes of the edge bevels for welded joints are
standardized and determined based on the thickness of the parts, the material properties, and the type of a welded joint
3]
As a result of the bevel surface treatment, the edges of the welded joint acquire a complex geometric shape and position in
space. This is caused by the type of cutting tool used, the structural curvature of the hull, and the otientation of the
saturation part relative to the axes of the hull structure. To describe the complex spatial geometric shape of the edges of

ﬁ n important process of assembly and welding in shipbuilding is preparing the edges of holes for the installation of
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hull structures for welding, the cross-sectional method is used. The specific features of forming the edges of holes for
welding of hull structures with single and double curvatures as well as some related issues are discussed in [4].

Increased efficiency of machining of spatially complex surfaces can be accomplished through automation. That is why
the machining of such surfaces is performed on stationary multi-axis automated machines whenever possible, at the pre-
slipping assembly of a ship's hull. However, a significant amount of such works must be performed directly on the slipway
with a fully assembled ship's hull. Relatively simple surfaces in terms of location and configuration, can be machined using
non-stationary machines with manual control. However, mechanical machining of the surfaces with more complex shape
formations in slipway conditions requires the use of non-stationary equipment with numerical control on three to five
axes simultaneously. Non-stationary technological complexes (NTC) with numerical control (NC) are used for the
mechanical processing of conoidal hole surfaces in the large-sized hull structures with single and double curvatures. As a
rule, NTC have reduced rigidity and vibration resistance compared to stationary equipment [5, 6]. Providing effective
application of NTC at machining of ship hull structures in slipway conditions is an important design and technological
task.

The main factors restraining the automation of the process are lack of a formalized mathematical representation of the
complex spatial shape of welded joint edges and the difficultly of forming movements during their machining [7]. To
address these problems, it is necessary to use multi-axis CNC equipment and a methodology linking the production object
and production means into a unified technological system [8, 9].

Non-stationary technological complexes (NTC) (see Fig. 1) for multi-axis machining, including those based on industrial
robots, are known to have been used for this task. [10]. NTC enable non-stationary multi-axis machining using an
industrial robot equipped with a milling spindle and milling cutter [11].

Figure 1: Mechanical processing by means of non-stationary technological complexes.

This type of equipment allows for the machining of complex surfaces and the expansion of the working area through
additional controlled axes [12]. However, taking into account the cantilever-jointed design, the maximum permissible load
values for robotic NTC are one to two orders of magnitude lower than for corresponding stationary machines with sliding
or rolling guides [13, 14]. In this case, usually a configuration of the robot manipulator for face milling which provides the
greatest rigidity along the spindle axis is chosen. At the same time, great cutter vibrations in these robotic NTCs occur in
the cutting plane [15-17]. Intensive vibrations may occur during robotic milling of difficult-to-machine shipbuilding steels
with special viscous and strength properties. These vibrations negatively affect the stability of the machining process and
the quality of the machined surface [18]. Thus, when milling steel hull structures in slipway conditions, industrial robots
may not have sufficiently rigid, accurate and vibration resistant. This problem can to a certain extent be solved by using
adaptive robotic technological complexes [19-22]. Adaptability is ensured by the presence of feedback between the
executive link and the control unit. To increase rigidity and vibration resistance of the machine structure and to ensure the
required machining accuracy, a promising solution is the use of non-stationary technological complexes with CNC
(computer numerical control) with parallel kinematics [23].

To address the need of automating the processing of hull structures in slipway conditions, the authors have developed a
methodology for designing non-stationary technological complexes. This methodology is based on a unified mathematical
model for describing the production object, process, and means of production [24]. Within this methodology, NTC is
considered as a complex system in which each functional component is represented by a local subsystem connected to
other subsystems by direct and feedback links.
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The work [25] presents a mathematical matrix model that combines a description of the production object and individual
components of the NTC. Decomposition of the blocks intended for forming the edges of holes of the hull structure and
the theoretical determination of loads on the cutter are carried out.

