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ABSTRACT

Measuring cutting forces and shape errors is crucial for understanding and optimizing
machining processes. These factors significantly describe the quality, accuracy, and
efficiency of manufacturing operations. In this study, the focus is on the turning of
X5CrNi18-10, a widely used austenitic stainless steel known for its excellent corrosion
resistance and mechanical properties, but challenging machinability due to work-
hardening tendencies and high toughness. The study investigates the effects of three
key machining parameters—feed rate, depth of cut, and cutting speed—on cutting
forces and shape errors, particularly cylindricity. Cutting forces directly impact tool
wear, energy consumption, and surface finish, while shape errors reflect the geometric
deviations from the intended design, affecting the functionality of machined
components. By analyzing these parameters, the study aims to provide insights into
the interactions between cutting dynamics and material behavior during turning. It
evaluates how variations in feed, depth of cut, and cutting speed influence the
magnitude of cutting forces and the resulting geometric precision. These findings
contribute to the development of optimized machining strategies, ensuring improved
dimensional accuracy, reduced tool wear, and enhanced overall process stability for
X5CrNi18-10 and similar materials.
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1. INTRODUCTION

Turning is a fundamental machining process [1] widely
used in the manufacturing industry for producing
cylindrical components with precise dimensions and
surface quality. Among the critical aspects that influence
the efficiency and outcome of turning operations are
cutting forces and shape errors [2]. Understanding these
parameters and their relationship is necessary for
optimizing machining processes, ensuring product quality,
and enhancing tool life. This study focuses on the cutting
forces and shape errors that arise during the turning of
X5CrNi18-10 stainless steel shafts at small feed rates, an
area of significant practical and scientific interest.

Cutting forces in turning are the forces generated by the
interaction between the cutting tool and the workpiece
material. These forces are typically decomposed into three
components: radial (perpendicular to the workpiece
surface), tangential (parallel to the cutting direction and
responsible for energy consumption), and axial (along the

axis of the workpiece) [3,4]. The magnitude and direction
of these forces depend on several factors, including cutting
speed, feed rate, depth of cut, tool geometry, and the
properties of the workpiece material. Cutting forces play a
central role in determining tool wear, surface finish, and
dimensional accuracy [2,5]. Excessive cutting forces can
lead to premature tool failure, increased power
consumption, and poor surface quality. In contrast, an
understanding of these forces allows for the optimization
of cutting parameters, ensuring efficient material removal
while maintaining the desired quality [7,8]. Particularly in
operations with small feed rates, cutting forces tend to be
less intense, but their influence on precision and shape
errors becomes more pronounced.

Shape errors, or geometric deviations, refer to
inconsistencies between the intended and actual
dimensions or profiles of the machined surface. In turning,
common shape errors include cylindricity errors,
roundness deviations, and taper [9]. These errors can arise
from various sources, such as tool deflection, machine
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vibrations, thermal deformation, and inaccuracies in the
cutting parameters [10,11]. Cylindricity error is of
particular importance in applications requiring high
precision, as it directly impacts the functionality and
assembly of the machined component [12,13]. Factors such
as cutting force variations, uneven material removal, and
tool wear contribute significantly to these deviations.
Moreover, when machining at small feed rates, the
precision of the operation is heavily influenced by the
relationship between cutting dynamics and material
properties [14], making it crucial to study shape errors in
this context.

The relationship between cutting forces and shape errors is
a critical area of study in precision machining [15,16].
Cutting forces not only influence the material removal
process but also determine the extent of tool deflection and
vibration, both of which are primary contributors to shape
errors. For instance, an increase in cutting forces can lead
to greater tool deflection, resulting in geometric
inaccuracies on the machined surface [17,18]. Similarly,
variations in cutting forces can induce uneven material
removal, further exacerbating shape errors. By studying the
connection between cutting forces and shape errors, it
becomes possible to predict and control geometric
deviations, optimize machining parameters, and improve
overall process stability [19,20]. Such insights are
particularly valuable in high-precision industries, such as
aerospace, automotive, and medical device manufacturing,
where even minor deviations can compromise the
functionality and performance of critical components.
X5CrNi18-10, commonly known as AISI 304 stainless
steel, is an austenitic stainless steel widely used for its
excellent corrosion resistance, high toughness, and good
mechanical properties [21]. It is a preferred material in
various industries, including food processing, chemical,
and medical, due to its durability and ability to withstand
harsh environments. However, the machinability of
X5CrNi18-10 poses significant challenges. One of the
primary difficulties in machining X5CrNil8-10 is its
tendency to work-harden rapidly during cutting [22]. This
phenomenon increases the cutting forces required and
accelerates tool wear [23,24], making it challenging to
maintain dimensional accuracy and surface finish.
Additionally, the high ductility and toughness of the
material can lead to issues such as built-up edge formation
and poor chip evacuation, further complicating the
machining process. When turning X5CrNi18-10 shafts at
small feed rates, these challenges are amplified due to the
reduced material removal rate and increased sensitivity to
tool vibrations and deflection. As a result, understanding
the cutting forces and their influence on shape errors
becomes even more critical for achieving precision and
efficiency in machining this material.

