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Abstract: In this study, the wear mechanisms and tribological performance of uncoated and coated
carbide tools were investigated during the turning of super duplex stainless steel (SDSS)—Grade
UNS S32750, known commercially as SAF 2507. The tool wear was evaluated throughout the cutting
tests and the wear mechanisms were investigated using an Alicona Infinite Focus microscope and a
scanning electron microscope (SEM) equipped with energy dispersive spectroscopy (EDS). Tribo-film
formation on the worn rake surface of the tool was analyzed using X-ray Photoelectron Spectroscopy
(XPS). In addition, tribological performance was evaluated by studying chip characteristics such as
thickness, compression ratio, shear angle, and undersurface morphology. Finally, surface integrity of
the machined surface was investigated using the Alicona microscope to measure surface roughness
and SEM to reveal the surface distortions created during the cutting process, combined with cutting
force analyses. The results obtained showed that the predominant wear mechanisms are adhesion and
chipping for all tools investigated and that the AlTiN coating system exhibited better performance
in all aspects when compared with CVD TiCN + Al2O3 coated cutting insert and uncoated carbide
insert; in particular, built-up edge formation was significantly reduced.

Keywords: super duplex stainless steel; tool wear mechanisms; tribo-films; chip characteristics;
surface integrity

1. Introduction

Super duplex stainless steel (SDSS) is a specific type of stainless steel alloys that has a biphasic
microstructure, consisting of approximately 50% ferrite and 50% austenite by volume. SDSS has
a favorable combination of chromium, nickel and molybdenum [1], which provides an attractive
combination of mechanical and corrosion properties and is thus widely applied in aggressive corrosion
environments such as gas and oil, petrochemical and chemical, industries. These materials are
considered difficult to machine because they have low thermal conductivity combined with high
tensile strength and high shear strength and during machining they show a high tendency toward
work-hardening [2–4]. These characteristics make SDSS more difficult to machine than standard
austenitic stainless steels [5].

Adhesion (attrition), diffusion, abrasion and oxidation are the main wear mechanisms taking
place during machining of stainless steels which are strongly associated with the temperature in the
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cutting zone [6]. Another point found during machining of these alloys is the work hardening tendency.
The work hardening of SDSS increases the friction forces during contact between the work piece and
cutting tool edge, which increases the temperature, causing oxidation [7]. In addition, the high ductility
of the stainless steel leads to the formation of long continuous chips and the intensive sticking of the
workpiece material to the cutting tool surface, which results in an adhesive wear enhancement [8].
These conditions promote built-up edge (BUE) formation and tearing off during cutting, which results
in cutting edge chipping and cutting forces instability. This response to the machining process results
in severe surface damage to the machined part and chipping of the tool cutting edge [9]. Therefore, the
selection of the cutting tool is very important to increase tool life, improve surface finish and reduce
the cutting forces. Several papers have suggested the application of PVD coatings on the cutting tools
as a way to reduce friction conditions during the cutting process by reducing heat generation [10].
For applications where the cutting process is characterized by high temperatures in the cutting zone,
for instance, in machining of materials with low thermal conductivity, the use of cemented carbide
tools coated with self-adaptive PVD coatings is strongly recommended. During machining, these
coatings form protective, nano-scale tribo-films on the tool rake surface, which reduce friction and
result in a reduction of the degree of BUE formation, leading to wear performance improvement [11].

