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Abstract
Super-duplex stainless steel (SDSS) is a class of materials that possess excellent mechanical properties with enhanced 
corrosion resistance. Given the presence of several alloying elements and the existence of a two-phase microstructure, 
it can be argued that it is one of the few materials that are difficult to machine. Therefore, the present study attempts 
to establish an improved understanding of the state-of-the-art development in insert coatings capable of providing 
excellent tribological and thermal resistance properties. In this work, monolayers of AlTiN and AlCrN are PVD coated on 
commercial carbide inserts so as to compare and contrast the performance of nitride coatings in the dry turning of SDSS. 
This study evaluates the machining performance in terms of tool wear, chip characteristics, tool life and surface finish. The 
coated surfaces were observed through optical microscope, profilometers, scanning electron microscope and energy-
dispersive X-ray spectroscopy to evaluate the morphological changes. The results of the work indicate that machining 
with PVD-coated AlTiN insert showed longer tool life, better surface finish and smaller chip thickness when compared 
to AlCrN-coated and uncoated inserts at low to moderate cutting speeds. The dominant wear mechanism was found to 
be adhesion, where during turning long continuous chips were formed for uncoated inserts and small segmented chips 
were formed for coated inserts at different machining parameters. Contrarily, the study also purportedly explores the 
improved performance of AlCrN-coated inserts over AlTiN-coated inserts at high cutting speed.
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1  Introduction

The rising demands from various industrial sectors, includ-
ing petrochemical, oil and gas exploration; desalination 
and seawater systems; marine engineering, express the 
need for materials having superior mechanical perfor-
mance under scarring environments. The equipment oper-
ating under severe corrosive work conditions is exposed to 
critical operating conditions involving high temperatures 
and pressures and also exposed to harsh chemicals. Super-
duplex stainless steels (SDSS) are a class of materials that 

are extremely corrosion resistant and work-hardenable 
alloys, widely used in applications involving corrosive 
environment.

Super-duplex steels have brilliant mechanical prop-
erties providing both high strength and good corrosion 
resistance, compared to their cost. These steels combine 
the characteristics of both ferrite and austenitic steels. 
The cost factor of SDSS is another reason for its superior-
ity over other material options as it offers to be an eco-
nomical alternative over nickel alloys, stainless steels, etc. 
[1]. Therefore, the demand of these steels is rapidly rising 
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every year. Due to the versatile properties of super-duplex 
steels, which include high yield and tensile strength, 
increased tendency for work hardening and high ductil-
ity, the ability to machine these steels is greatly impaired 
[1–4]. In comparison with austenitic alloys, the life of 
cutting tool inserts used in machining of these steels is 
shorter. Cutting forces play a vital role in the quality of the 
surface produced after the machining, which indirectly 
gives us the measure of tool wear [5].

Due to the low machinability, various tool wear mecha-
nisms come into action, ultimately causing the reduction 
in the tool life. Among all wear mechanisms acting, the 
flank wear has been accounted as the principal mecha-
nism to understand the consequences of tool wear over 
the surface irregularities of the workpiece [6–9]. It is also 
the principle criteria for tool life as per the ISO 3685 stand-
ard [10]. Alongside the development of new wear-resistant 
cutting tool materials, there is a growing body of litera-
ture that investigates thin-film surface coatings on cutting 
tools as an alternate to enhance the tool life significantly. 
This helps improve the production efficiency, reduce pro-
cessing costs and assure better processed quality.

The physical degradation of cutting tools through tool 
wear impacts not only the surface texture but also sur-
face integrity leading to lower product quality. As a conse-
quence, the cost of production increases due to increased 
tooling requirement and undesirable production halts. A 
number of studies have noted that in general the cutting 
forces are reliant on the wear rate of cutting tool, and 
forces increase with the increase in wear. It is reported that 
cutting tool failure primarily accounts for about 1/5 to 1/3 
of the total machine stoppage time [3]. Wear in cutting 
tools can be broadly classified into two parameters [11]: 
(i) mechanical parameters, abrasion and adhesion, which 
are affected by thermally loaded contact in between the 
workpiece and cutting tool; and (ii) chemical parameters, 
oxidation and diffusion, which occur due to the chemical 
interactions caused by the steep temperature rise [12].

Abrasion wear is caused when grains from the tool’s 
surface break off during the process of turning, creating 
scratches onto the tool surface as they are restricted in 
between the workpiece and cutting tool [6, 7, 13–15]. The 
tendency for the creation of built-up edge (BUE) between 
the chip and the cutting edge of tool [16, 17] is the major 
reason for adhesion wear development. Emergence of 
BUE is periodic, that is, it first grows, becomes wobbly and 
breaks down, starting the same cycle again. When it shears 
off, it carries away some particles of the flank surface as 
well, aggravating the tool wear [18]. This can be attributed 
to low rake face cutting temperatures. The presence of dif-
fusion wear quickens the other wear mechanisms of abra-
sion and adhesion [19]. Among all wear types, the most 
serviceable wear for measuring is wear on the principal 

flank [10]. In general, flank wear progression is character-
ised by rapid initial wear followed by linear growth in the 
wear and again a rapid rise in the end before the rupture 
of the cutting tool edge [19]. While wear on the face and 
side flank could disrupt the geometry of cutting tool, flank 
wear remains the principal cause of tool failure in majority 
of the literatures [20]. A single-point cutting tool is con-
sidered to have worn out when the maximum land width 
of flank wear (VBB max) approaches 0.6 mm for tools with 
non-regularly worn flank, and average width of flank wear 
(VBB) is 0.3 mm for regularly worn tool [10].

