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Abstract

Duplex stainless steels (DSS) are preferred replacement to austenitic stainless steel because of their higher strength leading
to economic benefits. However, poor ductility and thermal conductivity along with high toughness make them difficult to
machine. In the present investigation, tool wear, cutting force and surface roughness were evaluated during dry turning of DSS
2205 using tungsten carbide inserts coated with AITiCrN and AITiN. High Power Impulse Magnetron Sputtering technique
was used for coating the substrates. Cutting speeds of 100, 140 and 180 m/min; feed of 0.12, 0.15, and 0.18 mm/rev, and a
fixed depth of cut of 0.8 mm were chosen as cutting parameters for dry turning. AITiCrN coating exhibited highest adhesion
strength of 110 N compared to 89 N by AITiN coating. AITiCrN coated tools exhibited highest tool life of 7840 mm, with
least surface roughness of 0.72 um and cutting force of 255 N. This is attributed to its excellent physical properties such as
good adhesion, higher oxidation resistance and thermal stability, compared to AITiN coated tool. AITiCrN and AlTiN coated
tools exhibited respectively 6-times and 4-times more tool life than uncoated tools. Combination of high speed (180 m/min)
and low feed (0.12 mm/rev) resulted in least surface finish. Regression model developed from the experimental data showed

closer agreement (95%) between predicted and experimental values of surface roughness.
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1 Introduction

Duplex stainless steels (DSS) are becoming more impres-
sive alternative to austenitic stainless steel (ASS) because
of their higher strength leading to economic benefits as
well as reduction in weight [1]. The word ‘duplex’ has
been coined for the coexistence of dual phase microstruc-
ture which shows alternative banded structure of austenite
(lighter phase) and ferrite (darker Phase). DSS possesses
lower ductility and higher resistance to chloride pitting. The
crevice corrosion is due to austenite (y) phase, whereas good
strength is because of ferrite () phase. The combination of
high chromium (Cr) with molybdenum (Mo) and nitrogen
(N) offers excellent resistance to crevice and pitting corro-
sion. Dual phase structure of DSS provides better resistance
to Stress Corrosion Cracking (SCC), which makes it a bet-
ter alternative to SS316L, for marine applications [2]. The
lower values of coefficient of thermal expansion and thermal

< Gaurav D. Sonawane
gs112@rediffmail.com

Dr. Babasaheb Ambedkar Technological University,
Lonere, Raigad 402103, India

conductivity of duplex stainless steel make it an excellent
choice for the fabrication of heat exchangers and pressure
vessels [2]. Moreover, DSS is widely used for pipes to carry
sea water, chemicals and for storage tanks in desalination
plants, pulp and paper industry. Also, in critical applications
like fluid transport systems in boiling water nuclear reactors
[3]. From the available grades of DSS, DSS2205 occupies
more than 85% stake in utility among the DSS family [4].
Though DSS offers hardness in the range of 35 HRC,
mechanical properties like high toughness, low thermal con-
ductivity, high degree of work hardening [5] and fast wear
rate of tool point [6—8] are responsible for poor machinabil-
ity of DSS. The difficult to control chips has been experi-
enced due to excessive mechanical and thermal loads on
tool point. As a result, strong adhesive interaction favours
formation of Built up Layer (BUL) [6]. BUL formation
results in higher cutting forces and further deteriorates the
machined surface. BUL formation is one of the biggest con-
cerns for machining DSS [6, 9]. BUL is mainly observed
at lower cutting speeds [10]. Higher plastic deformation
capacity of austenite phase compared to ferrite is respon-
sible for ferrite BUL [11]. Authors have reported that there
is no research available for investigation of BUL formation
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while machining DSS2205. In DSS family, higher percent-
age of Mo gives higher strength than observed in ASS, even
at elevated temperatures. Elements like Mo, Ni and Cr make
DSS more difficult to cut and are responsible for higher cut-
ting forces while machining [8, 11]. Higher cutting speeds
are recommended to avoid the formation of BUL [12].
Also, higher cutting speeds results into higher compressive
residual stresses and soft layer at the surface [13]. Uncon-
trolled flow of chips may cause chipping of coating and tool
material on flank face [14]. Hence, researchers [15] termed
DSS as one of the materials which is almost impossible to
machine. The favourable properties for application of DSS
like high tensile strength, low ductility, low carbon content
and absence of non-metallic inclusions are responsible for
increasing machining difficulty of DSS [16].

