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Abstract: Super duplex stainless steels (SDSSs) are widely utilized across industries owing to their
remarkable mechanical properties and corrosion resistance. However, machining SDSS presents
considerable challenges, particularly at high speeds. This study investigates the machinability of
SDSS grade SAF 2507 (UNS S32750) under high-speed milling conditions using SiAlON insert tools.
Comprehensive analysis of key machinability indicators, including chip compression ratio, chip
analysis, shear angle, tool wear, and friction conditions, reveals that lower cutting speeds optimize
machining performance, reducing cutting forces and improving chip formation. Finite element
analysis (FEA) corroborates the efficacy of lower speeds and moderate feed rates. Furthermore,
insights into friction dynamics at the tool–chip interface are offered, alongside strategies for enhancing
SDSS machining. This study revealed the critical impact of cutting speed on cutting forces, with a
significant reduction in forces at cutting speeds of 950 and 1350 m/min, but a substantial increase
at 1750 m/min, particularly when tool wear is severe. Furthermore, the combination of 950 and
1350 m/min cutting speeds with a 0.2 mm/tooth feed rate led to smoother chip surfaces and decreased
friction coefficients, thus enhancing machining efficiency. The presence of stick–slip phenomena at
1750 m/min indicated thermoplastic instability. Optimizing machining parameters for super duplex
stainless steel necessitates balancing material removal rate and surface integrity, as the latter plays an
important role in ensuring long-term performance and reliability in critical applications.

Keywords: super duplex stainless steel; friction; high-speed milling; SiAlON

1. Introduction

Super duplex stainless steels (SDSSs) have seen extensive application across a multi-
tude of industries, ranging from petrochemical and heat exchangers to chemical tankers
and architectural projects. Their usage has witnessed a rapid upsurge, particularly in
sectors demanding heightened corrosion resistance and mechanical capability compared to
conventional stainless steels [1].

The superior mechanical properties of super duplex stainless steel derive from its dis-
tinctive microstructure, characterized by the presence of two phases, austenite, and ferrite,
in nearly equal volume fractions [2]. Enriched with chromium, nickel, and molybdenum,
these alloys exhibit remarkable features such as low thermal conductivity alongside high
tensile and shear strength [3]. Notably, SDSS outperforms austenitic steels in terms of
mechanical properties and corrosion resistance, making it a preferred choice for critical
applications in nuclear power plants and aggressive marine environments [4]. Moreover,
its cost-effectiveness compared to nickel alloys and conventional stainless steels further
enhances its appeal [5].

Efficient machining of challenging materials directly impacts the competitiveness of
key industrial sectors like aviation, aerospace, and automotive manufacturing [6]. However,
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machining super duplex steels presents significant challenges owing to their versatile
properties, including high yield and tensile strength, susceptibility to work hardening, and
elevated ductility [3,5].

The microstructure of SDSS contains hard and abrasive phases (austenite and ferrite),
which rapidly wear down cutting tools, leading to increased tool wear and reduced tool
life [3]. These abrasive constituents contribute to higher cutting forces and tool wear
during machining. The material’s high strength resists deformation during machining,
requiring higher cutting forces and energy to cut the material. Additionally, the low thermal
conductivity results in poor heat dissipation during machining, causing localized heating
of the workpiece and cutting tool, generating tool wear [7].

Super duplex stainless steel is prone to work hardening during machining, especially
at high speeds and feeds [3,8]. As the material undergoes plastic deformation, it becomes
harder and more resistant to further machining, requiring higher cutting forces to remove
material effectively. This plastic deformation leads to the accumulation of dislocations
and increases the material’s strength, making the material more difficult to machine and
contributing to higher cutting forces and tool wear [9,10].

Within the cutting zone, machining induces inhomogeneous plastic deformation in
the workpiece, influenced by mechanical, thermal, and metallurgical effects [11]. The
strain-hardening process in UNS S32750 [12] alloy is notably affected by cutting speed,
with higher nickel, molybdenum, and chromium content decreasing the machinability
of the alloy [3]. Plastic deformation is more likely to occur at high cutting speeds due to
increased temperatures, alloy strength, and cutting forces [3]. The stainless steel’s high
ductility promotes the formation of long chips and intensifies material adhesion to the
cutting tool, leading to enhanced adhesive wear and potential issues like built-up edge
formation and cutting-edge chipping [13]. This, in turn, results in unstable cutting forces
and severe surface damage to the machined part and cutting tool.

Studies on the machinability of super duplex stainless steel have primarily focused
on parameters such as cutting force, surface roughness, cutting temperature, and tool
wear. However, there has been a notable absence of evaluation concerning other crucial
machinability indicators, including chip compression ratio, chip analysis, tool wear, and
friction conditions studies using the ceramic SiAlON inserts. Analysis of chip compression
ratio and shear angle provides valuable insights into the material removal mechanism
and the extent of plastic deformation of the material, making them significant factors in
machinability assessment [14]. Furthermore, operating machinery at high speeds inevitably
subjects the friction surface to substantial thermal and mechanical stresses, accompanied
by a rapid oxidation rate within the cutting zone [15,16]. These challenging conditions
underscore the need to enhance the protective properties of coatings to prolong tool lifespan.