In the past few decades, it has been affirmed that thin-
film coatings on the surface of cutting tools significantly 
enhance the machining processes in terms of improved 
resistance to wear, quality of machining and reduced 
machining time [21]. These coatings improve the life as 
well as performance of the cutting tools during high-speed 
dry machining [22]. With surface coating techniques, only 
surface properties of the materials are modified where 
the wear phenomenon occurs, whereas the bulk material 
remains the same. These coatings provide superior surface 
hardness, increased wear resistance, reduced frictional 
coefficients and cutting forces to facilitate chip sliding, 
greater corrosion and oxidation resistance, and improve 
the quality of surface finish for machined parts [23]. These 
benefits are achieved owing to low friction present near 
the cutting tool–chip interface and high thermal-chemical 
stability [24].

Hard coating is among the most important process for 
the cutting tools used in manufacturing industries nowa-
days [17, 25, 26]. They show the striking diversity of micro-
structures with regard to the surface morphology as well 
as phase composition. Among the different hard coatings 
developed, AlTiN has gained greatest prominence in the 
recent years owing to its further improved oxidation resist-
ance and hardness. However, AlCrN coatings have been 
investigated to possess greater oxidation resistance due 
to the presence of both Cr and Al which can form defen-
sive oxides suppressing oxygen diffusion in comparison 
with the TiN-based coatings. The wear behaviour of dif-
ferently coated cutting inserts, such as TiCN, TiCN + TiAlN, 
TiAlN, Al2O3 + TiCN, has been thoroughly examined in the 
machining of tool steel [27]. The study reports that cut-
ting tools coated with TiAlN performed better, attributing 
to their greater high-temperature stability. A decrease in 
cutting forces was observed while turning stainless steel 
using CA-PVD TiN-coated cutting tools [28]. Similar obser-
vations were also reported in dry machining of 0.5–0.6% 
carbon steel with carbide inserts coated with PVD TiN 
[29] where a significant reduction in cutting forces was 
achieved in coated tools over uncoated cutting tools. In 
the machining of tool steels with TiN-coated CBN tools 
[12], abrasion wear is the dominant wear mechanism at 
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low operating conditions, while at high cutting speed the 
presence of adhesion wear results in BuE formation on the 
cutting tool which is reported to be responsible for reduc-
ing the tool wear rate.

While machining of SDSS with PVD- and CVD-coated 
cutting tools, PVD-coated cutting tools performed better 
with the least wear volume in contrast with CVD-coated 
and uncoated cutting tool [4]. The reason for this was 
attributed to the formation of tribo-films. During dry turn-
ing of 0.4% C steel by CA-PVD TiN-coated carbide cutting 
tools [30], flank wear was reportedly found to decrease 
by a whopping 30%. During the inspection of the micro-
structures of both single- and dual-layer coatings of 
AlCrN, TiAlN, and AlCrN/TiAlN using plasma-assisted PVD 
[31], AlCrN coating was observed to be consistent and 
extremely dense, containing limited micro-voids when 
compared to AlTiN coating which was non-uniform and 
porous. AlCrN coating possess good adhesion to substrate 
and better chemical stability at elevated temperatures 
[32].

The superior properties of SDSS can be attributed to 
their biphasic microstructure combining the positives 
of both ferritic and austenitic stainless steel with proper 
balancing (near equal volume percentages) [13]. The grain 
size and the lamellae distance between the ferrite and aus-
tenite phase have strong influence on their strength [33]. 
The duplex structure also strengthens their performance, 
toughness and ductility; as a result, these steels have a 
pitting resistance equivalent (PRE) index greater than 40 
(based on 24% Cr + 3.3% Mo) [34]. The combination of Cr, 
Mo, Cu, Si and W in these steels influences structural equi-
librium and provide better corrosion resistance [1].

Although their characteristics suit well for a variety of 
industrial application, superior mechanical properties, in 
turn, negatively affect the machinability of SDSS. Due to 
high yield and tensile strength as well as higher rate of 
hardening, machining of super-duplex steels gives rise 
to diverse mechanisms of tool wear like diffusion, abra-
sion, adhesion and mainly the development of built-up 
edge (BUE). When cutting speeds are less, BUE formation 
is stimulated by high ductility causing shorter tool lives 
in comparison with machining other stainless steels [1]. 
Alternatively, increasing the speed leads to rise in cut-
ting temperatures which in turn gives significant rise 
to other wear mechanisms, like diffusion and abrasion. 
Owing to their superior mechanical properties, heat 
from the cutting region is not significantly removed 
and is absorbed by the cutting tool edge. Therefore, high 
ductility of SDSS causes increased cutting temperatures, 
development of BUE and consequently, inflated rate of 
cutting tool wear. This increase in wear results in forma-
tion of unstable chips and vibrations, and hence, poor 
surface finish of the workpiece. Reduced machinability, 

with machinability index of around 0.5 as compared to 
0.6 of ferritic stainless steels [33], impacts the econom-
ics of the process, incurring greater costs to the process 
relative to other stainless-steel grades.