The main aim of this atticle is to develop a mathematical model of the milling forces acting on the edge surface of the hull
structure. The results presented in the article are an important stage in the implementation of the methodology proposed
in [25]. The experimental model that has been developed is the starting point for designing modules of cutting tools,
equipment, and tooling in accordance with the NTC design methodology. The Data obtained through the modeling will
be fed to the input of the next stage of the NTC's design, ensuring stiffness and deformation accuracy.

The article discusses a promising type of machining for automated non-stationary machining of edges of holes of hull
structures — high-speed face milling. This type of milling reduces the value and variation of the components of the cutting
force acting on the cutting tool and the N'TC as a whole.

There is a substantial body of literature that discusses creating mathematical and simulation models of milling
processes [26]. The issues of increasing vibration resistance of mobile equipment with low rigidity have been also
highlighted in many studies. The authors note that milling with non-stationary equipment is the most complex and pootly
researched process. This complexity is explained by the presence of several cutting edges, variable allowances,
discontinuity and impact nature of the milling process.

As has been noted in a number of studies [27-29], the initial data for creating a milling model is the geometric model of
the surface being processed, the initial geometric characteristics of the cutting tool, the viscosity-strength characteristics of
the material, and the trajectory of the tool. Through the matrix representation of the complex model [24], the cutting
force model is easy to transform and embed into the general NTC design methodology. As the results of preliminary tests
have shown, to simulate the cutting process, a planar milling scheme can be used .

Due to the main aim of the article, which is to identify the mathematical dependence between the cutting forces and the
main technological characteristics of the cutting process: feed rate, cutting speed, cutting depth, — a factorial experiment of
face milling of a workpiece from material used for the production of ship hull structure was planned and carried out. The
depth of cut ¢, the speed of the main movement (cutting) I, and the speed of the forming movement (feed rate) s

were determined as influencing factors.

High-performance processing of high-strength steel can be difficult due to the special chemical, mechanical and
thermophysical properties of the material. When processing high-strength steels, increased wear and, consequently,
instability and low efficiency of the cutting process can be observed. As the authors of [30] have demonstrated, the cutting
force is mostly influenced by the feed to the tooth and the cutting depth. The cutting force (from the influence of the feed
rate and the depth) and temperature (from the influence of the cutting speed) have, in turn, the greatest influence on the
tool wear. Additionally, as has been shown in [31], the cutting speed has the greatest effect on reducing the cutting force.
When the red hardness limit of the processed material is reached, its hardness decreases and, as a result, the cutting forces
decrease. Therefore, the method of speed milling of a workpiece made of high-strength steel was chosen for the
experiment.

The mathematical model was developed on the basis of experimental data in the field of mechanical processing of ship
hull alloys with specific viscosity and strength properties. Due to the lack of statistical data, it is difficult to create a stable
analytical model for calculating cutting forces. Cutting materials and tool designs are constantly evolving, making it
necessaty to investigate the cutting process in a laboratory setting and create an empirical model.

Additionally, as a theoretical study of this issue has revealed, the field of high-speed cutting of high-strength materials has
not been thoroughly explored, necessitating the use of empirical data. Several authors have proposed approaches to the
analytical definition of cutting forces. However, these approaches have not yet been incorporated into the current
engineering methodology, as they contain inaccuracies when it comes to determining the friction forces on the cutting
wedge surfaces and the distribution of normal and tangential stresses. The clarification of these data can only be achieved
through experimental studies of cutting processes.

METHODS AND MATERIALS

Explanation of research methods
he experimental method of measuring cutting forces and creating empirical formulas is essential to understanding
I the cutting process of materials. This method has been used since the beginning of scientific research in this area.
The collection of data and creation of empirical models have become the basis for reference books and practical
guides for designers and engineers in the field of material processing.
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An extensive range of analytical and numerical models have been developed for modeling of the cutting process [32]. The
models used for finite element analysis (FEA) are currently considered to be the most universal.