Many researchers have studied the wear mechanisms associated with the machining of different
types of stainless steels using CVD and PVD coated tools; however, there are few researchers who study
in detail the wear mechanisms associated with machining SDSS. Corrêa et al. studied the machinability
of two stainless steels, martensitic S41000 and super martensitic S41426, during turning with CVD
TiC–TiCN–TiN coated tools. The authors found that abrasion and diffusion were the main wear
mechanisms during machining of martensitic stainless steel, while for the super martensitic stainless
steel, attrition and abrasion were dominant [6]. Krolczyk et al. [12] studied surface roughness and
wear mechanisms through machining of duplex stainless steel (AISI S31803) with Ti(C/N)/Al2O3/TiN
coated tools. The authors determined that the main wear mechanism was abrasion. Selvaraj et al. [13]
also investigated machining of two types of duplex stainless steel and found that the wear mechanisms
changed depending on the cutting speed. At low cutting speed, the main wear mechanism was
abrasion, while diffusion and oxidation wear were predominant at high cutting speed. Carlos et al. [14]
performed turning experiments with a super duplex stainless steel alloy (S32750) using a PVD
multi-coated (TiAlN and TiN layers) cemented carbide tools. The authors noted that notch wear
at the end of depth of cut was the responsible for the end of tool life and that a large amount of the
material adhered to the tool wear area. Jawaid et al. [15] used CVD Ti(C/N)/TiC/Al2O3 and PVD TiN
coated inserts. The authors reported that attrition was the principal wear mechanism at lower speed
conditions, while abrasion and diffusion wear mechanisms were the failure modes at higher speed
conditions. They also found that CVD coated inserts exhibited the worst performance, owing to the
greater effects of thermo-mechanical loads, coarse grain size, and higher Co-content (18% Co) of the
carbide substrate. In contrast, the PVD coated insert gave better performance because of the thermal
stability of the alumina coating.

The main goal of this paper is to compare the tool life, wear mechanisms and tribological
performance of coated (PVD AlTiN, CVD TiCN + Al2O3) and uncoated cemented carbide inserts
in the turning of super duplex stainless steel—Grade UNS S32750. The performance of these cutting
tools will be evaluated in terms of tool life, chip formation, surface integrity and cutting forces.
The novelty in this research is 3D wear evaluations of different coated and uncoated tools supported
by Alicona Microscope, SEM, EDS and XPS analyses. This research will increase understanding of the
main reasons for different wear mechanisms acting during turning of SDSS and thus to summarize
some suggestions to increase tool life for industry, particularly in the oil and gas sector.
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2. Experimental Procedures

2.1. Workpiece Material

In this work, cylindrical tubes of super duplex stainless steel—UNS S32750 were investigated
during turning (roughing operations). The chemical composition and mechanical properties of
the material are shown in Table 1. To reveal the workpiece microstructure, samples of the super
duplex stainless steel were prepared, polished and etched with Beraha’s solution (100 mL H2O +
20 mL hydrochloric acid (HCl) + 0.3–0.6 g of potassium metabisulfite). The microstructure of the
SDSS workpiece generated during the cutting process was characterized using a Nikon ECLIPSE
LV 100 microscope (Nikon Canada Inc., Mississauga, ON, Canada) equipped with UC30 camera.
The microstructure and phase distribution of the material were analyzed using NIS Elements imaging
software. Images of the microstructure of the workpiece were captured from five different areas and
the percentage averages of austenite and ferrite phases were calculated using the NIS imaging software
(version 4.0, Nikon Canada Inc., Mississauga, ON, Canada). This microstructure and average results
are presented in Figure 1.

Table 1. Chemical composition and mechanical properties of S32750.

Elements Chemical
Composition (%)

Proof Strength
(0.2% Yield) (Mpa)

Tensile Strength
(Mpa) Elongation Hardness

(HRC)

C 0.03

550 800–1000 15 32

Si 0.80

Mn 1.2

P 0.035

S 0.02

Cr 25

Ni 7

Mo 4

N 0.24
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Figure 1. Microstructure of the SDSS UNS S32750 at 200× showing the distribution of each phase
(Ferrite is continuous phase at 36% while Austenite is second phase at 64%).