High speed machining has been developed recently with
advantages like high material removal rate (MRR), lower
cutting forces with good finished surface [17]. Usually, DSS
machining involves use of cutting fluid but it is detrimental
to operator health, and environment. Therefore, the use of
cutting fluid has been being always questioned. It is quite
obvious that the use of cutting fluid offers certain advan-
tages like lower cutting zone temperature, abridged thermal
load on the tool and improved chip evacuation. However in
case of long-time machining, the operator may suffer health
issues and if coolant is not easily disposable, it becomes a
pollutant for soil and water, if handled irresponsibly [18].
Positive chip breaker was found to be inadequate when cool-
ant was used. Thermal expansion of austenite and ferrite
phase through different degrees may result in thermal micro-
stresses produced due to cooling during wet machining [19].
Authors have reported a comparison of dry and wet turn-
ing using TiCN/Al,O4/TiN coated carbide tools. Dry cut-
ting exhibited 65% higher tool life with greater resistance to
abrasion, when compared with wet cutting. Moreover, lower
power consumption [10], reduction in thermal shocks and
formation of comb-crack [18] with lower strain values [5]
are reported during machining. Krolczyk et al. [20] reported
that dry cutting has the highest potential among various
cooling techniques, but there is a need for deeper study of
tool wear and its mechanism.

Use of dry environment for machining DSS requires
very high-performance coatings to be used having high hot
hardness, oxidation resistance and thermal stability [21].
Classically, Chemical Vapor Deposition (CVD) and Physi-
cal Vapor Deposition (PVD) have been used for surface
improvement of cutting tools. PVD is preferred to CVD
due to its advantages like low operating temperature, eco-
friendly aspect and compressive residual stresses of coatings.
Dense columnar structured coatings are provided by PVD
process, which makes it suitable for sharp cutting edges and
plays an important role in machining difficult to cut materi-
als [22, 23]. Moreover, when different coating techniques

were compared, it was found that High Power Impulse Mag-
netron Sputtering (HiPIMS) technique used exhibited defect
free and strong adhesive coating with least cutting temper-
atures during machining [14]. Celik et al. have compared
CVD and PVD coated tools for machining Ti—-6Al-4V alloy.
PVD TiAIN and CVD TiCN/Al,O4/TiN coated carbide tools
were used to turn the Ti—6Al-4 V alloy. It is reported that the
PVD coated tool have exhibited lower amount of tool wear
and surface roughness compared to CVD coated tools [24].
Francisco et al. reported similar research work for machin-
ing Super DSS (SDSS). Dominance of single layer PVD
TiAIN coating is reported on multilayer CVD TiN/TiCN/
Al,O;, in terms of tool wear and surface roughness. Better
wear pattern with the least surface roughness was exhibited
for TiAIN coated tools using PVD technique. Authors have
also reported that, regardless of the coating materials on
tools used, no significant variation was observed regarding
the three cutting parameters used to study the workpiece sur-
face condition [25]. Chinchanikar et al. compared PVD and
CVD coated carbide tools for machining AISI 4340 steel.
Lower cutting forces were observed for PVD coated tools
than CVD coated tools, due to minimum friction offered by
PVD coatings [26].

Different materials for coating tools have been evolved in
the recent past. Nano-structured and nano-textured coatings
are able to provide low coefficient of friction with higher
hardness and improved wear resistance [4]. Hui-Bo et al.
reported better performance of Cr-based coatings with
55 min of tool life compared to uncoated tools of 26 min
[27]. Moreover, Hui-bo et al. [23] in his different investi-
gations have reported the use of TiAIN and TiAICrN [27]
coatings for machining of AISI 5140 and 20CrMo steels
respectively. But it is reported that the top layer of Al instead
of Ti is more beneficial, providing high heat and oxidation
resistance with better thermal stability and abrasion wear
resistance, due to formation of protective Al,O5 layer [24,
25]. The tool life exhibited by AlITiN coated tools was found
to be 432 min, as compared to a tool life of 223 min by
TiAIN coated tools [28]. Li et al. [29] tested AITiN coating
for its coefficient of friction under oil based and water based
lubrication to compare with dry conditions. The coefficient
of friction of AITiN coating, for increasing load was found
to be increased under dry conditions compared to oil and
water lubrication. It is also reported that the top layer of
Titanium has lower hardness, when Titanium forms Tita-
nium oxides, which allow the oxygen to enter the top layer of
TiN. This generates pores into the TiN layer, which increases
with the thickness of oxide layer. As a result, the adhesion
of TiN layer is reduced and cracking of Al,O; layer takes
place. The higher amount of Al deposition also improves the
microhardness of coating [30].