Therefore, this study aims to address these gaps by considering these essential
machinability indexes. SiAlON tool inserts were chosen for this investigation due to
their widespread use in the industry, driven by their superior properties and performance.
Among ceramic tool materials, SiAlON ceramics stand out as a popular choice, alongside
alumina-based and silicon-nitride-based ceramics. SiAlON ceramics, a solid solution of
Si3N4 and Al2O3, exhibit higher hardness and fracture toughness compared to Si3N4 alone,
along with superior high-temperature oxidation resistance. Numerous studies have been
conducted to explore the capabilities and characteristics of these ceramics [17–19].

The scientific aspect of this study refers to the systematic investigation and analysis
of the machinability of super duplex stainless steel (SDSS) using a combination of ex-
perimental and numerical methods. This study investigates the tribological behavior at
the tool–chip interface, focusing on chip compression ratio and shear strain as primary
parameters for assessing chip deformation [20]. The relationships between cutting speed,
feed rate, and machinability indicators such as chip compression ratio, shear angle, friction
dynamics, and tool wear are examined using SiAlON ceramic inserts. The research aims to
elucidate the correlations between these parameters and identify optimal conditions for
efficient and effective material removal.
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Additionally, the finite element method (FEM) was conducted for analysis of the
milling process to understand the evolution of temperature and strain rate across varied
chip compression ratios resulting from different cutting speeds and feed rates. Furthermore,
the study includes an analysis of cutting forces, surface roughness, tool wear, and hardness
tests. Through this comprehensive investigation, valuable insights into the machining
behavior of super duplex stainless steel were obtained, contributing to the optimization
of machining processes. The optimization can be carried out based on the results of
the different cutting speeds and feed rates tested to improve the tool life and/or the
surface quality.

2. Methodology

The workpiece used in this study was a super duplex stainless steel grade SAF 2507
(UNS S32750), with 32 HRC (approximately 3 GPa). The chemical composition and the
mechanical properties of the workpiece are presented in Table 1, as reported in the litera-
ture [3,14].

Table 1. Chemical composition, mechanical properties, and thermal properties of the UNS S32750 alloy.

Element Weight
Composition (%)

C Cr Ni Mo N Mn Cu P S Si

0.2 25 7 4 0.27 1.2 0.5 0.02 0.01 0.8

Mechanical and Thermal Properties

Yield Strength
(MPA)

Tensile Strength
(MPa) Elongation (%) Thermal Conductivity

(W/m.K)

550 800 25 14

Cylindrical tubes were investigated during high speed in face milling operations.
The cutting experiment arrangement is shown in Figure 1. Machining was carried out
on a robust CNC horizontal machining center (Makino MC56-5XA, Tokyo, Japan) with
a spindle power of 30 kW and a maximum spindle speed of 15,000 RPM. This machine
can provide through-spindle air coolant with 3 bar pressure to better evacuate chips and
achieve a longer tool life. The experiments were performed using round milling inserts
RNGN120400T01020 made of KYS30 SiAlON ceramic grade, manufactured by Kennametal,
Ohio, USA. Only two inserts were clamped on an indexable KCRA250RN4306S075L175 face
mill holder. The clearance, axial, and radial angles were 10◦, −10◦, and −5◦, respectively.
The tests were conducted under air cooling lubrication cutting conditions and the cutting
parameters are presented in Table 2. A new cutting edge was selected for each different
cutting speed and feed rate combination. The experiments were performed two times for
each condition, resulting in a total of twelve tests. The amount of material removed in each
test remained constant, at 314 mm3.

Table 2. Cutting parameters.

Test Cutting Speed
(m/min)

Feed Rate
(mm/tooth) Depth of Cut (mm)

1 950 0.1

0.25

2 950 0.2
3 1350 0.1
4 1350 0.2
5 1750 0.1
6 1750 0.2
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Figure 1. Experimental setup.

Cutting forces measurements were performed using a Kistler three-component piezo-
electric dynamometer (Type 9255B) with a 10 kHz sampling frequency. The dynamometer
was connected to a Kistler type 5001 charge amplifier, National Instruments USB-9162 DAQ
system, and the data were analyzed using DynoWare Type 2825A-03 V3.1 software. Under
different parameters, the cutting force dates were extracted and analyzed. The machining
tests were taken with only one pass and new inserts were used for each test. The chips
were collected for further analysis.