2.2. Cutting Tools Characteristic and Cutting Fluid

Cemented carbide inserts coated with PVD AlTiN and CVD TiCN + Al2O3 coatings were
compared during cutting tests to determine the tool life. The cemented carbide is WC 6%Co and
the ISO code for the cutting inserts is CNMG432-SM with the following geometry characteristics:
Back rake angle, λ0 = 9◦; clearance angle, α0 = 5◦; wedge angle, β = 76◦; edge radius, r = 24 µm
and nose radius, Rε = 0.8 mm. The inserts were manufactured by Sandvik and the tool-holder
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was an ISO PCLNL 45165 12HP, supplied by Kennametal. X-ray stress analysis was carried out
on new coated tools according to the sin2 Ψ method to measure the residual stresses on the
surface of the tools. The parameters used for residual stress analysis by X-ray diffraction were
as follows: Bragg angle = 118.2◦, Wave length = Co-Ka2, Passion ratio = 0.250, S1 = −7 × 10−7 and
1⁄2 S2 = 3.5 × 10−6. The coating characteristics are shown in Table 2. The machining experiments were
carried out on an OKUMA CNC Crown L1060 lathe (OKUMA, Charlotte, NC, USA) with 15 kW of
power and an OKUMA OSP-U10L controller. The turning tests were conducted for roughing operations
with a cutting speed of 120 m/min, feed rate of 0.3 mm/rev, and depth of cut of 1 mm, under wet
conditions. The cutting fluid was applied at a flow rate of 11 L/min via a nozzle positioned directly
above the cutting tool and directed toward the tool tip. The cutting fluid chosen was semi-synthetic
coolant-CommCool™ 8800, manufactured by the Wallover Company (Harrow, ON, Canada), at
a concentration of 7%, typically used with stainless steel alloys.

Table 2. Characteristics of coating systems.

Coating Process Layer Structure Residual
Stresses (MPa)

Hardness
(GPa)

Thickness
(µm)

Roughness,
Ra (µm)

AlTiN PVD Monolayer Columnar
nano-crystalline [16] 293 ± 88 35 [16] 1.8 0.039

TiCN +
Al2O3

CVD Bi layer Columnar
micro-crystalline [17] 439 ± 20 31 [17] Sublayer 5,

Toplayer 3 0.038

2.3. Experimental Machine Techniques

During the machining tests, the cutting force measurements were performed with a 3D component
tool holder Kistler dynamometer type 9121 with a data acquisition system. The signals of the forces
from the dynamometer were transmitted to a Kistler 5010 type amplifier (Kistler Instrument Corp.,
Amherst, NY, USA) and then recorded on a computer using LABVIEW software (version 14.0, National
Instruments, Austin, TX, USA). The acquisition rate was 300 data points per second, scale was
20 MU/volt and sensitivity was 3.85 mV/MU.

The tool flank wear was measured using a KEYENCE—VHX 5000 digital microscope
(Keyence Corp., Osaka, Japan), equipped with a CCD camera and image analyzer software. The tool
life criterion was set to a flank wear of 0.3 mm according to the recommendation of the ISO 3685
Standard [18]. After the tests, the cutting tools were analyzed by SEM (Vega 3-TESCAN, Brno,
Czech Republic), coupled to EDS. The new and worn inserts were also analyzed using an Alicona
Infinite Focus G5 microscope (Alicona Manufacturing Inc., Bartlett, IL, USA), which works by focus
variation, to generate real 3D surface images. This microscope allows for the capture of images with a
lateral resolution down to 400 nm and a vertical resolution down to 10 nm. In order to measure the
total wear volume and BUE volume of a cutting edge, first a 3D model of a new edge of the original
insert was measured and then the edge was measured a second time after cutting (0.3 mm flank wear).
The software used the 3D image of the new edge as a reference and compared it with a 3D image of
a worn edge. Following these measurements, all inserts were etched using hydrochloric acid (HCl)
solution to remove all adhered material on the cutting tool to reveal the wear mechanisms.