This study addresses a critical gap in understanding the
interaction between cutting forces and shape errors in
turning operations involving X5CrNi18-10 shafts at small
feed rates. While extensive research has been conducted on
cutting forces and shape errors independently, limited
studies have explored their relationship, especially in the
context of difficult-to-machine materials like X5CrNi18-
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10. By investigating this relationship, the study aims to
provide a comprehensive basis for optimizing machining
parameters to minimize shape errors and cutting forces
simultaneously. The findings will not only contribute to
improving the machinability of X5CrNil8-10 but also
enhance the overall efficiency and precision of turning
operations. The primary objectives of this study are as
follows:

1. To measure and analyse the major cutting force
generated during the turning of X5CrNil8-10
shafts at small feed rates.

2. To evaluate the shape errors, with a particular

focus on cylindricity, resulting from variations in
cutting parameters.
By addressing these objectives, the study seeks to advance
the understanding of precision machining dynamics and
contribute to the development of optimized machining
strategies for X5CrNil18-10 and similar materials.
In summary, this research highlights the critical role of
cutting forces and their impact on shape errors in turning
operations. It focuses on the challenges and opportunities
associated with machining X5CrNi18-10 at small feed
rates, providing valuable insights for improving precision
and efficiency in industrial applications.

2.  EXPERIMENTAL CONDITIONS AND METHODS

The aim of the study was to investigate the effects of
cutting parameters on the cutting force and shape error in
the turning process. In this research, both the cutting
experiment and theoretical evaluation were utilized to
achieve the result and accomplish the study. During the
experiment, three parameters were varied to be analyzed in
the study: cutting speed (v¢) varied in two levels (200, 300
m/min), the feed (f) varied in two levels (0.08, 0.3 mm/rev.),
and the depth of cut (a) varied in two levels (0.5 and 1 mm).
The selected parameters are shown in Table 1.

Table 1 - Experimental setups and the transformed values.

Setup 1 2 3 4 5 6 7 8
Selected values of the setup parameters

f M] 0.08 0.3 0.08 03 008 03 0.08 03
rev

V. [L] 200 200 300 300 200 200 300 300
min

a [mm] 05 05 05 05 1 1 1 1

Transformed values of the setup parameters

-] -1 1 -1 1 -1 1 -1 1

ve' [—] 101 1 1 1 -1 1 1

a’[-] 1001 -1 11 1 1 1

Stainless steel X5CrNil18.10 with a hardness value of
310HV10 was the selected material of the machining
workpiece. The designation stands for the chromium-
nickel austenitic stainless steel known for its excellent
corrosion resistance provided by the chromium element.
The workpieces with an outer diameter of 50 mm were
separated into equal sections of 30 mm by 5 mm grooves
that were machined to measure the cutting force in three
directions. The following-mentioned equipment was set up
together to obtain cutting force data. HAAS model ST-
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20Y-EU lathe was used to perform the experiment in a
lubricated condition with utilization a 5% emulsion of
"CIKS HKF 420" type coolant oil. DNMG150604-MF1
CP500 carbide/ceramic with a negative shape insert was
mounted to the DDJNL2525M15 tool holder and used to
accomplish the stable condition for machining. This type
of tool is suitable for heavy and rough cut of various
materials.

The measured data was obtained by mounting a
dynamometer on the turret head of the machine and fixing
the cutting tool on it using a suitable tool holder. The
cutting force generated was broken into three forces (F
cutting force, F, passive force, and F; feed force) and
captured by connecting three charge amplifiers to a
dynamometer in the aim of converting the electric signals
to a proportional output voltage ready for analysis. To get
all the data, shape error measurements were needed, and a
Talyrond 365 precision measuring instrument was used
with parameters based on standard protocols and previous
studies measurements. Measurements were taken across
nine planes with a 2.75 mm separation between each,
resulting in the measurement of a cylinder with a 22.0 mm
axial length per run.