The finite element method is widely used to predict the cutting characteristics of metals, such as tool wear and plastic
deformation of the workpiece. FEA is based on various fracture models. Among there, we can mention the models based
on damage accumulation mechanics, such as the Cockroft-Latham model [32], the Wilkins model [32] and the Johnson-
Cook [32] fracture model. The most popular Johnson-Cook fracture model expresses the effect of triaxial stress, strain
rate and temperature on the strain to fracture. In this model, fracture constants relative to different effective factors are
usually calibrated separately. However, when using the Johnson-Cook fracture model we often encounter a problem of
acquiring and calibrating fracture constants for the specific material.

For the tested material, we were unable to obtain fracture constants that adequately describe the process over the entire
range of cutting modes under study. For this reason, we decided to first develop a regression model. This model aims to
identify the characteristic ranges and causes of rapid changes in cutting forces with sudden changes in the influencing
factors.

This article aims to address the challenge of developing an empirical model for high-speed cutting of shipboard steel in
order to integrate it into the algorithm for constructing special equipment - NTC - for processing hull structures under
non-stationary conditions. While a more in-depth examination of the high-speed milling process is beyond the scope of
this work, we hope that the findings may contribute to a better understanding of theoretical models for cutting forces in
milling.

Data preprocessing is carried out by array processing methods and mathematical statistics methods in the MS Excel
software package. The analysis includes highlighting the area of steady cutting on the graph of the cutting forces, where
the required number of points for processing is determined. Based on the resulting array of points, a graph of oscillations
of the cutting forces components (see Fig. 2) is obtained; the peaks of values for one cutting insert, which increase with
the dynamic effect, are defined. The average value of the cutting force component F,_ is calculated of the peak cutting
forces as they can cause the overloading of the NTC mechanism.

The radial F, and tangential I, components of the cutting force are determined for each experiment based on a

geometric analysis of the milling scheme and taking into account the milling direction (see Fig. 2). Finally, the models of
the milling forces are obtained using regression analysis performed in the MS Excel analysis package.

outpur link
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Figure 2: The scheme for cutting force components in plan in the cut-down milling process.

Tool and equipment

When designing NTCs, it is important to take into account the relatively low rigidity of their supporting structures
compared to stationary equipment. From the point of view of stability of the cutting process, the most critical factors are
the tangential and radial components of the cutting force. From the point of view of forming accuracy, the most
significant factor is the value of the axial component of the cutting force [33]. This is true both for the NTCs of a
multilink structure (based on parallel kinematics mechanisms) and, especially, for the NTCs of a single-link structure.

With the above in mind, an FOO-LNHU13R-D50Z6S22 end mill with a diameter of 50 mm was used (see Fig. 3, a). In
order to reduce all the three components of the cutting force, the cutter was equipped with the inserts LNHU130608R-
YG602 from YG-1 (see Fig. 3, ¢) with positive radial and axial front angles. The WKP25S alloy with Tigeretec® Silver
CVD coating is recommended by the manufacturer when machining high-strength steels. The right-hand insert has a
countersinked hole for tangential mounting in the cutter body by means of a screw. The thickness of the insert is
6.3510.025 mm; the cutting edge length is 13 mm. The rounding radius of the cutting edge is 0.8 mm. It is intended for
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semi-finishing and finishing machining. The insert is rectangular in plan and has zero radial, axial and peripheral relief
angles. The radial and axial rake angles ate set structurally positive and equal to 13 degrees each. The peripheral relief angle
is given by its position in the cutter body seat and is 8 degrees. The peripheral clearance angle of chamfer is 3 degrees. The
axial rake angle after the insert is installed in the cutter body is 8 degrees. The lead angle is 90 degtees.

A CNC milling machine Emco Concept Mill 250 was used to process the surface of the workpiece (see Fig. 3, c).

Emecn L‘?ncapt

|

2) b)
Figure 3: The CNC milling machine Emco Concept Mill 250 and the milling cutter.

A three-component dynamometer M30-3-6K with a computer recorder from Tilcom was used to measure the values of
cutting force components in the three directions (see Fig. 4, a).

X 50.008 @ & %3
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Figure 4: Milling, wear measurement and hardness measurement processes.