The chip compression ratio, the shear angle and the friction coefficient at the tool-chip interface
were determined according to standard procedures [19]. After the cutting test, the machined workpiece
was investigated using SEM to reveal the surface distortion created during the cutting. In addition,
the surface roughness of the machined workpiece was evaluated by means of an Alicona Infinite
Focus-with the Profile roughness module. The procedures of surface roughness measurements were
performed according to EN ISO standard 25178 [20]. Roughness measurements were taken with
a cut-off wave length of 800 µm, a vertical resolution of 100 nm and a lateral resolution of 2 µm.
The surface roughness used in this study is the arithmetic mean surface roughness value (Ra), which
is generally used in the industry. This evaluation was conducted three times and average reading
was considered.
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The structural and phase transformation at the cutting tool/workpiece interface, as well as the
chemical nature of the tribo-films formed were determined by X-ray photoelectron spectroscopy (XPS)
on a Physical Electronics (PHI) Quantera II (Physical Electronics Inc., Chanhassen, MN, USA). The XPS
spectrometer was equipped with a hemispherical energy analyzer and an Al anode source for X-ray
generation and a quartz crystal monochromator for focusing the generated X-rays. A monochromatic
Al Kα X-ray (1486.7 eV) source was operated at 50W–15 kV. The system base pressure was as low as
1.33 × 10−7 Pa with an operating pressure that did not exceed 2.66 × 10−6 Pa. Before any spectra
were collected, the samples were sputter-cleaned for 4 min using a 4-kVAr+ beam. A 200-µm beam
was used for all data collected on the samples. A pass energy of 280 eV was used to obtain all survey
spectra, while a pass energy of 69 eV was used to collect all high resolution data. All spectra were
obtained at a 45◦ take off angle. A dual beam charge compensation system was also utilized to ensure
neutralization of all samples. The instrument was calibrated using a freshly cleaned Ag reference
foil, where the Ag 3d5/2 peak was set to 368 eV. All data analysis was performed using PHI Multipak
version 9.4.0.7 software [7]. X-ray stress analysis was performed using X-ray diffraction on new coated
tools to measure residual stresses on the surface of the tool, see Table 2.

3. Results and Discussion

3.1. Tool Life Measurements

Figure 2 shows the plot of flank wear versus cutting length for the uncoated and coated cutting
inserts tested during machining of SDSS. A significant improvement during machining in terms of
tool life was obtained when machining with a cutting insert coated with PVD AlTiN. The results show
that the PVD AlTiN coated cutting insert has a cutting length almost two times greater than the CVD
TiCN + Al2O3 coated cutting insert. The PVD AlTiN coating 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 obtained with PVD AlTiN coating (Figure 3d). This behavior occurs
due to the ability that AlTiN coating has to adapt to external stimuli, i.e., to self-organize. During the
cutting process, a part of the cutting energy is consumed by self-organization of the coating layer to
form a thermal barrier/lubricating tribo-film [21,22], which reduces the friction in the cutting zone
and results in better tool life. The tool life obtained by CVD coated cutting inserts is shorter due to the
intense friction conditions experienced in the cutting zone.
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Figure 2. Relation between flank wear and cutting length for uncoated and coated carbide inserts
during machining SDSS. Additionally the flank surface for each tool is presented at the end of tool life.
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3.2. Chip Characteristics

Following machining, chip types and morphology were determined for each cutting tool. Figure 3
shows SEM images of the chips for the uncoated and coated tools; the chips have similar curling
for both coatings. However, the chip undersurface morphology is better for the PVD AlTiN cutting
insert. The high friction conditions at the chip-tool interface reduce the chip speeds during the chip
flow, increasing the area of contact between tool and chip on the rake face surface and, therefore,
contributing increased temperature in the cutting zone. High temperature due to high friction at the
cutting zone results in reduced tool life for TiCN + Al2O3 coated inserts.

Usually, the type of chip and undersurface morphology are direct indicators of frictional
conditions at the tool-chip interface [19]. In this case, it is evident from chip characteristic studies that
the friction conditions in the cutting zone (tool-chip interface) were more favourable for the AlTiN
coating. The measured values of chip thickness and calculated values of the chip compression ratio,
shear angle, and coefficient of friction are tabulated in Table 3. The chip thickness, chip compression
ratio and shear angle are better for the AlTiN coated tool compared to CVD TiCN + Al2O3 coated
and uncoated tools (Table 3). These characteristics confirm the AlTiN coated tool has lower friction
between the chip and tool, leading to lower wear of the cutting tool.

Table 3. Cutting characteristics during the turning operation of SDSS. Results were calculated according
to standard procedures [19].