The literature studied contained the comparison of 
different Ti-N-based coatings for their machining advan-
tages. Al–Cr-based coatings have also been reported to 
offer significant improvement in the desired characteris-
tics of the substrate. Although a lot of research has been 
done to individually analyse the behaviour of AlTiN- and 
AlCrN-coated inserts, there is no significant comparison 
of different hard coatings (AlTiN & AlCrN) deposited over 
the carbide inserts and their characteristic effects on the 
wear of tool as well as surface roughness of the finished 
super-duplex stainless steels. Therefore, the current 
study encompasses the examination of the machinabil-
ity of AlCrN and AlTiN coatings for their application to 
carbide cutting tools. The wear of the cutting tool along 
with the surface roughness of the workpiece for differ-
ent hard coatings was also determined experimentally. 
Through this work, effort has been made to develop the 
optimal strategy for machining of SDSS, analysing the 
wear characteristics of cutting tools with hard coatings 
(AlTiN & AlCrN) on cutting tools inserts, along with the 
optimum levels of surface roughness, aiming for longer 
tool life and high process productivity.

2 � Experimental design (methodology)

2.1 � Equipment

2.1.1 � Workpiece material

The turning investigations were performed on test speci-
mens (round bar) of SDSS UNS S32750, with dimensions 
of ɸ50  ×  100  mm. This category of stainless steel is 
considered for industrial applications that involve high 
mechanical strength along with high corrosion resist-
ance (Tables 1, 2).

Table 3 displays the chemical configuration of SDSS 
UNS S32750, used in the turning tests, and Table 4 illus-
trates some of the mechanical characteristics of this 
grade of steel (Table 5).

Table 1   Mechanical properties of SDSS (UNS S32750)

Ultimate tensile strength 800 MPa (min)
Elongation 15 % (min)
0.2% yield strength 550 MPa (min)
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2.1.2 � Cutting tools

Standard indexable carbide inserts with ISO geometry 
CNMG-12-04-08, coated with PVD AlCrN and PVD AlTiN, 
were used for the cutting experiments. The uncoated 
carbide inserts were supplied by ISCAR. The PVD coat-
ings on the inserts were deposited on tungsten carbide 
cutting tool using a system bias and CA-PVD at Oerlikon 
Balzers facility. The coating characteristics of PVD inserts 
used for cutting experiments are depicted in Table 3. The 
monolayer PVD-based coating, with a coating thickness 
of 3–4 µm, offers outstanding resistance with decent 
adhesion on the shrill edges, higher toughness and bet-
ter resistance against the formation of crater wear. The 
dimensions of the insert used in the experiments are 
depicted in Fig. 1.

The machining experiments were performed on a 
Batliboi CNC Lathe (in Fig. 2).

The process parameters used for turning based on 
standard recommendations [3, 17, 21, 35–40] are given 
in Table 6.

2.2 � Experimental method

The CNMG-12-04-08 cutting inserts were synthesised 
with AlTiN and AlCrN PVD monolayer coatings under 
special request from Oerlikon Balzers India Pvt. Ltd. The 
facility involved eight front loading cathodic arc sources, 
wherein four sources with composition 50at%Ti–50at%Al 
were used to deposit AlTiN coating, whereas sources with 

70at%Al–30at%Cr were used for AlCrN deposition. The 
coating thickness over the substrate was determined by 
the deposition time.

In order to evaluate the microstructure of super-duplex 
stainless steel, test samples were prepared. These samples 
were ground on polishing machine using emery papers 
(220, 320, 400, 600, 800, 1000, 1200, 1500 and 2000, 
sequentially). Post-grinding, the samples were polished 

Table 2   Physical properties at room temperature

Thermal conductivity 15 W/m-K
Modulus of elasticity 200 Gpa
Thermal expansion 11 mm/m 

°C
Specific heat (0–100 °C) 500 J/kg-K
Density 7.8 g/cm3

Table 3   Chemical composition 
of different elements in SDSS, 
in % by weight

Element C Cr Cu Mn Mo N Ni P S Si

% Weight 0.03 max 24.72 0.5 max 0.69 3.30 0.24–0.32 6.72 0.035 max 0.02 max 0.8 max

Table 4   Mechanical properties of SDSS (Grade S32750) [53]

Proof strength
(Mpa)

Ultimate tensile 
strength
(Mpa)

Elongation, min
(%)

Hardness
(HRC)

550 800–1000 25 32

Table 5   Characteristics of different coating systems

Coating Coating colour Hardness
(GPA)

Intrinsic stress
(GPA)

AlCrN Light grey 36 ± 3 − 3 ± 1
AlTiN Grey 35 ± 3 − 3 ± 1

Fig. 1   Dimensions of turning insert used for experiments [52]

Fig. 2   CNC Turning Centre
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using alumina powder, followed by diamond paste pol-
ishing. To reveal the microstructure, the samples which 
were polished are etched using a stainless-steel etchant 
of Carpenter 300 Series (8.5gm FeCl3, 2.4gm CuCl2, 122 ml 
ethanol, 122 ml HCl and 6 ml HNO3) by immersing for sev-
eral seconds. The microstructure was then studied using a 
Hitachi SU3500 Scanning Electron Microscope.

The flank wear measurement was taken after every two 
turning passes to determine the tool life using an opti-
cal microscope of 45X magnification. The camera in the 
microscope was linked to a computer which received the 
images as shown in Fig. 3. Flank and rake surfaces and the 
BUE formed were photographed. The insert life standard 
was kept at the flank wear (VBavg) of 0.3 mm in accordance 
with ISO 3685 Standard [10]. After the experiments, all the 
cutting inserts were etched with the help of hydro chloric 
acid solution to eliminate all adhered material so that the 
mechanism of tool wear can be examined (Figs. 4, 5).