Zaharudin et al. reported use of TiCN coated carbide
tools for turning AISI 316L SS. Interestingly, machined
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surface with coated tool has shown higher surface roughness
than with uncoated tool, when lower cutting speeds were
used. Lower rates of tool wear were noted for dry turning
than for wet turning [31]. Kondo et al. tried PVD TiAISiN
coated carbide tool with positive chip breaker geometry for
turning of VAT32 superalloy. It is reported that, the feed has
the highest influence of 68% on surface roughness, followed
by depth of cut of 4% [32]. Rajguru et al. have used differ-
ent coatings deposited by CVD and PVD for dry machining
of Super DSS (SDSS). It is reported that the formation of
Al,O; layer for AITiN coating which retards the oxygen dif-
fusion in the surface, resulted in superior oxidation resist-
ance. Moreover, coatings deposited at lower temperatures
exhibited less internal stresses which reduces cracking
phenomenon due to thermal loads, eventually resulted in
better thermal stability of the coating [33]. Koyee et al. [5]
tried CVD multilayer TiN/Mt-TiCN/Al,O; coated carbide
substrates for comparing machinability of DSS2205 and
DSS2507 with respect to tool wear, surface roughness and
cutting force during dry and wet turning. It is reported that
for lower values of depth of cut, lower cutting forces and
least surface roughness were observed.

Selvaraj et al. have reported dry turning of DSS using
TiC and TiCN coated carbide tools to analyse surface rough-
ness after machining. In this case too, the feed casts high-
est influence of 61% on surface roughness. Cutting speed
and depth of cut have impacts of 28% and 10% respectively.
The optimization technique used showed combination of
cutting speed 100 m/min, feed 0.04 mm/rev and a depth
of cut 0.4 mm for attaining least surface roughness [34].
International Association of Molybdenum (IMoA) has rec-
ommended to use carbide tool with positive chip breaker
geometry and tool nose radius not more than necessary to
machine DSS. It is reported that the use of positive chip
breaker geometry resulted into tool life to be increased 2
times [35]. Selvaraj et al. [36] found feed as the most domi-
nant factor for cutting force and surface roughness, whereas
for tool wear, cutting speed to be the most influencing factor.
Similar results reported by Koyee et al. [5] and Li et al. [17].
Choi [13] point out that the increase in cutting speed from 3
to 5 m/s resulted in increase in crack initiation life by 192%,
eventually increasing fatigue life by 174%.

British Steel’s Swenden Laboratories have performed
salt spray tests to prove that the surface roughness is a con-
trolling parameter for degree of staining (which is respon-
sible for corrosion), especially in coastal applications. The
surface roughness, more than 1 pm, can damage the sur-
face during polishing operation. It is possible to achieve
surface roughness less than 0.5 pm, but by polishing pro-
cess only, which is very costly for large DSS marine com-
ponents. So, it poses a challenge to reduce the machined
surface roughness of DSS [37]. Lower value of depth of
cut (DoC) than tool nose radius is not recommended. Poor

machining performance of DSS with higher tendency of
BUL formation is reported, when compared to austenitic
stainless steels [2]. The higher tool nose radius is reported
to have negative effect of surface roughness. Eventually,
it is also recommended to avoid tool nose radius values
of less than 0.8 mm [38]. Pawan et al. have studied the
effect of cutting parameters on surface roughness, while
machining DSS. Two models viz; ANOVA and empirical
(regression) analysis were used. It is proved that regres-
sion analysis has better adequacy (98%) as compared to
ANOVA technique (85%). This has delineated the impor-
tance of regression analysis for prediction of surface
roughness [39]. Zhang et al. [40] have reported the signifi-
cance of regression model using least square method. The
prediction models for cutting temperature and force are
reported with significant effect of increasing cutting speed
on cutting force. Chen et al. [41] have also proved that
the regression model is highly significant for prediction
of surface roughness. This has motivated to use regres-
sion analysis for prediction of surface roughness while dry
turning of DSS2205 in the present work.

Real world applications demand extensive research con-
cerning machining of DSS. However, the existing literature
survey reveals that DSS has poor machinability than ASS. It
can be inferred from the available literature that limited work
has been reported on performance comparison of different
tools while machining DSS. Moreover, very limited work is
reported on influence of cutting parameters on machinability
of DSS2205. Most of the studies on environment friendly
processes for DSS have been conducted through empirical
and numerical models. Advanced coating deposition tech-
niques like HiPIMS and Cr based coatings on tools are not
ventured for dry turning of DSS. This has motivated the
present work to use AITiCrN and AITiN coating deposited
using HiPIMS technique, for dry turning of DSS2205. Lack
of study on tool wear, tool life and surface quality while
dry turning of DSS can be perceived. Vinoth et al. in their
review article highlighted that there has been given little
attention on machining of DSS using conventional machin-
ing processes [42]. Hence, the study related to machining of
DSS with different cutting tools and conditions is wide area
open for research. This urges some efforts to study and pro-
vide in-depth knowledge for improving machining of DSS.

In the present investigations, PVD HiPIMS coating depo-
sition technique is used for AITiN and AITiCrN coatings
on carbide inserts. These coatings, especially deposited by
HiPIMS technique has not been investigated for dry turning
of DSS2205. Initially, the characterization of tool, workpiece
and coating material is carried out. Then the machinability
of DSS2205 for uncoated, AITiN and AITiCrN coated tools
with respect to Tool life, Surface roughness, and Cutting
forces is studied, over selected range of cutting parameters.
Subsequently, regression model is developed for surface
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roughness to compare and validate the results obtained from
experiments.