The measurements of the surface roughness of the workpiece were taken after each
test using a surface roughness tester Mitutoyo SJ-201, Kawasaki, Japan, with 0.8 mm of
cut-off distance, and the arithmetic mean surface roughness values (Ra) in the direction
perpendicular to the feed were taken. This evaluation was conducted three times and
average reading was considered.

The tool flank wear was measured using a Keyence VHX-950F digital microscope
(Keyence Corp., Osaka, Japan) equipped with a CCD camera and analyzer software. An
Alicona Infinite Focus G5 3D optical microscope was used for measuring the volumetric
tool wear in both the flank and rake surfaces of the tool.

The chips were analyzed using the Keyence VHX-5000 digital microscope and SEM/EDS.
The chip compression ratio, the shear angle, and the friction coefficient at the tool–chip
interface were determined according to standard procedures [21].

The investigation of high-speed machining of super duplex stainless steel UNS S32750
involved the use of finite element analysis (FEA) to simulate cutting temperature and strain
rate. The results of these simulations were utilized to assess the impact of friction conditions
between the workpiece and the SiAlON cutting tool. This analysis aims to offer theoretical
insights into friction conditions during high-speed machining of the UNS S32750 alloy.

The utilization of finite element modeling and analysis (FEA) is endorsed as an ef-
fective tool for evaluating the cutting conditions, encompassing temperature and stress
profiles around the cutting zone. This analytical approach is employed to acquire infor-
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mative data. Employing the power law as a constitutive model to depict strain hardening
and rate sensitivity [22], the model developed using Third Wave Systems AdvantEdge
CAE V7.8 software integrates a Lagrangian method. Specifically designed to handle the
nonlinearities arising from significant plastic deformation, strain rates, and resolution
challenges inherent in milling processes. Additionally, thermal softening is calculated using
a fifth-order polynomial function [23], as can be seen in Equations (1) and (2).

g(α) = σ0

(
1 +

α

α0

)
, Γ

( .
α
)
=

(
1 +

.
α
.
α0

) 1
M

(1)

Θ(T) = c0 + c1T + · · ·+ c5T5 (2)

In this context, g(α) symbolizes the isotropic strain-hardening function, where σ0
stands for the initial yield stress, while α0 and

.
α represent the reference strain and strain

rate, respectively. The function Γ
( .
α ) signifies rate sensitivity within these mathematical

formulations. The term Θ(T) in Equation (2) predicts thermal softening. Here, α,
.

α0, and T
denote the equivalent plastic strain, plastic strain rate, and temperature, respectively. In
this study, the cutting tool is depicted as a rigid body, with Coulomb’s friction law applied
to relevant areas [22].

The parameters used in FEM are presented in Table 3. The values of the properties of
the UNS S32750 were found in the literature [24]. A constant friction coefficient of 0.5 was
used for the contact with the chip–tool interface. The simulations were run at the standard
steady-state analysis mode.

Table 3. Parameters used for finite element modeling.

Total number of elements 24,000
Maximum element size 0.01
Minimum element size 0.02

UNS S32750 Properties
Thermal conductivity 14 (W/m.◦C)

Thermal capacity 425 (J/kg.◦C)
Density 7.8 (g/cm3)

Thermal expansion 13 (µm/m/K)

3. Results and Discussion
3.1. Cutting Forces

The measurement of cutting force serves as an important indicator for evaluating
cutting performance accurately. Under fixed cutting parameters (vc = 1350 m/min and
fz = 0.2 mm/tooth), cutting force signals were observed during the milling of UNS S32750
alloy (Figure 2). These signals illustrate the fluctuating chip thickness, ranging from zero
to its maximum, due to the intermittent contact between the SiAlON tool inserts and the
alloy [25]. The cutting forces signals demonstrated the same performance for the other
cutting conditions tested. As a result, the corresponding cutting forces display a periodic
trend, reflecting the alternating cutting-in and cutting-out processes. It is also evident that
the force component in the Z direction is the most significant, representing the primary
component of the resultant cutting force, as also reported by Ming et al., 2021 [26].

The cutting force components in the X, Y, and Z directions are denoted as FX, FY, and
FZ, respectively. The resultant cutting force, FR, is defined as follows:

FR =
√

F2
X + F2

Y + F2
Z (3)

To examine the variation trend of cutting forces, the resultant cutting force was chosen.
The evolution of resultant cutting forces with tested cutting parameters is illustrated in
Figure 3.
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Notably, the average resultant cutting force remains lower and similar for cutting
speeds of 950 m/min and 1350 m/min. This observation may be attributed to changes in
the shear angle caused by the softening of the workpiece material at high temperatures [27].
However, an increase in the average resultant cutting force is observed with a cutting speed
of 1750 m/min, likely due to severe tool wear and elevated cutting temperature.