Orthogonal turning of SDSS with coated and uncoated 
carbide inserts were performed at different cutting condi-
tions. The chip compression ratio was calculated as per 
the standard procedure [41], after measurements of cut 
chip thickness using a digital point micrometre. Following 
these measurements, the morphological study of the worn 
regions of cutting tools both coated and uncoated was 
analysed using Hitachi SU3500 Scanning Electron Micro-
scope equipped with Bruker Xflash 6|30 EDS system. It was 

required to take away the adhered deposits on cutting tool 
by etching to observe the mechanisms of wear caused due 
to machining tests. SEM images before and after etching 
with HCl depicted the BUE adhered and wear mechanisms 
on the cutting tool faces.

Sections of the finished workpiece were cut for the 
SEM analysis to study the surface distortions caused in 
the course of turning process. The roughness of the sur-
face profile was measured after the first pass and the last 
pass for every insert during the experiment using Mitu-
toyo’s Surftest SJ-210 Profile roughness module to specify 
the effect of tool wear over the workpiece surface. The 
procedure which was adopted for measuring the sur-
face roughness of the profile was in accordance with ISO 
1997 standard using Gauss filter. A cut-off wave length of 
0.8 mm, with measuring speed of 0.25 mm/s and num-
ber of sampling lengths, N = 5 was used to measure the 
roughness. The surface roughness parameter considered 
for the work was arithmetic mean surface roughness value 
(Ra). Three roughness measurements were recorded on the 
workpiece and average reading was considered.

Table 6   Machining parameters used in the experiments

Machine tool CNC lathe machine

Workpiece Super-duplex stainless-steel rod (UNS 32750)
Cutting tool Coated cemented carbide; CNMG-12-04-08
Depth of cut 2 mm
Feed rate 0.3 mm/rev
Cutting speed 100 m/min, 140 m/min
Frequency of flank 

wear study
After every two passes

Fig. 3   Vision measuring 
system along with toolmak-
ers’ microscope for tool wear 
measurement

Fig. 4   Setup for SEM-EDS measurements
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3 � Results

To investigate the extent of tool wear (flank as well as cra-
ter) on cutting tools with different PVD-coated hard surface 
coatings (AlCrN and AlTiN) during turning of SDSS, tool wear 
test was conducted to analyse wear and correlated with sur-
face texture and surface integrity studies.

Post-polishing and etching, the microstructure of the 
SDSS shows the presence of two different Fe-phases as in 
Fig. 6. The presence of austenite phases in the ferrite matrix 
confirms the duplex nature of the workpiece.

3.1 � Tool life evaluation

Figure 7a illustrates the plot depicting the progression 
of flank wear along with the cutting time for uncoated, 
PVD AlTiN-coated and PVD AlCrN-coated cutting inserts 
during turning of SDSS. It is observed that there is a 
significant improvement in the wear characteristics 
when machining with PVD-coated (AlTiN and AlCrN) 
inserts as compared to uncoated carbide cutting tool 
insert. It can be seen that the PVD-coated (AlTiN and 
AlCrN) cutting inserts have a tool life almost twice that 
of the uncoated insert. Although the tool life of both 
AlCrN- and AlTiN-coated inserts is comparable with 
AlTiN marginally better, the wear progression in both 
inserts is very dissimilar. For AlTiN-coated inserts, there 
are stages during wear progression where the flank face 
is stable with increasing machining time, whereas the 
wear development for AlCrN-coating shows continuous 
increase in tool wear with the rise in cutting time. This 
can be accredited to the ability of AlTiN-coated inserts to 
ameliorate the friction conditions at the interface of cut-
ting tool and workpiece such that smoother chip travel 
can be achieved over the rake of the cutting tool [4]. 
This behaviour of AlTiN-coated insert may be attributed 
to the ability of AlTiN coating to self-organise as a por-
tion of cutting energy during machining is consumed for 
the self-organisation of coating layer to form lubricating 
tribo-film that acts as thermal barrier reducing the fric-
tion in the cutting zone [42, 43]. However, the flank wear 
for AlCrN-coated insert shows a continuously increasing 
trend with machining time because of the presence of 
greater frictional conditions in the cutting zone, causing 
significant BUE formation and changing cutting forces 
as compared to AlTiN. This continuous variation in the 
flank wear levels for AlCrN coating is detrimental for their 
industrial utility. The tool life obtained for PVD AlTiN-
coated insert confirms that the self-organising behav-
iour of the AlTiN coating provides better resistance to 
wear and therefore can be considered as a better alterna-
tive with reference to cutting tool life.

Figure 7b represents the flank wear vs machining time 
for different cutting inserts at 140 m/min cutting speed. 
At 100 m/min, the inserts had a tool life of 180, 310 and 
315 (uncoated, AlCrN coated, AlTiN coated) seconds, 
whereas at 140 m/min the tool life has been reduced to 
105, 210 and 225 (uncoated, AlCrN coated, AlTiN coated) 
seconds. So, it can be inferred from Fig. 7a, b that as the 
cutting speed increases, the tool life decreases. The tool 
life test results at cutting speed of 140 m/min typically 
follow the same trend as observed at the cutting speed 
of 100 m/min.