2 Materials and Methods

M35 grade Indexable Carbide tool inserts having ISO speci-
fication of CNMG120408 with positive chip breaker geom-
etry MF1 (for BUL prevention) and 0.8 mm tool nose radius
were used for straight turning of DSS2205. HiPIMS tech-
nique has proven incentives over conventional sputtering and
cathodic arc evaporation methods [43]. It has yielded denser
coatings and enhanced adhesion strength. Therefore, High
Power Impulse Magnetron Sputtering (HiPIMS) technique
patented by CemeCon, Germany was used for depositing
nano-structured AITiCrN and AITiN coatings on substrates.

2.1 Characterization

Characterization of the tool and the workpiece material was
carried out in terms of microstructure. Moreover, coating
materials used were characterized for thickness, micro-
structure and microhardness. The JEOL (JSM-7600F) Field
Emission Gun-Scanning Electron Microscopes (FEG-SEM)
was used for characterization of workpiece, tool and coating
material. Chemical composition of DSS 2205, AITiN and
AITiCrN coating material was analysed using Energy-dis-
persive X-ray spectroscopy (EDS). Precision Microhardness
Testing System of HMV-2 Series was used for measuring
coating layer microhardness. A load of 100 g for 20 s using
Vickers indenter (ASTM E92) was used for hardness test.
Scratch test was used to measure “Critical load” to check
adhesion strength of coating. Scratch speed of 0.2 mm/s and
loading rate of 5 N/mm were implemented with diamond
stylus having 0.4 mm tip diameter for measurement. For
scratch test and microhardness test, average value of 3 read-
ings is reported in the present work.

2.2 Machining Performance

In the present study, tools with AITiN and AITiCrN coatings
were compared for their performance with uncoated tools
during dry turning of DSS, at different cutting conditions.
The performance evaluation is done in terms of tool wear,
tool life, surface roughness and cutting force. Referring the
data provided by the manufacturers of DSS, literature avail-
able and recommendations by International Molybdenum
Association (IMoA), cutting parameters were selected, as
shown in Table 1.

Considering above cutting parameters Design of Experi-
ment (DoE) was formulated using full factorial design as
given in Table 2.

Table 1 Cutting parameters

Parameter Value (s)

100, 140, and 180
0.12,0.15, and 0.18
0.8 (constant)

Cutting speed (m/min)
Feed (mm/rev)
Depth of cut (mm)

Table 2 Design of experiments (DoE)

Expt. no Cutting speed Feed (mm/rev) Depth of cut (mm)
(m/min)

1 100 0.12 0.8
2 0.15

3 0.18

4 140 0.12

5 0.15

6 0.18

7 180 0.12

8 0.15

9 0.18

ACE Jobber XL CNC Lathe was used for dry turning
of DSS using selected cutting parameters. Round bars of
290 mm x 90 mm were selected for straight turning. A pass
length of 245 mm was chosen for every machining cut, as per
the availability of workpiece. Epi-fluorescence Nikon micro-
scope Eclipse 501 with Nikon’s CFI60 optical system was used
for measurement of tool wear. Images of tool wear were cap-
tured in non-contact type optical Alicona Infinite-Focus G5,
having a resolution of 10 nm. Surface roughness after every
machining cut was measured using contact type SJ 301 surface
roughness tester, with a sampling length of 0.8 mm. Cutting
forces during machining were measured using a Kistler make
3-component piezo-electric force dynamometer (Model 9257).

2.3 Regression Analysis

Regression analysis is a type of predictive analysis. It is a
statistical tool for formation of a mathematical model. The
regression analysis is attempted to confirm whether a set of
predictor variables (cutting parameters), is conforming to
the trend of the outcome prediction (surface roughness) i.e.
dependent variable. This develops relation between depend-
ent variable and one or more independent variables. The
most simplified regression equation with one dependent and
one independent variable is defined by the formula as fol-
lows [39]:

Y=a+bxX+cx*xZ 1)

where Y =estimated dependent variable score, a=constant,
b, c=regression coefficient, X, Z=independent variable.
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Generalized equation for surface roughness as a function
of cutting speed (Vc¢) and feed (f) is as follows:

Ra = a+ b(Vc) + ¢ (f) 2)

3 Results and Discussion
3.1 Characterization

A sample of DSS2205 was characterized for composition
and microstructure. After etching in carpenter 300 series
etchant [44], the sample was tested by FEG-SEM. Major
alloying elements obtained in DSS are shown in Table 3.
Major alloying elements were compared and confirmed by
the EDS test results.