As the flank wear increased, there was a corresponding rise in cutting force. This
phenomenon can be attributed to the reduction in tool clearance angle caused by flank
wear, which in turn enlarges the contact area between the flank and the workpiece surface.
Consequently, increased friction in the contact region leads to higher cutting forces [28].
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This is even more important when considering the machining of the UNS S32750 alloy due
to its low thermal conductivity and susceptibility to strain hardening.

Comparing the two different feed rates, the forces are similar for all the cutting speeds
tested. With higher feed rates, the chip thickness is theoretically higher, which would cause
an increase in the force levels. However, when using the lowest feed rate, the workpiece
material deformation was higher, which could have caused the work hardening of the
workpiece material during chip formation. This will be further explored in the plastic strain
rate analysis. This phenomenon caused the forces to be similar.

In the high-speed machining of UNS S32750 with ceramic tools, achieving the optimal
balance among various factors is crucial. These factors include work hardening, strain
sensitivity, strain rate sensitivity, and thermal softening, as observed in studies conducted
by Molaiekiya et al., 2020 [29]. The increase in cutting forces can be partially attributed to
the rise in UNS S32750 steel flow stress. Additionally, the formation of a build-up edge
on the cutting edge, resulting from the extreme weldability of the softened workpiece to
the tool, contributes to this increase. Finding the proper balance between these competing
phenomena is critical. In this regard, cutting speeds of 950 to 1350 m/min provide the best
balance, resulting in reduced cutting forces.

Further analyses were conducted to assess the impacts of both cutting speed and
feed rate on cutting force. The Pareto chart analysis indicates that the sole parameter
significantly influencing cutting force is the cutting speed (Figure 4). The findings reveal
that the primary factors affecting the process are temperature and strain rate, which are
intricately tied to cutting speed. Both are critical variables in machining operations, with
cutting speed acting as a key determinant. Elevated cutting speeds commonly result in
heightened temperatures and strain rates due to higher friction and deformation effects.
This explains the fundamental role of cutting speed in cutting process conditions and
outcomes, especially for alloys that have low thermal conductivity and susceptibility to
strain hardening.
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The main effects of cutting force and the interaction between cutting parameters
are presented in Figure 5. Consistent with the Pareto chart, which outlines the primary
influences of cutting force, cutting speed (vc) emerges as the most influential factor. This is
evidenced by the steeper slope of the line representing vc compared to the relatively flat
slope of fz. Additionally, the interaction between cutting speed (vc) and feed rate (fz) shows
minimal differentiation between the two feed rates (0.1 and 0.2 mm/tooth).
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3.2. Chip Morphology and Friction Analysis

After machining, the chip types and morphology were analyzed for each cutting
parameter.

Figure 6 shows optical images of the chips corresponding to the tested cutting param-
eters, revealing their similar serrated shapes.

To qualitatively assess the impact of cutting speed on SDSS deformation, numerous
chips were gathered from various speed ranges and meticulously mounted perpendicular
to their leading edges. Subsequently, these chips were subjected to a grinding and polishing
process to reduce dimensional inaccuracies. The resulting morphology of typical serrated
chips at different cutting speeds and feed rates is shown in Figure 7.
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It has been observed that as cutting speed increases, the chips tend to become thinner
when using fz = 0.2 mm/tooth. No significant difference in thickness is observed when
compared to samples using fz = 0.1 mm/tooth. The changing of the shape of chips is
primarily attributed to two factors: the increasing of the cutting edge radius and the effective
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rake angle due to tool wear, along with the chip thinning effect resulting from milling at
higher cutting speeds [29]. Additionally, severe segmentation occurs at high cutting speeds,
which produces the breaking of chips in lamellas (1750 m/min–0.2 mm/tooth) [30].

The chip compression ratio and shear strain serve as critical parameters for charac-
terizing chip deformation. Employing the standard methodologies introduced by Shaw
(2005) [21], key parameters including the chip compression ratio (CCR), shear angle, cutting
force, and friction coefficient at the tool–chip interface were determined. Higher values of
shear angle and CCR signify reduced chip deformation and decreased energy consump-
tion, thereby enhancing the efficiency of the cutting process [20,30]. Table 4 combines the
characteristics of the chip calculated by the Merchant method and the resultant cutting
forces obtained in the cutting tests. The optimal cutting conditions were identified for a
feed rate of 0.2 mm/tooth, exhibiting superior performance at cutting speeds of both 950
and 1350 m/min.

Table 4. Tribological performance of analyzed cutting parameters evaluated through chip characteristics.

Cutting Speed
(m/min)—Feed Rate

(mm/tooth)

Chip Compression
Ratio
(CCR)

Φ—Shear
Angle (◦) Friction Coefficient (µ) Resultant Cutting

Force, Average (N)

950—0.10 0.83 50.6 0.34 289 ± 9
950—0.20 0.88 53.4 0.23 273 ± 12
1350—0.10 0.86 52.7 0.26 342 ± 13
1350—0.20 0.88 53.4 0.23 294 ± 3
1750—0.10 N/A N/A N/A 637 ± 39
1750—0.20 N/A N/A N/A 630 ± 69

N/A—not applicable.