Type of
Coating

Chip Thickness
(mm)

Chip Compression
Ratio

Shear Angle
(◦)

Coefficient of
Friction

Tool Chip Contact
Length (mm)

AlTiN 0.433 0.69 36 0.267 0.682
TiCN + Al2O3 0.560 0.54 29 0.404 0.797

Uncoated 0.653 0.46 27 0.445 0.903
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A possible explanation of the observed improvement on the metal flow in the case of the
AlTiN coated insert versus the CVD TiCN + Al2O3 coated and uncoated tools is the formation of
tribo-films on the rake surface during friction [23]. Smoother morphology of the chips (Figure 3d)
during machining of SDSS using cutting tools with the AlTiN coated tool corresponds to better
thermo-frictional conditions during cutting. In this case, a beneficial heat flow redistribution is taking
place: The majority of the heat generated during cutting goes into the chips and dissipates with
chip removal [24]. The tribo-films generated on the surface of PVD coated tool can change the wear
behavior substantially: They provide surface protection, some lubricity and improve frictional and
wear performance, resulting in very beneficial heat flow redistribution at the tool-chip interface.
The presence of these tribofilms was confirmed by XPS investigation. This analysis was performed on
the cutting tool (Rake face). Figure 4a shows the location selected for XPS studies.

3.3. The Composition of Tribo Films and Frictional Conditions

Figure 4b–d shows respectively the XPS Ti2p, Al2s and O1s spectra obtained from the rake
surface of AlTiN coated cutting tool. The rake face was chosen for the analysis because of the elevated
temperatures typically caused by tool-chip contact on this surface. The presence of Al2O3 shows
that a partial chemical transformation of aluminum, in the AlTiN coating, takes place during cutting
(Figure 4c). The spectra also indicate the formation of an amorphous-like structure of the alumina-based
tribo-films [25,26]. Titanium in the AlTiN coating (Figure 4b,d) forms non-stoichiometric titanium
tribo-oxide and rutile TiO2 (peaks 530.4, 457.4 and 463.8 eV). The formation of these tribo-films with
high chemical stability reduces the adherence of the workpiece material to the cutting tool surface
(Figure 5).
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spectra line for Al2s; and (d) AlTiN XPS high resolution spectra line for O1s.

In this way, the reduction of adhered material on the rake surface results in constant material
flow, which leads to lower heat generation at the tool/workpiece interface. Due to the improved
lubricity of this oxide under elevated cutting temperatures [27], the characteristics of the chips formed
change critically (Figure 3) and the chip flow along the chip undersurface is also improved, which
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improves the chip compression ratio (Table 3). These phenomena serve to enhance the adaptability
of the coatings, which thus results in a better tool life (Figure 2). For this reason, formation of these
nano-scale tribofilms is very beneficial on the surface of PVD coating in contrast to the microns thick
alumina layer on the CVD coated tools.

To understand further why the PVD AlTiN coated tool has a better performance than CVD
TiCN + Al2O3 coated tool, the residual stresses of new PVD AlTiN and CVD TiCN + Al2O3 coated
tools were measured and listed in Table 2. It was found that the tensile residual stress in CVD TiCN
+ Al2O3 is much higher (439 MPa) as compared to PVD AlTiN coated insert (293 MPa). The reason
for that is the CVD coating process occurs under much higher temperature typically ranging from
200–1600 ◦C compared to lower than 500 ◦C in case of the PVD AlTiN coating [28]. High tensile
residual stress in CVD coating induces internal stresses, which increase thermal loads and reduce
thermal stability.

3.4. Tool Wear Analysis

As discussed previously, the main focus of this research is to compare different wear mechanisms
of coated and uncoated inserts. For this reason, real 3D images of the worn tools were studied by means
of an Alicona microscope, see Figure 5a. All the tools showed intense chipping, adhesion and flank
wear during machining tests, which results in reduced tool life. The main reason for these behaviors
is the instability in the chip formation temperature, combined with strong adhesion at the tool-chip
interface resulting in high compressive stress; these phenomena are associated with low thermal
conductivity of SDSS, which leads to high cutting temperature and accelerates the wear formation.