Fig. 5   Mitutoyo’s Surftest SJ-210 Profile roughness module

Fig. 6   Duplex microstructure of SDSS at 270 ×
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3.2 � Wear evaluation at v = 100 m/min

The primary objective of this research has been to ana-
lyse various mechanisms in which wear is predominant 
and how this is associated when SDSS is machined by 
uncoated, AlCrN, AlTiN PVD-coated cutting tools. The 
wear progression on the crater face and flank of the cut-
ting tool inserts was studied using a Sipcon Vision Instru-
ment System (see Figs. 8, 9). During machining, all the 
cutting inserts exhibited excessive chipping, adhesion 
and flank wear, thus resulting in significant reduction in 
life of the cutting tool. The main reason for this low level 
of machinability can be attributed to the uncertainty in 
the formation of chips, along with robust adhesion at 
the interface of chip and tool, causing BUE, due to high 
compressive stress. This behaviour can also be attributed 
to high strain-hardening and low conductivity of SDSS 
from the presence of alloying elements such as, Cr, Ni 
and N [21]. Due to the hardening in SDSS, the rise in the 
frictional conditions between the workpiece and the cut-
ting tool is likely to increase the cutting zone tempera-
ture and speed up the tool wear.

The presence of the material from workpiece which 
is adhered on the rake face of the tool was observed 
during all cutting experiments using both types of cut-
ting tools (coated and uncoated). The pattern of wear for 
AlTiN-coated insert (in Figs. 8a, 9a) shows greater inci-
dence for abrasive wear. The rake face for AlTiN does not 
show significant adhesion of workpiece material, which 
can be attributed to the low friction conditions present 
allowing smoother chip flow over the rake face resulting 
in reduced temperature near the cutting zone and there-
fore reduced adhesion. For AlCrN-coated insert, Figs. 8b, 
9b reveal that there is greater extent of adhesion over 
the rake face of the cutting tool from the early stages of 
cutting time itself, as compared to AlTiN-coated insert. 
This confirms that the self-reorganisation ability of AlTiN 
coatings helps reduce the adhesion and consequentially 
crater wear. However, with AlCrN coatings, a significant 
reduction in abrasive wear over the flank face of the 
cutting insert was observed confirming better abrasion 
resistance of AlCrN coating over AlTiN coatings despite 
similar hardness of both the coatings [44]. This could 
be attributed to the presence of tribo-film as a result 

Fig. 7   a Development of flank 
wear for different cutting 
inserts during machining SDSS 
at 100 m/min; b development 
of flank wear for different cut-
ting inserts during machining 
SDSS at 140 m/min
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of tribo-oxidation forming wear resistant and thermally 
stable alumina-chromium oxides over AlCrN coating 
which outperforms AlOx tribo-film that form over AlTiN 
coating.

The wear progression for uncoated insert (in Figs. 8c, 9c) 
shows significant adhesion and abrasion on both the rake 
and the flank faces of the tool, respectively. Both these 
wear phenomena were very prominent from the early 
stages of machining with uncoated carbide inserts. This 
behaviour of uncoated insert confirms the utility of the 

PVD coatings (AlCrN & AlTiN) because of the development 
of protective oxide layers over the tool’s surface.

While machining super-duplex steels, we can observe 
from Figs. 8, 9 that adhesion and abrasion are the domi-
nant wear mechanisms leading to chipping and flank wear. 
It has been reported from past studies that adhesion is the 
primary type of wear which is predominant at lower cut-
ting speeds, whereas failure occurs due to abrasion and 
diffusion when the cutting speeds are high [15, 45]. To fur-
ther analyse tool wear, SEM images of worn-out cutting 

Fig. 8   Microscopic images showing flank wear progression for a AlTiN, b AlCrN and c uncoated inserts at 100 m/min
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inserts at high magnifications before and after etching 
with HCl were compared to gain further understanding of 
the underlying wear mechanism. The associated EDS anal-
ysis is summarised in Table 7. Post-etching, the EDS results 
reveal that there is no BUE left adhered to the cutting tool 
surface, allowing us to distinguish between diverse wear 
mechanisms acting on the cutting inserts.

Figure 10 displays different wear mechanisms acting 
on PVD AlTiN-coated cutting insert in detail. Of particular 
interest is that (see Fig. 10a) the worn-out insert prior to 
etching shows remnants of workpiece material adhering 
on the insert rake face. This was confirmed with the help 

of EDS-1 where high concentration of iron and chromium 
indicates the presence of SDSS. The presence of layers of 
aluminium and titanium oxides can also be noticed over 
the tool’s rake face which reduces the wear, which is con-
firmed by results from EDS-2 showing significant concen-
tration of oxygen, aluminium and titanium. Figure 10b, e 
depicts various tool wear mechanisms post-etching after 
the removal of the adhered work material from the cut-
ting insert, confirmed via EDS-3 and EDS-4. The observed 
surface alterations on the insert face and flank due to 
adherence wear while machining SDSS may be partly 
due to high cutting speed (100 m/min) resulting in high 

Fig. 9   Microscopic images showing crater wear progression for a AlTiN, b AlCrN and c uncoated inserts at 100 m/min
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temperature at the affiliate between the tool and the chip. 
Such plucking action present over the rake face is a result 
of the plastic flow of material from workpiece [45, 46].

In Fig. 10c, the smooth surface can be attributed to the 
wear caused due to diffusion. In diffusion wear mecha-
nism, the atoms from the high-concentration (cutting 
tool) zone diffuse into the low-concentration (chip) zone 
due to concentration gradient [41]. This phenomenon is 
dependent upon several factors while machining, cut-
ting temperature, solubility of elements in the secondary 
shear zone and contact time between workpiece-tool. 
Diffusion in most cases is restricted to a thin zone at the 
tool–chip interface; thus, it results in the wearing of the 

tool [4]. Figure 10d displays parallel lines in the tool sliding 
direction against the workpiece, which signifies the pres-
ence of abrasive wear. The ASTM standards describe the 
occurrence of abrasion due to the grinding action of hard 
particles forced against to move along a solid surface [47], 
which in this case is the presence of BUE as the hardened 
substance. Figure 10e displays chipping developed at the 
tool’s cutting edge indicating that the mechanical fatigue 
caused by the BUE formation results in cutting tool wear 
[48].