According to the metal cutting theory, one of the most important sources of the cutting
force is the friction force between the workpiece and the cutting tool [27]. As shown in
Table 4, the tool experienced the lower friction force when the cutting force was lower.

At a cutting speed of 1750 m/min, tool wear became evident even after the first pass.
This resulted in significant alteration of the cutting edge’s geometry, consequently affecting
chip thickness, and potentially causing inaccuracies. Thus, the chip thickness analysis was
not performed for the highest cutting speed.

Typically, the chip type and undersurface morphology serve as direct indicators of the
prevailing frictional conditions at the tool–chip interface [21]. In Figure 8, SEM images of
chip undersurfaces generated at varying cutting speeds and feed rates provide valuable
insights into the frictional behavior intrinsic to the machining process. Notably, at a cutting
speed of 1750 m/min and a feed rate of 0.20 mm/tooth, a distinct stick–slip phenomenon
is observed on the undersurface of the chips. This phenomenon arises due to the rapid
temperature elevation, facilitating the weldability of the workpiece material to the rake
face of the tool. Consequently, with increasing cutting speed, chips become more prone
to localized melting and adherence to the tool face in the form of built-up edges and
layers [29,31].

Through a meticulous examination of the chip thickness measurements and the cal-
culated values for the chip compression ratio, shear angle, and the coefficient of friction
documented in Table 4, along with a detailed visual analysis of undersurface characteristics
provided in Figure 8, it becomes evident that the frictional conditions at the cutting zone,
particularly at the tool–chip interface, varied significantly across different parameters. This
comprehensive understanding underscores the importance of fine-tuning machining pa-
rameters to optimize frictional conditions and enhance overall machining efficiency. These
parameters include a feed rate of 0.20 mm/tooth accompanied by cutting speeds of either
950 or 1350 m/min.



Machines 2024, 12, 349 11 of 19Machines 2024, 12, x FOR PEER REVIEW 11 of 20 
 

 

 
Figure 8. Chip undersurface at different cutting conditions. 

Through a meticulous examination of the chip thickness measurements and the cal-
culated values for the chip compression ratio, shear angle, and the coefficient of friction 
documented in Table 4, along with a detailed visual analysis of undersurface characteris-
tics provided in Figure 8, it becomes evident that the frictional conditions at the cutting 
zone, particularly at the tool–chip interface, varied significantly across different parame-
ters. This comprehensive understanding underscores the importance of fine-tuning ma-
chining parameters to optimize frictional conditions and enhance overall machining effi-
ciency. These parameters include a feed rate of 0.20 mm/tooth accompanied by cutting 
speeds of either 950 or 1350 m/min. 

These characteristics combined with the results of the cutting forces confirm that the 
use of 0.20 mm/tooth and 950 or 1350 m/min promotes lower friction between the chip 
and tool, enabling lower wear of the cutting tool. The smoother morphology observed in 
the chips produced during the machining of UNS S32750 alloy, achieved at cutting speeds 
of either 950 or 1350 m/min as illustrated in Figure 8, indicates an enhancement in thermo-
frictional conditions during the cutting process. The cutting parameter shows the ability 
to improve the friction conditions at the cutting interface, which leads to the rapid flow of 
the chip on the rake surface, as can be seen on the chip undersurface. This observation is 
indicative of a favorable redistribution of heat flow: a significant portion of the heat gen-
erated during cutting is effectively transferred into the chips, subsequently dissipating as 
the chips are removed from the workpiece. Smooth morphology with slight peel-off marks 
was identified with a reduced friction condition. 

Furthermore, at higher cutting speeds, the chip undersurface exhibits more pro-
nounced material deformation due to elevated friction conditions at the chip–tool inter-
face. This impedes chip flow and consequently increases the contact area between the tool 
and chip on the rake face surface, leading to heightened temperatures in the cutting zone. 
As a result, the increased friction generated high temperatures that adversely impacted 
the cutting tool, causing chipping and ultimately leading to catastrophic tool failure, as 
will be demonstrated ahead in this work. 

Figure 8. Chip undersurface at different cutting conditions.

These characteristics combined with the results of the cutting forces confirm that the
use of 0.20 mm/tooth and 950 or 1350 m/min promotes lower friction between the chip
and tool, enabling lower wear of the cutting tool. The smoother morphology observed
in the chips produced during the machining of UNS S32750 alloy, achieved at cutting
speeds of either 950 or 1350 m/min as illustrated in Figure 8, indicates an enhancement
in thermo-frictional conditions during the cutting process. The cutting parameter shows
the ability to improve the friction conditions at the cutting interface, which leads to the
rapid flow of the chip on the rake surface, as can be seen on the chip undersurface. This
observation is indicative of a favorable redistribution of heat flow: a significant portion of
the heat generated during cutting is effectively transferred into the chips, subsequently
dissipating as the chips are removed from the workpiece. Smooth morphology with slight
peel-off marks was identified with a reduced friction condition.