Microstructure of cemented carbide tool is shown in
Fig. 1a which shows uniform and fine grains with average
grain size in the range of 0.21-0.42 um. Microstructure of
DSS2205 shows alternative layers of Austenite and Ferrite,
shown in Fig. 1b.

Single layer AITiN and AlITiCrN coatings were revealed
in SEM analysis. Fractograph of AITiN and AITiCrN coat-
ings is shown in Fig. 2.

Table 3 Chemical composition of DSS2205 [12]

Both coatings show defect-free and non-porous struc-
ture. SEM fractograph confirmed the coating thickness in
the range of 3.8—4.2 um. Critical Load was measured using
scratch test to check the adhesion strength of coatings. Criti-
cal load is defined as the load at which coating delaminates
first [14]. Critical load measured was 89 N and 110 N for
AITiN and AITiCrN respectively. Hardness of coating was
measured using Vickers microhardness tester with a load
of 100 g. AITiN and AITiCrN coating showed hardness of
36 GPa and 34 GPa respectively.

3.2 Machining Performance

Nose wear was the most dominant tool wear than flank and
crater wear during machining of DSS 2205 in dry condi-
tion, for all the tools over the set of cutting conditions. This
is justified by the fact that materials with work hardening
capacity during machining resulted in nose wear of tools
[12, 14]. Therefore, tool nose wear was selected to be the
criterion for the assessment of tool life. According to ISO
3685 (1993), notch wear width VBy=0.3 mm for regular
wear and VB =0.6 mm for uneven nose wear are criteria
for tool life [45].

Cr Ni Mo
22.0-23.0% 4.50-6.50% 3.00-3.50%
C N Mn
0.030% Max 0.14-0.20% 2.00% Max

lpm  SAIFIITB
15.0kV COMPO SEM

(a)

X 10,000

2/22/2017
WD 15.0mm 12:41:4

Austenite 5>

Ferrite >

100pm SAIFIITB /22/2
15.0kV COMPO LM WD 18.9mm 11:49:06

(b)

Fig. 1 SEM micrograph showing microstructure of a carbide tool and b DSS2205
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2
SAIFIITB
10.0kv SEI SEM WD 6.

(a) AITiN

Fig.2 SEM fractograph of a AITiN and b AITiCrN coatings

3.2.1 Effect of Machining Length on Nose Wear

Optical images for tool wear are shown in Fig. 3. The
uncoated tools performed poor as compared to coated
tools. The coated tools showed uniform wear compared
to uncoated tools as shown in Fig. 3. As the machining
length increases the nose wear increases and finally chip-
ping of insert was observed for uncoated tools. Wear rate
of AITiCrN coated tools was found to be steady and slow
due to excellent combination of properties like higher
adhesion (110 N), hardness (35 GPa) and low coefficient
of friction (0.35), compared to AITiN and Uncoated tools.

Effect of machining length on nose wear at cutting
speed of 100 m/min and 0.12 mm/rev feed is shown in
Fig. 4. Nose wear is found to increase with increase in
machining length. Initially, the wear rate is slow but

N ‘,gr. 5
Catastropic
Failure

(a)

(b) AITiCrN

further machining causes higher nose wear for all the tools
used.

AITiCrN coated tools proved supreme performance fol-
lowed by AITiN coated and uncoated tools. At a machin-
ing length of 2450 mm, AITiCrN and AITiN coated tools
exhibited tool wear of 0.16 mm and 0.35 mm respectively.
Higher cutting temperatures due to higher coefficient of fric-
tion and lower thermal stability of uncoated tools resulted in
very high tool wear of 0.96 mm. This nose wear of uncoated
tools is 4 to 6-times higher compared to AITiN and AITiCrN
coated tools. This is attributed to the combination of good
adhesion, toughness, low coefficient of friction and excellent
hot hardness of coated tools. But for uncoated tools, due to
higher thermal conductivity and lower hardness (half the
coated tools) the tool edge becomes weak in the early stages
of machining. These result in rapid tool wear of uncoated

(b) (©

Fig. 3 Optical images of tool nose wear of a uncoated, b AITiN and ¢ AITiCrN coated tool

@ Springer KE _:E
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Fig.4 Effect of machining length on tool nose wear

tools and fracture of cutting edge as shown in Fig. 3. This is
in conformance with the literature [46, 47].

AITiN coated tools have shown good resistance to tool
wear up to 2250 mm machining length. But, after that faster
wear rates are observed. Moreover, AITiCrN coated tools
have performed better, showing good resistance to tool wear
up to a machining length of 4050 mm. This is due to higher
thermal stability (1100 °C) of AITiCrN coatings compared
to AITiN coatings (850 °C). After this carbide tool gets
exposed to the cutting environment resulting in rapid tool
wear.