The presence of test material adhered onto the tools was observed in all tests. In order to analyze
the wear mechanisms, it was necessary to remove the adhered layers of the cutting tools through
chemical attack with HCl, see Figure 5b. It can be seen that there is no BUE on the surface of the
tools, which means that all the adhered material was removed, allowing differentiation between wear
mechanisms acting on the tools.
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Figure 5. Alicona 3D images of the cutting tools after machining of SDSS (a) before, and (b) after
etching showing the details of the cutting tools with their major wear mechanisms.

Each tools studied, total wear volume and the volume of BUE before and after etching were
measured using the Alicona microscope. These results are presented in Figure 6. It is noted that
the PVD AlTiN coated insert has the lowest total wear and BUE volume compared with the CVD
TiCN + Al2O3 coated and uncoated inserts, indicating that AlTiN coating exhibits good performance
during machining of SDSS. This conclusion agrees with the results obtained from the XPS studies
(Figure 4), where it is observed that the AlTiN coating has the capacity to adapt to external stimuli,
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i.e., to self-organize. In this way, the tribo-film formation can enhance the process of cutting, which
provides benefits such as reducing the friction conditions in the cutting zone, which leads to smoother
chip undersurface (Figure 3d), reduction in BUE formation and increase in tool life (Figure 2) [11].
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Figure 6. Comparison of total wear volume and BUE volume for uncoated and coated tools (a) before,
and (b) after etching.

Different wear mechanisms commonly associated with machining of SDSS were observed during
the wear tests, flank wear and chipping being the most significant modes. Also, material adhesion
was observed in all cutting tools. As was explained in the previous paragraph, adhesive wear is
the main wear mechanism during machining of stainless steels. However, after etching and at high
magnifications, different wear mechanisms were observed. In the following paragraphs the different
modes of wear are discussed, and associated EDS analysis are summarized in Table 4.

Table 4. EDS analysis associated with cutting tools in Figures 7–9.

EDS
Chemical Composition %

Fe W O Cr Ni C Ti N Al

1 26.3 7.55 30.37 16.04 4.25 23.49 0.54 – 1.41
2 0.11 2.10 20.2 1.20 0.30 14.00 2.54 12.50 49.20
3 34.06 1.37 13.12 15.9 3.92 24.95 3.00 – 0.75
4 0.11 0.92 54.45 – 0.10 28.7 0.56 – 29.13
5 0.11 66.4 13.00 1.13 – 23.00 0.1 – 0.50
6 44.2 0.8 15.00 18.0 8415 18.2 0.48 – 0.42

Figure 7 shows in detail the wear mechanisms of the PVD AlTiN coated insert. Figure 7a shows
the tool before etching where the presence of adhered workpiece material was confirmed by EDS 1
(high percentage of Fe and Cr). Figure 7b–e show the same tool after etching, where there is no adhered
material on the tool, see EDS 2. Figure 7a shows areas with a rough aspect on the cutting edge, which
are characteristic of the adhesive (or attrition) wear mechanism [29]. This mechanism frequently occurs
when there is chemical affinity between the tool and the workpiece material, and adhesion leads to
the formation of BUE at the coated tool-chip interface. Another relevant phenomenon, which can be
related to the tribological system behavior is the high tool-chip interface temperature: machining at a
speed of 120 m/min generates high temperatures at the tool-chip interface that can generate adhesion
on the tool rake and flank face as evidenced by plastic flow of the workpiece material (stick-slip,
followed by plucking action). Similar results were reported by Corrêa et al. [6] and Junior et al. [30].
Figure 7c shows a high magnification of tool-adhered layer interface where a large crack is observed
running perpendicular to the flank face. This crack could have been caused by one or a combination
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of the following wear mechanisms [31]: Diffusion, adhesion, abrasion and oxidation. These wear
mechanisms lead to a continual loss or dislocation of material. Also, BUE formation can lead to mass
loss or mass dislocation as it grows throughout the cutting process and periodically breaks off, creating
cracks on the tool surface and break-out the cutting edge [11]. Figure 7d shows intensive chipping
developed on the cutting edge, which indicates that mechanical fatigue caused by BUE formation
caused damage to the cutting tool [32]. Above the cutting edge in Figure 7e, there is a smooth surface,
which is associated with diffusion wear. Diffusion wear is a mechanism that involves transport of the
atoms from high concentration (cutting tool) to low concentration (chip) [19], which depends mainly
on the cutting temperature, contact time and the solubility of the elements in the secondary shear
zone [33]. This process takes place in a very narrow area at the interface between the cutting tool and
chip and causes a weakening of the cutting tool.
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Figure 7. SEM images of PVD AlTiN coated insert after machining SDSS: (a) cutting tool before etching;
(b) cutting tool after etching; (c–e) cutting tool with different magnifications.