Figure 11 displays different mechanisms of tool wear 
for PVD AlCrN-coated cutting insert. Figure 11a depicts 
the state of cutting tool before etching with HCl showing 

Table 7   EDS results for worn 
cutting inserts in Figs. 10, 11, 
12

EDS Chemical composition (%)

Fe W O Cr Ni C Ti N Al

1 38.92 – – 16.07 3.65 14.7 – – –
2 19.86 – 29.27 8.13 1.65 9.48 9.28 10.78 8.5
3 7.97 47.64 7.11 4.2 0.97 9.52 – – –
4 0.64 – 15.77 1.9 – 4.11 37.75 20.47 32.08
5 41.56 – 5.21 17.17 – 16.8 – – 0.47
6 12.74 47.48 1.99 6.96 – 4.46 – – –
7 11.09 – 21.51 32.62 – 4.8 – 2.13 7.14
8 36.69 – 16.42 14.77 – 20.19 – – 0.87
9 19.64 38.88 1.35 9.18 1.84 7 – – –

Fig. 10   SEM images of PVD AlTiN-coated insert: a insert before etching; b insert post-etching; c–e different views for wear/distortions
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significant chip sticking. EDS-5 confirms the adhesion of 
workpiece over tool’s surface which is indicated by the 
presence of high concentrations of Fe and Cr. Figure 11b 
shows the cutting inserts rake face post-etching, as 
depicted in the EDS-6 and EDS-7 in Table 7, confirming 
the removal of SDSS (EDS-6) and the presence of AlCrN 
coating (EDS-7). Figure 11c outlines regions having irregu-
lar feature on the tool’s cutting edge causing edge wear, 
which is a distinctive mechanism of adhesive wear [49]. 
Figure 11d shows significant crater wear on the tool’s rake 
surface caused due to greater levels of adhesion. Adhesive 
wear often occurs due to the chemical affinity between 
the workpiece material and cutting tool, ensuing in BUE 
formation at the insert–chip interface. Figure 11e, at high 
magnification, illustrates the rake face where the coating 
is dissipated due to consistent tool wear. Smooth sur-
face suggesting the diffusion wear mechanism was also 
observed on the tool’s rake surface. Chipping can also be 
seen close to the tool’s cutting edge as in Fig. 11e, indicat-
ing the increase in thermal load during machining caused 
due to greater levels of friction offered to chip flow as com-
pared to AlTiN coatings.

Figure 12 displays the mechanisms of wear for uncoated 
cutting insert. Figure 12a shows the insert before etching, 
and Fig. 12b–d depicts the wear mechanisms post-etching. 
Figure 12a displays the cutting tool prior to chemical etch-
ing with HCl where BUE and chips are seen to be adhered 

on the tool’s surface, as confirmed in EDS-8. Figure 12b 
reveals the severe chipping on the cutting edge post-
etching, which confirms the deletion of the adhered work-
piece material over tool’s rake face. Further, the existence 
of parallel lines in the tool sliding direction against the 
workpiece (principal flank) as the underlying mechanism 
of flank wear is confirmed in Fig. 12c. Figure 12d displays 
the flank surface of the cutting insert post-chemical etch-
ing, indicating regular flank wear. The uncoated tool–work 
material interface shows high flank and crater wear both 
as a result of one or amalgamation of the different wear 
mechanisms [18]. The formation of BUE during the process 
of machining causes dislocations throughout the cutting 
process and breaks the cutting edge [14].

In summary, after turning super-duplex stainless steels 
with different cutting inserts, it can be observed that these 
tools are greatly affected during machining causing severe 
tool wear, affirming the low machinability of super-duplex 
stainless steels. Therefore, in order to attain decent out-
comes, it is vital to recognise the cutting insert behaviour 
during the machining operations. Under the experimental 
setting, the coated and uncoated inserts displayed wear 
exhibiting different mechanisms: adhesion, abrasion and 
diffusion. To ensure better industry utilisation of super-
duplex steels, it is crucial to comprehend the causes of 
these wear mechanisms to mitigate their impact on the 
tool life.

Fig. 11   SEM images of PVD AlCrN-coated insert: a insert before etching; b insert post-etching; c–e different views for wear/distortions
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3.2.1 � Chip characteristics

After analysing the tool wear, chips morphology was 
determined for each cutting insert. Macroscopic and 

microscopic images of the chips for the PVD-coated 
(AlCrN and AlTiN) and uncoated cutting inserts are shown 
in Fig. 13a, b. The macrograph results shown in Fig. 13a 
indicate the formation of short and segmented chips for 

Fig. 12   SEM images of uncoated insert: a insert before etching; b insert post-etching; c, d different views for wear/distortions

Fig. 13   a General macrograph of chips; b chip undersurface obtained with (i) AlTiN, (ii) AlCrN and (iii) uncoated inserts
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PVD-coated inserts, both AlCrN and AlTiN. The forma-
tion of segmented chips ensures minimal interference of 
chips with the cutting process resulting in smoother flow 
of chips. However, for uncoated insert, the chips formed 
are long and continuous in nature. This is in line with the 
higher wear rate for uncoated tools with the presence of 
high levels of friction near the tool–chip interface.