3.2.2 Effect of Cutting Speed and Feed on Tool Life

Effect of cutting speed on tool life at different feed is
shown in Fig. 5. Tool life was found to decrease with
the increase in cutting speed, due to increase in cutting
temperature. For AlTiCrN coated tool at a feed rate of
0.18 mm/rev, when cutting speed was increased from
100 to 140 m/min, the tool life decreased from 7350 to
6370 mm. Further increase in cutting speed to 180 m/
min causes tool life to fall to 4655 mm. When feed is
increased from 0.12 to 0.15 mm/rev for AITiCrN coated
tool, tool life is decreased from 5880 to 5340 mm. It fur-
ther decreased to 4655 mm, for higher feed of 0.18 mm/
rev. Similar results were obtained for other tools. AITiCrN
coated tools exhibited highest tool life followed by AITiN
coated and uncoated tools. AITiCrN and AITiN coated
tools exhibited tool life of 7840 mm and 4410 mm respec-
tively. Higher cutting temperatures and faster tool wear
result in drastic reduction in tool life of for uncoated tools.
AITiCrN tools exhibited almost 6-times more machining
length and AITiN tools exhibited 4-times more machining

9000~ F=0.12 mm/rev, DoC = 0.8 mm

I uc
[ AITIN
I AITiCrN

7500

Tool Life (mm)

100 120 140 160 180
Cutting Speed (m//min)

(a)

f=0.15 mm/rev, DoC = 0.8 mm

Tool Life (mm)

100 140 180
Cutting Speed (m/min)
(b)

f=0.18 mm/rev, DoC = 0.8 mm
7500

Tool Life (mm)

140
Cutting Speed (m/min)
(©

Fig.5 Effect of cutting speed on tool life at a f=0.12 mm/rev, b
f=0.15 mm/rev and ¢ f=0.18 mm/rev
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length than uncoated tools. Similar performance of PVD
coatings is reported by Kulkarni and Sargade [14]. This is
because of combination of good adhesion, toughness, low
coefficient of friction and excellent hot hardness.

As cutting speed increases, temperature in cutting zone
also increases and at this point, the thermal conductivity
of coating plays an important role. Uncoated tool due to
higher thermal conductivity, experiences higher tempera-
ture and reduced strength, which result in faster tool wear
in the first few passes only. However, for coated tools, the
rate of increase in thermal conductivity with temperature
is marginal. This is credited to PVD technique used for
deposition. Physical deposition establishes ionic bonding
which does not allow the influence of increased cutting
temperature on thermal conductivity [48]. After some
machining length when coating is delaminated, tungsten
carbide tool gets exposed to the actual cutting temperature
thereafter tool wear accelerates. Uncoated tools go under
strong thermo mechanical loading during dry turning.
This causes excessive tool wear and results in reduced
tool life.

Taylor’s Tool Life equation was used to obtain rela-
tionship between tool life and cutting speed as given in
Table 4. Using tool life equation, exponent “n” and Tay-
lor’s constant “C” are calculated for linear relationship.
Exponent “n” for uncoated, AITiN and AITiCrN coated
tools is found increasing. Similar trend of increase is
observed for intercept ‘c’.

Maximum value of 9799 for Taylors constant C indi-
cates the highest tool life among all tools used. Experi-
mental results for tool life of AITiCrN coated tools exhib-
ited the highest tool life which is confirmed by higher
value of Taylor’s constant. From Fig. 6, if the slopes of
line with positive x-axis are obtained, then the calculated
values are —26°, —41° and — 44° for uncoated, T1 and
T2 tool respectively.

The negative sign is due to the fact that the tool life is
decreasing with the increase in cutting speed. The values
closer to —45° indicates that the effect of cutting speed
on tool life is less significant than tools having values
away from —45°. So, lower value for uncoated tools indi-
cating that, the cutting speed will affect steeply on tool
life. Whereas for both the coated tools, the effect of cut-
ting speed is less significant on tool life.

¢UC BAITIN AITiCrN

53 y=-0.862x+8.412
R*=0.993
5.2 *

- W= -0.950%+9.190
; \\ RZ=0.994
o *
% 4.9 :
= a8 \
y=-0487x+6.436
4.7 R=0974  \
4.6 e
4.5
2 3 4 3
LogT

Fig.6 Taylor’s tool life equations for uncoated, AITiN and AITiCrN
coated tools

3.2.3 Effect of Feed on Surface Roughness and Cutting
Force

Effect of feed at a cutting speed of 140 m/min on surface
roughness and cutting forces is shown in Fig. 7.