Figure 8 shows the wear mechanisms of the CVD TiCN + Al2O3 coated insert. Figure 8a shows the
insert before etching and Figure 8b–f show the insert after etching, see EDS 3 and 4 in Table 4. Figure 8c
shows the rake face of the tool where the coating was removed from the cutting tool. EDS 5 and 6
results identify two strips of the coating (EDS 4) on the substrate of the tool (EDS 5). The coating was
exposed along the cutting edge, and severe chipping and micro-chipping developed (see Figure 8d).
These mechanisms confirm the previous results obtained by X-ray stress analysis (Table 2). Due to high
coating temperature, internal stress is induced, increases thermal loads and reduces thermal stability,
leading to intensive chipping on the cutting edge. Figure 8e shows a very smooth surface, which is
clearly seen at high magnification, suggesting that a diffusion wear mechanism prevailed on the rake
face [31]. Figure 8f shows parallel lines in the direction of sliding action, which indicate abrasive wear.
The ASTM International tool wear standard explains that abrasive wear occurs as a result of hard
particles forced against and moved along a solid surface [34], which is in this case BUE fragments.
Selvaraj et al. [13] explained that abrasion wear mechanism is caused by grains broken off during the
turning process, which become restricted between the chip and the tool, creating scratches on the flank
face of the tool. The same explanation was also suggested by Krolczyk et al. [11] and Jawaid et al. [15].
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Figure 8. SEM images of CVD TiCN + Al2O3 coated insert after machining SDSS: (a) cutting tool before
etching; (b) cutting tool after etching; (c–f) cutting tool with different magnifications.

Figure 9 shows the different wear mechanisms on the surface of the uncoated insert before and
after etching. Figure 9a shows the flank face of the tool after chemical etching, where a view of the
regular flank wear is shown. Figure 9b shows the tool before etching where a large BUE is seen on the
tool as indicated in EDS 6. After etching (Figure 9c), all the adhered material was removed revealing
that severe chipping has occurred on the cutting edge.
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Figure 9. SEM images of uncoated insert after machining SDSS. (a) Flank face after etching; (b) cutting
tool before etching; and; (c) cutting tool with chipping.

In summary, after the turning of SDSS with different cutting tools, it is possible to see that, due
to low machinability of SDSS, the tools are easily affected, leading to excessive tool wear during
machining operations. To ensure good results with SDSS, it is necessary to understand how the cutting
tool behaves during cutting. Under the cutting conditions tested, the cutting tools showed wear from
various mechanisms: Adhesion, abrasion and diffusion. It is important for industry to understand the
main reasons for these mechanisms in order to reduce their effect on tool life. A summary of the main
causes of wear observed during cutting SDSS through this research and suggested solutions is given
in Table 5.
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Table 5. A summary of the main causes and suggested solutions of different wear mechanisms observed
for uncoated and coated tools.

Cutting Tool Wear Mechanism Main Causes Suggested Solutions

PVD AlTiN

Adhesive wear
(Attrition)

High strain hardening
High ductility Use very low or very high cutting speeds to

decrease the formation of BUE [19]
Chipping BUE formation

Diffusion High cutting
temperature

Increase the flow and pressure of the
coolant to reduce the cutting temperature

CVD TiCN + Al2O3

Cracks BUE formation

Use very low or very high cutting speeds to
decrease the formation of BUE [19]

Abrasive wear BUE fragments

Adhesive wear
(Attrition)