Furthermore, at higher cutting speeds, the chip undersurface exhibits more pro-
nounced material deformation due to elevated friction conditions at the chip–tool interface.
This impedes chip flow and consequently increases the contact area between the tool and
chip on the rake face surface, leading to heightened temperatures in the cutting zone. As
a result, the increased friction generated high temperatures that adversely impacted the
cutting tool, causing chipping and ultimately leading to catastrophic tool failure, as will be
demonstrated ahead in this work.

The severe plastic deformation of the chips observed can be attributed to the combi-
nation of high cutting temperature and cutting heat. Moreover, with increasing cutting
speed, segmented chips are produced as the tendency of thermal softening surpasses that of
strain hardening. As the cutting speed rises, the plastic deformation becomes increasingly
severe, making the chip calculations for parameters at a cutting speed of 1750 m/min and
a feed rate of 0.2 mm/tooth no longer applicable. These findings underscore the critical
importance of carefully selecting cutting parameters to mitigate such detrimental effects on
tool life and machining efficiency. In high-speed machining (HSM), greater cutting speeds
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induce higher levels of strain and strain rates within the primary shear deformation zone,
consequently generating increased heat within the deforming segments [29].

Figure 9 shows chip-free surfaces generated under various cutting parameters. The
surface of the chip presents a textured roughness, marked by a lamellar pattern resulting
from a slipping mechanism, evident across all cutting speeds. Lamellas are notably smaller
and more uniform at lower cutting speeds (950 and 1350 m/min). However, as the cutting
speed escalates, the distinct lamella pattern becomes more pronounced, indicating a greater
segmentation of the chip (1750 m/min) [30].
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Shaw (2005) posits that the formation of a lamellar structure on the chip’s free surface
can be elucidated by adiabatic shear theory [21]. According to Molinari et al., 2002, instabil-
ity in the thermoplastic flow concentrates a significant degree of shear deformation within
narrow layers, primarily due to a substantial localized temperature increase, leading to the
formation of adiabatic shear bands [32]. Consequently, thermoplastic instability is deemed
the primary cause of the catastrophic failure of materials during chip formation.

Adiabatic shear bands emerge within the shear plane, extending from the tool tip with
an upward curl toward the tool’s free surface. As the tool progresses, material within the
shear plane undergoes extrusion, consistently resulting in surface formation. This iterative
process persists continuously. In essence, the gradual slipping of workpiece material layer
by layer in front of the tool tip and within the shear plane contributes decisively to the
formation of a lamellar structure [32].

Instrumented nanoindentation has been performed on the cross-section of the chips to
measure the change in the hardness of the workpiece material. Ten indentations along the
chip have been made within the marked regions depicted in Figure 10, using a Berkovich
indenter with 25 mN load and 2 s dwell time.

The chips show around 80% higher hardness compared to the undeformed workpiece.
The hardness of the as-received material of UNS S32750 alloy is 3.3 ± 0.2 GPa (330 HV),
while the hardness of the chips is shown in Figure 11. The hardness of the chips for all
the cutting parameters tested has not shown significant differences, fluctuating around
6 GPa (600 HV). The increase in the hardness value is attributed to the UNS S32750’s
high sensitivity to strain hardening, which leads to the development of several dislocation
barriers in the microstructure and diminishes the dislocation mobility [33].
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Figures 12 and 13 illustrate the wear patterns of flank faces under varying cutting
speeds and feed rates. As the cutting speed increases, there is a tendency for chipping to
also rise, as observed in the highest speed for fz = 0.1 mm/tooth. However, when using
fz = 0.2 mm/tooth, chipping manifested more gradually with the increase in the cutting
speed, especially in regions close to the edge of the tool, as depicted in Figure 13.

When comparing the two different feed rates, the highest feed resulted in chipping in
all three cutting speed conditions. At fz = 0.1 mm/tooth, chipping occurred exclusively
at the highest speed. However, in this instance, it was primarily associated with built-up
edge (BUE) formation, followed by sudden material removal thereafter.

Additionally, the appearance of groove marks caused by abrasive sliding on the flank
face indicates abrasive wear. As the cutting speed increases to 1750 m/min, flank wear
becomes more pronounced, with abrasive wear occurring in multiple regions. Overall,
flank wear is more severe in high-speed cutting operations.
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Analyzing the Alicona images (Figure 13), it is noticeable how the tool wear progresses
with the increase in cutting speeds. The volumetric wear is gradually higher when using
higher cutting speeds, the only exception is with 0.1 mm/tooth and 1750 m/min where
significant chipping happened. This chipping is characteristic of adhesive wear. Because of
the low thermal conductivity of both, the tool and workpiece materials, the temperature
of the cutting zone rapidly exceeded 1000 ◦C, as will be discussed further in Section 3.4.
Consequently, at such high cutting temperatures, there was a propensity for chips or
workpiece materials to bond to the tool surface, resulting in adhesive wear [27]. In general,
the substantial cutting force and elevated cutting temperature were likely to increase tool
wear under ultra-high-speed cutting conditions.