In order to reduce the mutual influence of adjacent inserts on the results and to maintain the balance of the cutter, two
radially opposed inserts were installed. The pre-processed workpiece was installed with alignment along the axes of the
machine. The position of the inserts within the cutting body and their wear were periodically monitored using a Nikken
device (see Fig. 4, b).

In general, quality indicators of the machined surface are roughness, hardness, and residual stresses. In the case of bevel
faces for a welded joint, surface roughness and hardness after machining are the most significant indicators. These two
indicators were measured using a portable ultrasonic hardness tester TKM-469 (see Fig. 4, ¢) and a profilometer Mitutoyo
SJ-201, respectively (see Fig. 4, d).

Processed material

A pre-processed workpiece with a rectangular protrusion with the dimensions of (LXBXH) 70X40X20 mm was milled
(see Fig. 4). The steel type ABOA that has the following viscosity-strength characteristics: tensile strength is more than 900
MPa, KCU is more than 65 J/cm?2, HRC 34, — was used to produce the workpiece.
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Milling scheme and operating modes

An asymmetric milling scheme was implemented in the experiment (see Fig. 2). According to the plan of the experiment,
the depth of cut #varies from 0.5 mm to 2 mm, feed rate s varies from 0.02 to 0.1 mm/tooth, cutting speed 1/ varies
from 180 m/min to 280 m/min. The Processed surface had the length of 40 mm in each pass. Working passes are carried
out in both directions to implement cut-up and cut-down milling. The milling width was 8 mm in each working pass. The
cutting modes were set and monitored during machining using the machine's CNC control panel. The machine has a
built-in monitoring system for extreme vibrations and drive power, which ensured that experiments were carried out
under normal operating conditions of the machine.

When machining bevel faces for welding in the holes on cylindrical, conical, spherical and similar surfaces of body
structures, the allowance to be removed is not uniform. Accordingly, the conditions of stock removal and cutting forces
are variable. Therefore, in the experiment, cutting forces were measured over the entire cutting section, including the
plunge and exit areas of the cutter from the material. The steady-state cutting section during the processing of the results
was used to determine the average values of the cutting force in order to create a mathematical model of the face milling
process. The discrete step time of measurements using dynamometer M30-3-6 K with a computer recorder from Tilcom
was 0.0004 s.

Coolant was not used during the milling process.

In addition to the measurements of quantitative parameters, visual qualitative control of the wear character of the cutting
edge of the inserts, as well as the shape and appearance of the chips that were formed, was performed. This is important
from the point of view of both the quality of the cutting process and the safety of machining in an operating production
facility.

RESULTS

uring the experiment, the instantaneous values of cutting force components were recorded with a discrete step

of 0.0004 s, as has been mentioned above. A total of 54 experiments were conducted for three variable factors

t,5,17 and the three levels of their values, twice for cut-up and cut-down milling. Data processing was carried
out in the order described in the previous section. The values of the variable factors are presented in Tab. 1.

t, mm s , mm/tooth V' m/min
0.5 0.02 180
1.5 0.06 230
2 0.1 280

Table 1: The values of the variable factors.

Let us now take a closer look at the data analysis process, using the results from one experiment as an example. The graph
of the oscillations of the cutting forces components under the following operating modes is constructed (see Fig. 5):
cutting direction is cut-down milling, # = 1.5 mm, § = 0.1 mm/tooth, I = 180 m/min.

The steady-state cutting area is highlighted after the initial data analysis according to the graph in Fig. 5 and is represented
by a separate array.

A graph of the oscillations of the cutting force component F, . during cut-down milling is shown in Fig. 6.

A similar representation is a graph of the oscillations of the cutting force component F, =~ during cut-up milling — see
Fig. 7. The values of F,_cutting force component are calculated for the peaks of F, and F | components during cut-up
milling.