The optical micrograph results in Fig. 13b show that 
the chip undersurface morphology for PVD AlTiN-coated 
insert is better than AlCrN-coated insert, with uncoated 
insert producing the poorest chip under surface. The 
friction conditions for AlCrN-coated insert at the cutting 
tool–chip interface are high due to which the contact 
area between the insert and chip on the tool’s rake face is 
increased, causing a varied increase in the machining zone 
temperature. This rise in temperature because of increased 
friction also hampers the tool life for PVD AlCrN-coated 
inserts. The ability of self-organisation for AlTiN coatings 
provides smoother flow of chips because of the presence 
of reduced friction conditions and therefore offers better 
chip undersurface morphology than those observed with 
AlCrN-coated inserts. The morphology of chip undersur-
face obtained for uncoated insert shows even greater 
distortions and cracks owing to even higher levels of fric-
tional conditions present at the interface of tool–chip due 
to recurring formation of BUE and greater adhesion.

Chip reduction coefficient (ζ) is widely considered as an 
index of machinability. It can be defined as the ratio of chip 
thickness to the undeformed chip thickness. The greater 
value of ζ indicates more chip thickness and hence greater 
would be the energy required for machining. The extent of 
chip thickening can be expressed as:

where a
2
 is the chip thickness, a

1

(

s
0
sin�

)

 is the unde-
formed chip thickness, s

0
 is the feed in mm/rev, and 

�(= 90◦) is the principal cutting edge angle.
Chip samples were collected after each experimental 

trial at the end of two pass and chip thickness measured. 
The average values of chip thickness and chip reduc-
tion coefficient are tabulated (see Table  8). The chip 
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characteristic studies in Table 8 revealed that machining 
with coated cutting inserts produced thinner chips as 
compared to that of uncoated inserts. This reduction in 
chip thickness yields lower cutting forces that is required 
for the shearing action of chips from the workpiece and 
improves the breakability of chips during machining [50]. 
The results confirm that the PVD coatings of both AlCrN 
and AlTiN offer significant advantage to the machining 
quality when compared to the finished quality attained 
by machining with uncoated carbide insert. One possible 
account of the experimental outcome of the improved 
chip characteristics caused due to improved metal flow 
for PVD AlTiN-coated insert and PVD AlCrN-coated insert 
against uncoated cutting inserts is the growth of the tribo-
films over the rake face. Al-Ti oxides for AlTiN coating and 
strong Al-Cr oxides for AlCrN coatings form protective 
layers over the tool surface and therefore prevent further 
degradation of the cutting tool. However, the slightly bet-
ter characteristics for AlTiN versus AlCrN can be attributed 
to the heat flow distribution taking place for AlTiN coat-
ing due to the tribo-films generated during machining. 
This helps in more efficient dissipation of heat generated 
during machining through chip removal. These films also 
improve the frictional performance of the inserts, conse-
quentially providing better wear resistance and smoother 
chip undersurface morphology.

The continuous and curling chips of SDSS predomi-
nantly show a serrated pattern. The machinability index 
based on chip reduction coefficient value is the lowest for 
AlTiN-coated inserts and maximum for uncoated carbide 
inserts. This along with an improved chip under surface 
makes AlTiN a better alternative over AlCrN-coated inserts 
at 100 m/min cutting speed.

3.2.2 � Machined surface evaluation

The results of the surface roughness tests are summarised 
in Table 9, and these represent the mean value of three 
experiments. The results show that the machined surface 
of the workpiece with coated inserts has lower surface 
roughness than that of the workpiece machined with 
uncoated inserts. This can be credited to the lower fric-
tional conditions in the cutting zone of the coated inserts 

Table 8   Chip characteristics during turning of SDSS

Type of coating Chip thickness (mm) Chip reduc-
tion coeffi-
cient (ζ)

AlTiN 0.573 1.918
AlCrN 0.667 2.231
Uncoated 0.847 2.833

Table 9   Surface roughness values (Ra) for the machined surface 
obtained by different cutting inserts

Insert type After first pass After last pass

Uncoated 3.192 3.588
AlCrN coated 2.761 3.114
AlTiN coated 2.613 3.047
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which resulted in small variation in the cutting forces 
when compared to the uncoated inserts [4].

The microscopic images for workpieces machined with 
AlTiN- and AlCrN-coated cutting inserts (in Fig. 14a, b) show 
smoother finish as compared to uncoated inserts. In Fig. 14c, 
the machined surface obtained for uncoated cutting tools 
illustrates cracks and surface distortions. The poor surface 
finished observed can be attributed to the chip sticking and 
greater levels of friction produced during machining with 
uncoated inserts.

The roughness values and their respective evaluation 
profiles for the finished workpiece machined with uncoated, 
AlTiN-coated and AlCrN-coated cutting tools are depicted 
in the graphs in Fig. 15. The results indicate that the surface 
irregularities are significantly reduced for machining opera-
tions with PVD-coated carbide inserts. The evaluation profile 
for uncoated inserts shows significant degradation in the 
surface profile from the first pass and the final pass with the 
same insert.