3.3. Workpiece Surface Roughness

The surface roughness of the SDSS workpiece is shown in Figure 14. The increase in
the feed rate from 0.1 to 0.2 mm/tooth increased the surface roughness for all the cutting
speeds tested. Notably, the combination of a feed rate of 0.2 mm/tooth and a cutting speed
of 1350 m/min caused the most pronounced surface roughness. This is what was already
expected since the feed is geometrically related to the surface roughness [31].
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The influence of the cutting speeds on the surface roughness showed that the increase
in the cutting speed from 950 to 1350 m/min generated higher surface roughness levels.
The rise in surface roughness is mostly attributed to elevated temperatures within the
workpiece, which may have enhanced lateral material flow, adding to the overall increase
in surface roughness. Additionally, an alternative hypothesis presumes that this increase
could be attributed to chipping wear occurring on the inserts (see Figure 13).

Nevertheless, increasing the cutting speed from 1350 to 1750 m/min resulted in a de-
crease in surface roughness. In this case, the variation in the surface roughness is intricately
linked to the wear experienced by the cutting edge. The deformation occurring on the
cutting edge led to increased deformation of the workpiece material, thereby facilitating a
smoothing effect on the workpiece surface.

In terms of material removal rate, the combination of a cutting speed of 1350 m/min and
a feed rate of 0.2 mm/tooth proves superior. These parameters not only facilitate a higher
quantity of material removed but also lead to lower forces, reduced friction conditions, and
minimized tool wear. However, it is essential to note that these conditions also correlate with
higher surface roughness levels. This presents a crucial decision point: whether to prioritize
achieving a surface with minimal roughness or prolonging the tool’s lifespan.

In the context of machining super duplex stainless steel, surface integrity holds primary
importance due to its critical applications. It significantly influences corrosion and fatigue
resistance, which are essential properties in such demanding environments. Therefore, it
is crucial to achieve a precise equilibrium in optimizing machining parameters between
efficient material removal and preserving surface integrity to ensure long-term performance
and reliability.

3.4. Finite Element Analysis

In order to establish a connection between the data gathered through experimentation, a
finite analysis simulation was conducted to determine the values of cutting temperature and
strain rate. These results helped to explain and support the earlier analysis of the impact of
cutting temperature on the chips and tool wear, as well as the effect of the strain rate.

Figure 15 illustrates the temperature distribution and plastic strain rate at the tool tip dur-
ing the finite element modeling (FEM) simulation under the cutting conditions (1350 m/min
and 0.2 mm/tooth) and shear friction factors. No significant adverse effects or damage were
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observed on either the workpiece or the cutting tool, aligning with experimental test results
and highlighting these conditions as favorable for minimizing friction.
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0.2 mm/tooth.

Similar outcomes were observed at a cutting speed of 950 m/min and a feed rate of
0.2 mm/tooth. However, increasing the cutting speed from 950 to 1750 m/min with a
feed rate of 0.2 mm/tooth resulted in a cutting temperature rise from 930 ◦C to 1000 ◦C,
potentially leading to chip adhesion and amplified tensile residual stress on the machined
surface [34]. The chip temperature significantly exceeded other locations, absorbing most
of the heat generated during cutting [35].

The interplay between strain hardening and thermal softening influenced the resultant
flow stress of the material. Strain hardening increased resistance to deformation, while
thermal softening decreased it [30].

The results of the FEM for all the cutting parameters in terms of maximum temperature
and the plastic strain rate are shown in Figure 16. The low thermal conductivity inherent in
the UNS S32750 alloy impedes the rapid dissipation of heat generated during machining.
Consequently, there is a substantial elevation in temperature within the deformation zones,
leading to the thermal softening of the work material [30]. As cutting speed increased,
temperature and strain rate rose, facilitating cutting due to thermal softening.
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At the highest cutting speed tested (1750 m/min) combined with a feed rate of
0.1 mm/tooth, an unexpected temperature decrease occurred despite the increased cutting
speed. Elevating strain rates at ultra-high speeds can effectively lower cutting heat [36],
and chip accumulation during cutting may further decrease the temperature in the cutting
zone. Consequently, cutting heat may be diminished by increasing both cutting speeds (vc)
and strain rates in high-speed cutting processes.
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The experimental investigation into tool wear and chip formation, complemented by
FEM analysis, revealed a correlation between cutting conditions and machining outcomes.
Elevated cutting speeds resulted in increased tool wear and distinct chip morphologies,
consistent with FEM predictions of heightened cutting temperatures and strain rates.
Conversely, reduced tool wear and smoother chip morphologies were observed at cutting
speeds ranging from 950 to 1350 m/min, particularly for a feed rate of 0.2 mm/tooth,
validating the accuracy of the FEM model.