The graph of the F, = rate is shown in Fig. 8, the cutting time is 2.7751 s, and the length of cutting is 10.6 mm. The choice

of the components for determining the peaks is due to the special distribution of the forces for each of the milling
directions based on the milling scheme — see Fig. 2. The maximum of allowance is cut off in the first moments of cutting
by one insert in cut-down milling and F, reaches the maximum value, whereas in cut-up milling, the maximum of

allowance falls at the end of cutting, where F, takes maximum values — see Fig. 6, 7.
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Figure 7: The amplitude cutve of F, in the cut-up milling process (t = 1.5 mm, s = 0.1 mm/tooth, V = 180 m/min).
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Figure 8: F maximum rate in the cut-down milling process (t = 1.5 mm, s = 0.1 mm/tooth, V = 180 m/min).

After analyzing the resulting data set, the following mathematical models for the milling force components, IF. and F,,
were obtained:

— in the cut-up milling process

Fru — 191.246l‘0'82252359V0‘245 ,

©)
F} =19.532¢"72 027070 ©
— in the cut-down milling process
F! =15776.5¢7 535177038 3)
F/ =17775.839#"7%5 204117 703%% 4

The force amplitude over time for each component of the cutting force is shown in Fig. 9.
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Figure 9: The force amplitude curves in the cut-down milling process (t = 1,5 mm, s = 0,1 mm/tooth, V = 180 m/min).

DISCUSSION

s a result of the experiment and analysis of the obtained mathematical models, it was revealed that:

—  The Analysis of the oscillations of the cutting force components (Fig. 5) for the entire time of the pass
allowed defining the steady-state cutting area in all the experiments carried out. As a result of 54 experiments the
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maximum magnitude of the cutting force F, | was found to be 1286 N in cut-down milling at the following operating

modes: 7 =2 mm, s_ =01 mm, 7 =230 m/min, —and 1450 N in cut-up milling at identical modes — see

Fig. 10-12. It is worth noting that the peak of the F, component was defined at the same modes as the component
F,, . The maximum value of the F, component is 587 N in cut-down milling and 556 N in cut-up milling,

respectively. This conclusion, which is based on experimental data, is consistent with what has previously been
discussed in research literature [31];

Comparing the obtained values of cutting forces with those proposed in the study [34], for various models of
industrial robots we can conclude that the operability of the robotic non-stationary equipment is ensured. At the same
time, the expected processing accuracy of steel for hull structures has been achieved with a required value of 1-2 mm.
The cutting process is therefore possible under given conditions;

The F, amplitude curve reflects the characteristic peak shapes for the cut-down (Fig. 6) and cut-up (Fig. 7) milling

processes. It is obvious that in counter milling, under equal working conditions, the amplitudes of oscillations are
larger than in cross milling. This process of cut-up milling is characterized by being more energy consuming;

It is easy to determine the amplitudes of the forces for each tooth using Fig. 6, 7, 9; the distance between the peaks of
one tooth corresponds to the estimated turnaround time. The discrete step turned out to be sufficient for a fairly
accurate graphical determination of the cutting time per tooth, the time per revolution, which corresponds to the
calculated figures;

The oscillation amplitudes (see fig. 10) of the cutting force components are shift relative to each other, which is
explained by the geometry of the milling scheme. During cut-down milling the axial component of the cutting force
component F, undergoes a disturbance eatlier than the cutting process begins by the value of a discrete time step,

which can be explained by the effect of a technological “trace” for the previous cutting step. At this point, the force
component I also begins to grow, since the height of the “trace” is insignificant. Further, the tooth penetrates into

the workpiece and cuts the largest allowance, which is characterized by a sharp increase in the force component F,_ .
The peak of F occurs at the moment of insert exit from the workpiece, with the force vector having the largest

projection on the 0Y axis (see Fig. 2);

The dependence of the cutting forces on the depth of cut is of the greatest importance, the degree indicator has the
greatest absolute value within the investigated limits — see Eqn. (1)—(4), Fig. 10. In some cases, the dependence is
close to linear — see Eqn. (3);

The dependence of the cutting forces on the feed rate and cutting speed is non-linear — see Eqn. (1)—(4), Fig. 10, 11;
The dependence of the cutting force on the cutting speed within the specified limits has a non-attenuating character
for cut-up milling, whereas for cut-down milling it has an attenuating character — see Fig. 10, 12. It has previously
been shown [35] that with an increase in the cutting speed of structural steels and titanium alloys up to a speed of 240
m/min, all the components of the cutting force decrease monotonically. Verification of the possibility of further
increasing the cutting speed requires an additional series of experiments.
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Figure 10: I cutting force component rate under the constant depth of cut: a) in the cut-up, 6) in the cut-down milling process.