As the feed increases, both surface roughness and
cutting forces increase due to high friction and tempera-
ture. Optimal combination of low feed and high cutting
speed gave lower surface roughness values. Higher cut-
ting speeds are beneficial for reducing cutting forces
which result in low surface roughness. Reduction in shear
strength causes work material to behave in ductile phase.
DSS itself is a sticky material and during machining it
was reported that it was quite difficult to separate the chips
causing more area in contact with high friction and rough-
ness [3]. So, as the feed increases at constant DoC and
cutting speed, surface roughness along with cutting forces
increases. For uncoated tools, friction between the tool
and workpiece increases due to catastrophic failure which
results in rough surface with higher cutting forces. At a
cutting speed of 140 m/min and feed 0.12 mm/rev, the
surface roughness observed for AITiCrN coated tools is
0.72 pm. At the same cutting conditions, surface rough-
ness exhibited by the AITiN coated and uncoated tools
are nearly 2-times (1.5 pm) and 3-times (2.12 um) higher
than AITiCrN coated tools. The presence of Cr is cred-
ited for formation of protective oxide layer, which helps

Table 4 Taylor’s tool life
equations for various tools used

Uncoated AITiN AITiCrN
Exponent “n” 0.487 0.862 0.95
Intercept ¢ 6.436 8.412 9.19
Taylor’s constant (C) 624 4500 9799
Equation y=—-0.487x+6.436 y=-0.862x+8.412 y=-0.950x+9.190
Correlation coefficient (R?) 0.974 0.993 0.994
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Fig. 7 Effect of feed on a surface roughness and b cutting force

in retaining the sharp edge of tool, even at higher cut-
ting temperatures [49]. Moreover, Cr added is lubricious
and acts as a self-lubricating, reducing friction [50]. As a
result, cutting forces and surface roughness in lower mag-
nitude are observed for AITiCrN coated tools. When feed
is increased from 0.12 to 0.15 mm/rev, the surface rough-
ness exhibited by AITiCrN coated tool is increased from
0.72 to 1.20 um. Further increase in feed to 0.18 mm/rev
increased surface roughness to 1.75 um. Similar trend is
observed for AITiN coated and uncoated tools.

When AITiN and AITiCrN coated tools were compared
after machining, it was observed that nose of AlTiN coated
tools had abrasion mark. Whereas AITiCrN coated tools
had experienced uniform wear of nose. The non-uniform
wear of AITiN coated tools is prime factor behind rise in
roughness and cutting force.
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3.2.4 Effect of Cutting Speed on Surface Roughness
and Cutting Force

Effect of cutting speed on surface roughness and cutting
force is depicted in Fig. 8. As the cutting speed increases, the
roughness of machined surface decreases due to lower ten-
dency of BUL at higher cutting speeds [51]. Hence, increase
in cutting speed has positive effect on surface roughness and
cutting forces. For uncoated tools, at a feed of 0.15 mm/rev,
when cutting speed was increased from 100 to 140 m/min,
the surface roughness was decreased from 3.2 to 2.45 pm.
When, cutting speed was further increased to 180 m/
min, surface roughness was found to decrease to 1.98 um.
AITiCrN and AITiN coated tools showed same trend of
reduction in surface roughness and cutting forces. At a cut-
ting speed of 100 m/min, the AITiCrN coated tools exhibited
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a surface roughness of 0.88 um, which is 56% and 72% less
as compared to surface roughness exhibited by AITiN coated
and uncoated tools respectively. The rate of reduction in cut-
ting force for AITiCrN coated tools was found to be 13%,
compared to 8% and 5% of AITiN coated and uncoated
tool respectively. This is contributed by both lower coef-
ficient of friction and surface roughness of AITiCrN coat-
ings. AITiCrN coatings are reported to build dense Cr,0;
and o (Al,Cr),0; mixed oxides around it [50]. This helps
in retaining sharper edges even at high temperatures. With
the increase in cutting speed, the cutting temperature also
increases due to lower thermal conductivity of coated tools.
The heat produced is carried away by workpiece and chips
but can’t penetrate into the tool. This increases the tempera-
ture of workpiece and decreases the strength of the work-
piece material; eventually fewer cutting forces are observed.
Moreover, the thermal stability of AITiN coating is 850 °C,
which is less compared to 1100 °C of AITiCrN coating. Due
to lower thermal stability, oxide layer produced by AITiN
coatings is not as strong as that of AITiCrN coatings. Cr
present in AITiCrN can be lubricious which helps in protect-
ing the tool edge at higher cutting temperatures along with
Al,0O; oxide protective layer, reducing cutting forces and
surface roughness.

One of the reasons for lower cutting forces is the use of
single layer nano-composite coating. Nano-composite coat-
ing results in smaller cutting-edge radius. Initially higher
surface roughness is observed due to BUL formation. But as
the cutting speed increases the tendency of BUL formation
gets retarded [51]. Subsequently, friction on the workpiece
also decreases yielding good surface finish. After certain
machining time, roughness tends to increase again may be
due to nose wear of tool. It eventually builds up friction
between tool and the workpiece. At lower cutting speeds
under high feed, even for AITiCrN tools, high roughness
was observed. This is due to adhesion of workpiece (BUL)
resulting in high contact pressure and cutting temperature.

