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Abstract 

     Monolayer nanostructured thin films of TiSiN & TiAlSiN were deposited on WC-Co 

milling inserts using RF magnetron sputtering for metal cutting. The alloy targets of TiSi (80/20 

at. %) & TiAlSi (34/56/10 at. %) were used for the deposition in an Ar + N atmosphere. The 

deposition time and parameters are optimized to develop a uniform and homogenous coating. 

The mechanical and metallurgical properties are characterized to analyze the wear resistance 

of the coating. The machinability studies on MDN 250 maraging steel is carried out using 

TiSiN and TiAlSiN coated WC-Co inserts under dry and wet environment. The machining 

responses such as surface roughness, cutting force, tool wear and tool life are analyzed by 

varying spindle speed. The results showed that TiAlSiN coating had a higher wear resistance 

and machining performance compared to the TiSiN coating owing to the high hardness and 

plasticity index of the coating.   

Keywords: Magnetron sputtering; thin films; TiSiN; TiAlSiN; tool wear; surface roughness.  

Introduction 

Maraging steel belongs to a class of ultrahigh strength martensitic steel whose strength 

is due to precipitation of intermetallic compounds. The ultra-high-strength coupled with 

fracture toughness and minimum weight requirement while ensuring high reliability makes 

maraging steel ideal candidate for applications in aeronautical and aerospace. Applications of 

maraging steel include rocket motor cases, submarine hulls, landing gears and cryogenic 

missiles [1,2]. The high strength and hardness makes maraging steel difficult to machine 

material [3–5]. Excessive tool wear, high heat generation, high power consumption, larger 

cutting forces, poor surface quality and/or difficulties in chip formation are some of the 

difficulties faced while machining maraging steel. The high wear resistance and thermally 

stable behaviour of coated tools at high temperatures help to improve the tool life of the cutting 

tool.  The use of coated tools improves the productivity and surface quality requirement while 

machining hard materials like maraging steel. The productivity and surface quality are the two 

important aspects which affect the metal cutting industry. The dry machining is considered as 

the future of the sustainable machining process as the conventional cutting fluids are causing a 

lot of problems in recycling, disposal, operator safety and environmental pollution. The cutting 
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temperature as a result of dry machining is very high. The need for coatings to withstand the 

high cutting temperature is a challenge faced by cutting tool manufacturers.   

The coatings were first used for cutting tool applications back in the 1980s. Magnetron 

sputtering, cathodic arc, plasma enhanced chemical vapour deposition (PECVD), large area 

filtered arc deposition (LAFAD) were some of the methods used for coating cutting tools. PVD 

techniques like magnetron sputtering, cathodic arc and LAFAD were considered more over 

CVD as the former avoided precursor gases that is not suitable with corrosion, fire and 

environmental hazards [6,7]. Magnetron sputtering has better adhesion and tribological 

properties compared to cathodic arc deposition (CAD). The later also forms macro- droplets 

which increases the surface roughness of coatings [8]. The first commercial coating was a 

titanium nitride (TiN) based physical vapour deposition (PVD) coating developed for high-

speed steel drills [9]. The conventional nitride coatings could not meet the demands of dry 

cutting technology. It is desirable for coatings to have high hardness, low friction and high-

temperature oxidation resistance [10]. Nanocomposite coatings of MoN/CrN, TiSiN, and 

TiAlSiN were some of the alternatives due to their extensive mechanical properties. It is found 

that the addition of Al & Si into TiN coatings can enhance the mechanical properties of titanium 

nitride coatings [11]. TiAlSiN and TiSiN coatings are not only good in mechanical properties 

but also exhibited low thermal conductivity which is desirable for dry machining.  

TiAlSiN coatings have drawn attention from many researchers because of their high 

hardness, adhesion strength and better oxidation resistance at high temperatures [12]. 