4 4
/ M.P. Khudyako et alii, Frattura ed Integrita Strutturale, 69 (2024) 129-141; DOI: 10.3221/IGF-ESIS.69.10 /
1400 ———— V=180 m/min ol V=180 m/min
cesscceees V=230 m/min - cseesessee V=230 m/min -
1200 — —c--- V=280 m/min ~ .e*"" i
- 1200
Z. 1000 — ?o.
S o2 oS i o 1000
g5 800 o)
=
‘gb 0 800
600
i £ 600
a 1® S 400
200 200
0 0
0 0.04 0.08 0.12 0.16 0.2 0 0.04 0.08 0.12 0.16 0.2
ts, mm-mm ts, mm-mm
a) b)
Figure 11: Fw cutting force rate under the constant cutting speed: a) in the cut-up, 6) in the cut-down milling process.
1600
1400 s=0/02min s=0.02 mm
B e s=0.06 mm 1400 oA | seceecees s=0.06 mm
1200 - e s $=04 R = = = 5s=0.1 mm
1200 i
Z. 1000 Z n
5 ¢ 1000
S 500 g -~
& < 800 Fi)
& 600 & Ol
g g 00 o
O 400 S 400 \":0;--....‘— =
200 200 2
0 0
5 10 15 20 25 30 35 40 45 50 55 60 5 10 15 20 25 30 35 40 45 50 55 60
(V/t)-10", m/min‘mm (V/t)-10", m/min‘mm
2) b)
Figure 12: ny cutting force rate under the constant cutting feed rate: a) in the cut-up, 6) in the cut-down milling process.
CONCLUSION

he study implemented an experimental method to investigate the milling process of hard-to-process steel, and
used mathematical processing of the results. Turning to the main aim of the article, primary result of the study is
developing a model of milling forces that occur when beveling edge faces of weld joint in the hull structures. A
mathematical description of cutting forces is part of a unified functional model of the object of production, the process,
and the means of production. The model of cutting forces which has been transformed into a matrix form is necessary for
calculation of instantaneous force inputs to the design modules of tools, equipment, tooling of the general NTC design
methodology.
The conducted research has confirmed the possibility and expediency of high-speed milling of parts made of steels with
special viscosity and strength properties. The obtained model of face milling forces is currently used to implement the
next stage of NTC design - structural and parametric synthesis of the design of a specialized machine tool with parallel
kinematics.
The analysis of the oscillation spectrum of experimentally obtained cutting forces showed the absence of dependence
between the frequency of the cutting force oscillations at cutting modes and tool geometry.
The obtained experimental results partially confirm the results of other studies [36-39] that the amplitude of the
oscillations during cutting is smaller the lower the feed rate and increases with increasing depth of cut. The dependence of
the amplitude on the cutting speed has a non-monotonic character.
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Additional studies are required to determine the possibility of further increase of machining speed of hard-to-machine
shipbuilding steels and alloys. In addition, a wider and more detailed study of the dependence of the magnitude and
variability of the cutting force on the cutting speed of these materials in the ranges up to 600...1000 m/min is needed.

The main aim of the article was the computational-experimental development of a mathematical model of forces of hard-
to-machine shipbuilding steel face milling. The model obtained based on experimental data allows correcting the
theoretical model of cutting, which is a link between the development of cutting tools and the development of equipment
and tooling in accordance with the NTC design methodology [40].

The expansion of the cutting force model based on the results of new experiments will make it possible to predict the
force response in the machine components with a higher degree of accuracy, to increase the rigidity and vibration
resistance of the structure, and respectively, the accuracy and adaptability of machining.
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