3.5. Implications and Future Prospects

While the findings contribute significantly, it is important to note that this research
has certain limitations. Firstly, the finite element analysis employed simplifies and assumes
frictional behavior, potentially overlooking key dynamics. Therefore, future research needs
to focus on developing better friction models that can effectively capture the intricacies of
the tool–chip interface.

It is important to recognize the limitations imposed by the FEM software, which often
restrict the use of a fixed friction coefficient set at 0.5. However, machining involves more
intricate friction mechanisms, necessitating advanced models tailored to the unique circum-
stances at the tool–chip interface. Additionally, this study only focused on fixed depth of
cut, and factors such as coolant application, tool coatings, and alternative sets of cutting
parameters were not investigated. Moreover, the influence of cutting parameters on surface
integrity aspects beyond surface roughness, such as residual stresses or microstructural
alterations, was not studied.

Understanding these factors is important to assess material performance and com-
prehend the implications of machining processes. To address these limitations, future
research should undertake a broader investigation considering a wider range of parameters
and materials. This may involve conducting experimental studies with varied cutting
conditions and materials, along with employing advanced modeling techniques to better
simulate machining dynamics.

Professionals in the field of manufacturing or materials processing seeking to machine
UNS S32750 alloy can benefit from the preliminary findings, which emphasize the essential
role of optimized cutting parameters in achieving better results. Based on the observed
trends in cutting forces, chip morphology, and friction analysis, a promising starting point
for optimization is cutting speeds between 950 and 1350 m/min, combined with a feed
rate of 0.20 mm/tooth. These conditions have shown potential for reduced cutting forces,
minimized friction at the tool–chip interface, and extended tool life. However, professionals
are advised to conduct further experimentation and validation in their specific machining
environments to adjust these parameters effectively and ensure optimal performance,
reliability, and surface integrity.

Expanding on the study’s implications, it is pertinent to consider how the findings
might translate to other machining methods, like turning. While the focus was primarily
on milling, the underlying principles regarding cutting forces, chip formation, and friction
analysis likely have broader relevance. However, variations in tool geometry, cutting
dynamics, and material behavior could lead to differing outcomes in turning operations.
Thus, although the study provides valuable insights, additional research on turning or
other machining processes is necessary to validate the generalizability of these findings
across various machining contexts.

4. Conclusions

This paper aims to explore the cutting responses of SiAlON ceramic cutting inserts
during high-speed milling of super duplex stainless steel. It quantifies the impact of cutting
variables on the machinability of this alloy including cutting forces, chip analysis, cutting
temperatures, plastic strain rate, tool wear, and surface roughness. Based on the results
obtained, the following statements and conclusions can be drawn:
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1. The analysis of cutting forces exposed a significant influence on cutting speed, with
lower forces obtained at cutting speeds of 950 and 1350 m/min. However, with an
even higher cutting speed (1750 m/min) the cutting forces were intensified, particu-
larly when severe tool wear was present. Moreover, increased flank wear affected the
cutting forces due to reduced tool clearance angle and increased friction.

2. Pareto chart analysis identifies cutting speed as the crucial factor for machining
outcomes, particularly with low thermal conductivity and strain-hardening alloys.

3. Chip morphology analysis revealed that smoother chip surfaces reduced deforma-
tion and lower coefficients of friction were achieved at cutting speeds of 950 and
1350 m/min, combined with a feed rate of 0.2 mm/tooth. These conditions signifi-
cantly enhanced machining efficiency.

4. SEM images of the chip reveal stick–slip phenomena at 1750 m/min and 0.2 mm/tooth,
indicating thermoplastic instability through lamellar patterns.

5. The combination of a 0.2 mm/tooth feed rate and 1350 m/min cutting speed yields the
most pronounced surface roughness. Elevated cutting speeds from 950 to 1350 m/min
result in higher surface roughness levels possibly due to increased temperatures and
lateral material flow.

6. Finite element analysis confirmed the experimental findings, emphasizing the critical
role of cutting speed and feed rate in controlling temperature and strain rate during
the machining process.

7. The optimal combination for maximizing material removal rate, minimizing tool wear,
and reducing forces is a cutting speed of 1350 m/min and a feed rate of 0.2 mm/tooth.
However, this leads to higher surface roughness, prompting a decision between
surface quality and tool life. In machining super duplex stainless steel, prioritizing
surface integrity is crucial for corrosion and fatigue resistance. Finding the right
balance between tool wear and surface integrity is vital for long-term performance
and reliability in demanding applications.
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