3.3 � Wear evaluation at v = 140 m/min

The microscopic images showing the flank and crater wear 
at 140 m/min cutting speed are given in Figs. 16 and 17, 
respectively. For each coating type, images after first, mid-
dle and last cut are shown. It is clearly evident from the 
microscopic images that the flank wear pattern for AlTiN and 
AlCrN is quite similar, with AlTiN showing a much better evo-
lution of flank wear with time. However, the assessment of 
crater wear confirms that AlCrN is more stable at higher cut-
ting speed as compared to AlTiN as they offer higher abra-
sion resistance. The characteristic wear observed in AlTiN-
coated inserts is edge wear. Significant crater wear leading 

to edge chipping is observed in uncoated carbide inserts. 
The tendency of BuE formation is predominantly noticed in 
uncoated carbide inserts followed by AlTiN-coated inserts. 
The cyclic tendency of chip adhering to the tool and break-
ing off causes adhesion wear in uncoated inserts bringing 
about frequent changes in the insert angles and hence 
vibration in the system. This explains the massive edge wear 
observed in uncoated carbide inserts.

4 � Conclusions

Tool life studies are critical for the assessment of pro-
ductivity. A promising insert coating is expected to wear 
out progressively with time and behave predictably. The 
current experimental findings establish the superiority 
in the performance of coated carbide inserts. Invari-
ably, the tool life of PVD-coated AlCrN and AlTiN inserts 
was found to be about two times that of the uncoated 
inserts. Our study clearly indicates the formation of Al–Cr 
oxides on AlCrN-coated inserts and equivalently Al–Ti 
oxides on AlTiN-coated inserts. The dominant behav-
iour of these tribo-oxides confirmed the greater resist-
ance to abrasion of AlCrN coatings as compared to AlTiN 
coatings. However, the chemical affinity of AlCrN with 
Cr present in SDSS promotes adhesive wear resulting 
in wear of the cutting edge leading to significant crater 
wear. This can be attributed to the formation of BuE at 
chip–insert interface leading to poor surface finish as 
observed in our study. The crater wear leads to chipping 
at the cutting edge, eventually promoting notch wear 
resulting in exposure of substrate thereby accelerating 
the process of flank wear with time.

Fig. 14   Microscopic images of the machined surface obtained by a PVD AlTiN, b PVD AlCrN, and c uncoated insert
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At cutting speed of 100 m/min, our study categorically 
confirms that adhesion and abrasion are the dominant 
wear mechanisms leading to chipping and flank wear. 
So, while AlCrN provides excellent abrasion resistance at 
v = 100 m/min, the prominent presence of adhesive wear 
right from the onset of cutting time results in the unsat-
isfactory evolution of its flank wear with time. Contrarily, 
AlTiN-coated inserts contain Ti which reportedly reduces 
the chemical reactivity of the coatings and hence less 
tendency towards adhesive wear. But with shallow depth 
of cut, as is seen in this study and low to moderate cut-
ting speeds, AlCrN coating would in all likelihood gen-
erate high friction due to Al-Cr oxides and also because 

of poor thermal conductivity of these oxides, the heat 
dissipation into the substrate is prevented forcing the 
heat back into the cutting zone which in turn leads to 
residual stresses on the SDSS workpiece surface. Our 
study indicates that AlTiN-coated insert shows superior 
chip characteristics with more uniform chip undersur-
face morphology than AlCrN-coated insert, signifying 
the lesser friction present near the cutting zone which 
allows the flow of chips over the rake face smoothly. 
On the contrary, titanium tribo-oxides formed from 
AlTiN coating have relatively higher thermal conductiv-
ity, hence expected to exhibit less residual stresses on 
SDSS. The surface roughness evaluation for machined 
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Fig. 15   Surface roughness evaluation curves and corresponding Ra values achieved for machining with new and worn out: a uncoated, b 
AlCrN-coated and c AlTiN-coated insert



Vol:.(1234567890)

Research Article	 SN Applied Sciences (2020) 2:1933 | https://doi.org/10.1007/s42452-020-03570-9

workpieces with different cutting inserts revealed that 
the AlTiN-coated insert exhibited most appropriate 
surface finish with lowest surface roughness value. The 
surface roughness values attained for AlCrN coating dis-
played comparable levels of Ra value. The AlTiN-coated 
inserts have better self-organising capabilities and can 
adapt to external stimuli much better than AlCrN-coated 
inserts at 10 m/min. During the cutting process, a part 
of the energy is consumed during the self-organisation 
[51] of the coating that forms a lubricating tribo-layer 
responsible for reducing the friction at chip–tool inter-
face and therefore better tool life.

Theoretically, adhesive wear is expected to predomi-
nantly manifest in lower to medium cutting speed, since 
at high cutting speed, the chips have very little contact 
time to adhere. As expected, while investigating tool life 
at a higher cutting speed of 140 m/min, we observed 
that AlTiN-coated inserts performed marginally better 
than AlCrN-coated inserts. The evolution of flank wear 
with time for both the coated inserts was observed to 
be gradual and consistent for majority of the machining 
time, but as the machining progressed, a sudden accel-
eration in flank wear was noted. The presence of Cr in 
AlCrN coatings should ideally improve the plasticity of 

Fig. 16   Microscopic images showing flank wear progression for a AlTiN, b AlCrN and c uncoated inserts
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the coating and hence better performance under severe 
wear conditions. This is evident from the fact that the 
crater wear in AlCrN-coated inserts is not that significant 
as is seen in AlTiN-coated inserts. There are studies that 
show the superior tribological performance of AlCrN-
coated inserts over AlTiN inserts when it comes to high-
speed machining. While our study is focused on low to 
moderate cutting speeds, the scope for investigation at 
high cutting speeds in excess of 200 m/min, high feed 
and light cuts exists.
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