Fig.9 a SEM Micrograph and
b EDS analysis of BUL

@ Springer KE;E

This is justified by lower cutting pressure [52] and cutting
forces [14] with increase in cutting speed. After machining
the tools were tested for any BUL formation. SEM and EDS
tests confirmed results of BUL formation on tool surface, as
depicted in Fig. 9. The EDS analysis clearly shows inclusion
of workpiece material in cutting tool region.

3.3 Regression Model for Surface Roughness

DSS2205 has widespread applications in large marine com-
ponents, where surface roughness plays a vital role in decid-
ing the life of components. So, it was decided to analyse the
surface roughness through regression analysis. The purpose
of this model is to anticipate surface roughness while dry
turning of DSS 2205 and to study the variation of dependent
variables (Surface roughness) with any of the independent
variable (Feed), keeping others constant. Regression model
was developed for surface roughness at a cutting speed of
100 m/min over feed ranging from 0.12 to 0.18 mm/rev.
The comparison of surface is depicted in Table 5. It was
found that, the surface roughness obtained from experimen-
tation are close to the values predicted by regression model
within+5%. Hence, the proposed regression model can be
implemented to predict surface roughness while dry turning
of DSS 2205. This can assist operator in appropriate plan-
ning ahead of machining.

4 Conclusions

The present investigation campaign is an attempt to study the
machinability of DSS2205 during dry turning. AITiN and
AITiCrN coatings deposited using advanced PVD technique
called HiPIMS technique were investigated for their perfor-
mance on the basis of tool life, surface roughness and cutting
force. Following comprehensive conclusions are drawn as
outcomes of the investigations:

Spectrum
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Full Scale 5803 cts Cursor: 0.000 kev|
(b)



International Journal of Precision Engineering and Manufacturing (2020) 21:969-981 979

Table 5 Regression model of Tool Cutting speed Feed (f) Surface Predicted surface  Error % error
surface roughness (Vo) roughness roughness
ucC Equation: surface roughness =3.331 —0.016292 speed +9.628 feed
100 0.12 2.963 2.85716 0.03572 3.57
100 0.15 3.139 3.146 0.00223 0.22
100 0.18 3.416 3.43484 0.00551 0.55
AITIN Equation: surface roughness =1.763 —0.01095 speed +9.93 feed
100 0.12 1.876 1.8596 0.00874 0.87
100 0.15 1.998 2.1575 0.02738 2.74
100 0.18 2.466 2.4554 0.00429 0.43
AITiCtN Equation: surface roughness =—0.155—0.00603 speed + 14.28 feed
100 0.12 0.988 0.9556 0.032794 3.28
100 0.15 1.006 1.384 0.046899 4.69
100 0.18 2.1 1.8124 0.048609 4.86

A. Characterization

e HiPIMS technique used for depositing AITiN and
AITiCrN coating gave defect-free and non-porous
structure with uniform thickness in the range of
3.8-4.2 um.

e Adhesion strength of AITiCrN coating was found to
be higher (110 N) followed by AITiN coating (89 N).

e AITiN and AITiCrN coatings exhibited higher
microhardness of 36 GPa and 34 GPa respectively.

B. Machining Performance

e Uncoated tools showed catastrophic failure, but
both coated tools showed uniform nose wear. At
a machining length of 3000 mm, AITiCrN coated
tools showed least wear of 0.19 mm, compared to
0.50 mm and 0.96 mm of AITiN coated and uncoated
tools respectively.

e AITiCrN coated tool exhibited the highest tool life
of 7840 mm, which is 2-times and 6-times higher
compared to AITiN coated and uncoated tool respec-
tively.

e At higher cutting temperatures due to better thermal
stability, AITiCrN coated tools showed least surface
roughness of 0.72 um, which is 53% and 67% less
than AITiN coated and uncoated tools respectively.

e Highest rate of reduction of 14% for cutting force
was observed for AITiCrN coated tools due to lower
coefficient of friction and surface roughness of
AITiCrN coating.

C. Regression Analysis

e Regression model showed, experimental surface
roughness values are closer to predicted values with
a confidence level of 95%. So, using this regression

model, surface roughness can be predicted during dry
turning of DSS2205.

D. Limitations and Future scope

e During experimentation a surface roughness of
0.72 pm is achieved. But, further investigation to
attain surface roughness of 0.5 pm may be carried out
to eliminate subsequent superfinishing operations such
as polishing.

e BUL formation may be fathomed out through high
speed camera, which is a correlating factor for higher
cutting forces and surface roughness during dry turn-
ing.

e In current the investigation, Cr based coatings are used
to machine DSS2205 in dry conditions, for which out-
standing results are reported. More advanced deposi-
tion techniques can be used to deposit similar coat-
ings and comparison can be brought out to study if
improvement can be achieved.
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