The following parameters were analyzed (where the shape
errors are defined in the 1ISO 12180-1 standard):

Fc — major cutting force, part of the cutting force
and tangential to the machined surface [N]

orc — Standard deviation of the major cutting force,
which is calculated during the constant phase [N]
CYLt Cylindricity, the minimum radial
separation of two cylinders, coaxial with the fitted
reference axis [pum]

CYLtt - Cylinder Taper, the absolute difference in
diameters measured between two specially
constructed straight lines at the top and bottom of
the cylinder [pum]

Polynomial equations were derived to calculate and
represent the analyzed parameters, as shown in Equation 1.
This equation incorporates the variables (f, v¢, @), along
with their interactions, while the constants (ki) quantify the
contribution of each factor.

y(f, UC' a) = ko + klf + kzvc + k3a + klzfvc +
kisfa + kazvea + kipsfvea 1)
The parameters are represented by the function y(f,vc,a) in
this context. These equations quantify and illustrate the
impact of cutting speed, feed rate, and depth of cut on the
geometric characteristics of machined surfaces. They offer
a systematic basis for analyzing and optimizing machining
processes to achieve targeted dimensional accuracy and
surface quality.

Table 2 - Force and shape error measurement results.

Setup 1 2 3 4 5 6 7 8
Fc [N] 130.2 425.3 121.6 364.7 131.6 735.0 229.4 671.9
orc [N] 150 3.82 1.84 2.77 2.07 6.96 2.26 9.70

CYLt[um] 86 175 37 124 94 137 45 213
CYLtt [um] 12.8 188 4.9 -352 149 -41 7.8 -26.4
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3.

During the completion of the designated research work the
following evaluations were carried out. The generated
cutting force data was plotted using python code. The mean
(Fc) and the standard deviation (orc) of the major cutting
force were calculated. This indicates the variation of the
data in relation to the mean. As well as following the
mentioned methodology in the previous sections the shape
error parameters selected to be analyzed are Total
Cylindricity Error (CYLt) and Cylindrical Taper (CYLLtt).
All previously described calculated and measured values
of the parameters are presented in Table 2.

The calculation formulas based on Equation 1 were also
determined for the studied output parameters, which aids
the discussion section. The major cutting force in the
studied range is determined by Equation 2.

RESULTS

EF.(f,v;,a) = 4049 —577.0f — 1.356v, — 805.2a +
+2.585fv, +4781.1fa + 2.920v.a —
—9.897fv.a 2)

The mathematical representation of the standard deviation

of the major cutting force is shown in Equation 3.

0pc(f, Ve, @) = —3.839 + 47.34f + 0.0242v, +
+5.59a — 0.2422f v, — 48.27fa —
—0.03166v,.a + 0.3581fv.a 3)

The total cylindricity error is determined by Equation 4.

CYLt(f,v.,a) = 3.783 + 177.6f — 0.00393v, +
+22.93a — 0.5819fv, — 272.0fa —
—0.0904v.a + 1.152fv.a 4)

The cylinder taper is calculated by the application of

Equation 5.

CYLtt(f, v, a) = 7.10 + 263.7f — 0.0381v, +
+17.93a — 0.6157fv, — 211.5fa —

—0.02191v,a — 0.0763618fv.a (5)

4. DISCUSSION

The next step involves analyzing the collected data after
outlining the research methods, equipment, measured
results, and equations. This analysis is carried out in two
stages:

Main Effects Analysis: This initial stage examines
how the cutting parameters—feed, cutting speed, and
depth of cut—impact the cutting force and shape error
parameters, such as cylindricity.

Surface Diagram Analysis: In the second stage,
surface diagrams are plotted based on the equations
presented earlier in the paper. These diagrams are
evaluated to illustrate the influence of variations in
cutting parameters on the measured cutting speed and
cylindricity parameters during the experiment.
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Fig. 1 The total cylindricity error in function of the studied variables
slope show how the cutting parameters influence the
, , cutting force and the cylindricity in the aim of optimizing
4.1 Main effect analysis the cutting setting for better precision.

In the goal of evaluating the influence of the cutting
parameters on the cutting force and cylindricity, the main
effect plots were generated and each parameter was
analyzed separately using the plots presented in Figure 1.
The methodology utilized to obtain the graphs includes
several steps starting by calculating the mean of averaged
values and presented as dashed line. Then two means from
three cutting parameters were generated: one in the lower
limit (-1) and the other one in upper limit (1) which
connected by solid or continuous line. The direction and
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First, the main effect of the feed change is analyzed. Figure
1 shows that increasing the feed can increase the cutting
force, standard deviation, and total cylindricity CYLt due
to the higher material resistance and tool vibrations.
However, when the feed rises, the cylindricity taper
decreases. That can be explained by increasing the feed,
which can amplify imperfections and reduce precision.