High strain hardening
High ductility

Coating dissipation High tensile residual
stresses Use PVD coated tools

Chipping Coating dissipation

Diffusion High cutting
temperature

Increase the flow and pressure of the
coolant to reduce the cutting temperature

Uncoated

Adhesive wear
(Attrition)

High strain hardening
High ductility

Use very low or very high cutting speeds to
decrease the formation of BUE [19]

Chipping Chip jamming Use cutting tool with a proper chip breaker
to be able to break chips [35]

3.5. Machined Workpiece Characteristics

Surface integrity plays an important role in many areas and has a great importance in the
evaluation of machining accuracy. Many factors affect the surface conditions of machined parts, one of
them being the cutting tool, which has a significant influence on the surface roughness. Stainless steel
is a material generally used for applications requiring the greatest reliability, and therefore, and any
damage to the subsurface layers must be controlled [36].

For this reason, small pieces of the machined workpiece were cut off to be analyzed using the SEM
to reveal the surface distortions created during the cutting process and Alicona microscope to measure
the surface roughness. Figure 10 shows three-dimensional and SEM images of the machined workpiece
along with cutting force data collected at the beginning of the turning process and the values of surface
roughness measured after the cutting tests. In Figure 10a,b, the machined surfaces obtained with
uncoated and CVD TiCN + Al2O3 coated inserts show cracks and distortions. It can be seen that minor
cracks were found and bad surface finish with low distortion was accomplished. As a result of intensive
BUE formed on the uncoated insert (Figure 5a) and high friction generated during cutting, some of the
chips welded onto the surface of the workpiece (227 µm). Zhou et al. [37] and Alabdullah et al. [38]
observed the same phenomenon during machining of difficult-to- cut materials.

Chip sticking on the machined workpiece is consistent with the high cutting forces measured
during cutting. In addition, there is a high variation of the values of cutting forces for the uncoated
insert (Figure 10a), which indicates that high frictions conditions in the cutting zone were generated
during the cutting process with the uncoated insert. This phenomenon is strongly diminished for the
coated tools: The variations of cutting forces are smaller, surface roughness is lower and there is no
chip sticking on the machined surfaces (Figure 10b,c), which is a significant improvement.
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4. Conclusions

The tool life results, analysis of wear mechanisms and tribological performance of different coated
and uncoated tools during the turning of SDSS allowed the following conclusions to be drawn:

• Substantial improvement in tool life was achieved with the AlTiN coated insert: Tool life
was approximately twice that of the CVD TiCN + Al2O3 coated insert and three times than
uncoated insert.

• The chip thickness, chip compression ratio and shear angle values are better for the AlTiN coated
tool, compared to the CVD TiCN + Al2O3 coated and uncoated tools, and the chip undersurface
is smoother without any defects, indicating lower friction between the chip and tool rake face,
which results in a constant chip flow over the tool rake surface.

• XPS analysis revealed that the underlying cause of the high performance of the AlTiN coating is
the formation of aluminum oxide tribo-films at the tool-chip interface.

• The AlTiN coated tool had the lowest value for both BUE and total wear volume compared
with the CVD TiCN + Al2O3 coated and uncoated tools, indicating that PVD AlTiN coated tool
performs very well with SDSS.

• Adhesion wear and chipping are the predominant wear mechanism for all the cutting tools
studied. When turning with the PVD AlTiN coated tool, adhesion and diffusion were present in
different places on the worn area of the tools. Machining with the CVD TiCN + Al2O3 coated tool
shows diffusion, abrasion, chipping and adhesion wear mechanisms while sever adhesion wear
and chipping were the main wear mechanism with the uncoated insert.
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• The machined surface obtained using the AlTiN coated tool had the lowest surface roughness
value. The machined surfaces obtained with the CVD TiCN + Al2O3 coated and uncoated inserts
show minor cracks and distortions, and there is some chip sticking on the machined workpiece
obtained by the uncoated insert, as a result of intensive BUE formation and high friction generated
during cutting. Spikes in cutting forces at the beginning of the cutting process were highest for the
uncoated cutting tool, which is directly related to chip sticking on the surface of the workpiece.
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