Examining the second column of the graphs in Figure 1
gives the effects of cutting speed on other parameters.
Raising the cutting speed can slightly increase the total
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cylindricity but decrease the cylindricity taper. However, it
seems that increasing the cutting speed has a minor impact
on the standard deviation and no relation with cutting force,
which is directly affected by feed and depth of cut.
Finally, the influence of the depth of cut is studied, and the
graphs in the last column of Figure 1 represent the results.
The depth of cut influences the parameters in the same way
as the feed with different slopes. The force parameters
increase with increasing depth of cut. While the
cylindricity error slightly increases with rising the depth of
cut. But the cylindricity taper decreases.

4.2  Detailed analysis of the technological parameters

Following the evaluation of the main effects, the detailed
analysis of cutting speed, feed and depth of cut is
conducted. As well as the surface plots are generated to
observe how the variation of the cutting parameters affects
the cutting force and the shape error parameters. A
comparative evaluation was created by plotting separate
graphs by depth of cut in two levels 0.5 mm and 1 mm.

a=0.1mm

600

F. IN] 400

2001

200" ¢ 08 mm

f

rev

Fig. 2 The major cutting force in function of the studied variables

a=0.1mm

|

rev

f

200" .08 mm }

rev

Fig. 3 The standard deviation of the major cutting force in function of
the studied variables

Figure 2 represents the changes of F¢ as a function of the
studied variables. It is obvious that doubling of the depth
of cut significantly increases the cutting force, almost two-
fold, as well as when the feed rises from 0.08 to 0.3
mm/rev., cutting force is increased by three folds.
However, at lower depth of cut of 0.5 mm, there is almost
no effect on the cutting force when the speed went from
200 m/min to 300 m/min, but by increasing the feed to 1
mm there a slight change with the change in speed.

The variation of the standard deviation as a function of
feed, cutting speed, and depth of cut is shown in Figure 3.
Particularly, three-fold of standard deviation has increased
by raising the depth of cut from 0.5 mm to 1 mm at a cutting
speed of 300 m/min. In lower depth of cut, the standard
deviation has slightly increased by raising the feed, but
even with an increase in the cutting speed, the standard
deviation remains constant. While at the higher depth of
cut, changing the feed from 0.08 mm/rev. to 0.3 mm/rev.
amplifies the standard deviation three-fold.
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Figure 4 represents the influence of cutting speed, feed, and
depth of cut on the total cylindricity. Raising the depth of
cut shows an increase of 3.5-fold in the CYLt at a cutting
speed of 300 m/min and at the feed of 0.3 mm/rev. In lower
feed of 0.08 mm/rev., increasing speed has a minor
lowering effect on the CYLt, as well as the feed tends to
have an increasing effect on CYLt at a lower speed of 200
m/min.

Figure 5 represents the analysis of total cylindricity taper
as a function of feed, cutting speed, and depth of cut. The
results highlight that total cylindricity taper decreases as
the three parameters studied increase. At the upper limit of
the depth of cut (1 mm), a twofold reduction in CYLtt is
visualized when the cutting speed is 300 m/min. In
addition, both cutting speed and feed illustrate a noticeable
effect in reducing CYLtt. Furthermore, at the lower limit of
the depth of cut (0.5 mm), the CYLtt shows stable behavior
at a smaller feed rate of 0.8 mm/rev., even with an increase
in speed. However, at a higher feed rate of 0.3 mm/rev.,
CYLtt decreases by approximately 50%.
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|

rev
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rev
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Fig. 4 The CYLt error in function of the studied variables
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Fig. 5 The CYLit error in function of the studied variables

5.  CONCLUSIONS

This study focused on the effects of machining
parameters—feed rate, cutting speed, and depth of cut—on
cutting forces and shape errors during the turning of
X5CrNi18-10 stainless steel. Using experimental and
theoretical approaches, key insights into the relationships
between machining conditions and output parameters were
established. The findings revealed that increasing the feed
rate and depth of cut significantly influences cutting forces,
particularly the major cutting force (Fc), and its variation.
The cutting speed had a less pronounced effect on cutting
forces but showed subtle impacts on shape errors.
Cylindricity (CYLt) and cylindricity taper (CYLtt) were
used to evaluate shape errors, with results indicating that
higher feed rates and depth of cut increased cylindricity
errors while reducing cylindricity taper.

The derived polynomial equations allowed for a systematic
quantification of these interactions, providing a valuable
tool for predicting cutting forces and shape errors under
varying machining conditions. The analysis highlighted
that feed rate and depth of cut are the dominant factors
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affecting cutting forces, whereas all three parameters
collectively influence shape errors.

Overall, the study contributes to the optimization of
machining processes for X5CrNi18-10, offering practical
guidelines for achieving improved dimensional accuracy in
turning operations.
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