According to Fuentes [13], TiAlSiN coating consists of (Ti,Al,Si)N where Aluminium and 

Silicon replace Titanium atoms in an fcc crystalline lattice, depending on the stoichiometry. It 

is Veprek (5,6,13), who studied continuously on nanocomposite coatings of  TiN, TiAlN, 

TiSiN and TiAlSiN respectively. It is reported that TiAlSiN coating consisted of 

nanocrystalline TiAlN phase and amorphous Si3N4 phase, where former is wrapped in later. 

Veprek [15] has previously reported about the existence of Silicon nitride (Si3N4) as amorphous 

phase at deposition temperatures below 700-800° C. The microstructure of coating is 

completely dependent on the concentration of each element present and addition of Si to TiAlN 

has clearly resulted in the refinement of grains and increase in hardness as reported by some of 

the researchers [16,17]. The researchers also reported that an increase in Al content decreased 

grain size and increased thermal stability and oxidation resistance [18]. The Ti atoms in TiN 

lattice is replaced by Al atoms and resulted in more lattice distortion and residual stress in the 

coatings. TiSiN coatings also possess excellent properties as that of TiAlSiN coatings for 
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cutting tool applications. The formation of dense SiO2 tribo layer improves oxidation resistance 

of TiSiN coatings at high temperature [19]. The microstructure of TiSiN is also similar to 

TiAlSiN coating, consisting of nano crystalline TiN phase and amorphous Si3N4 phase. TiSiN 

and TiAlSiN coatings are some of the widely used tribological coatings for cutting tool 

applications especially high-speed machining under dry environment. Bouzakis [20] and Chen 

[21] reported a decrease in milling performance of TiSiN coating due to high stress and weak 

adhesive bonding between substrate and coating. Although mechanical properties and 

characteristics of coatings are well studied, the tribological behaviour and wear characteristics 

are still not clear due to the complex wear behaviour of hard coatings. An attempt has been 

made to study the characteristics of TiSiN and TiAlSiN coatings during end milling of 

maraging steel under dry and wet environments. Milling is a cutting process in which coatings 

require high adhesive strength and wear resistance as cutting force and thermal stresses are 

very high [22]. Most of the researchers have studied the microstructure and mechanical 

properties of the coatings giving less importance to machining aspects. This research not only 

deals with characteristics of the coatings but also the mechanical behaviour during end milling 

of maraging steel under dry and wet environment.  

The present study deals with the development of nanocomposite coatings of TiSiN and 

TiAlSiN on tungsten carbide milling inserts using RF magnetron sputtering technique. The 

mechanical and metallurgical characterisation of coatings is carried out using SEM/EDS, XRD, 

Raman spectroscopy and nanoindentation to determine coating thickness, chemical 

composition, phase change, peak shift, hardness and Young’s modulus. The end milling 

performance of coated inserts is carried out by varying spindle speed. The surface roughness, 

cutting force and tool wear characteristics is analysed to evaluate machining performance of 

TiSiN and TiAlSiN coated inserts.  

Materials and methods 

    A commercially available tungsten carbide inserts (H15) purchased from Seco India Ltd is 

used for the coating process. Samples were ultrasonically cleaned using isopropyl alcohol 

(IPA) for 15 minutes at ambient temperature. The sample was placed in the sputtering unit 

mounted to an aluminium holder rotating at a speed of 20 rpm. The magnetron sputtering unit 

used is supplied by V.R. Technologies, Bangalore. The chamber was evacuated to a base 

pressure of about 1.0 x 10-3 Pa. The target alloys of TiSi (80/20 at. %) and TiAlSi (54/36/10 at. 

%) is procured from Plansee Composite Materials GmbH, Germany. High purity argon gas was 
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supplied to the chamber at a flow rate of 30 sccm to achieve a chamber pressure of 0.6 Pa.  The 

pre-sputtering was carried out for 20 minutes keeping the bias voltage and current at 433V and 

0.21 A. The nitrogen partial pressure was subsequently adjusted to 3.35 Pa and a flow rate of 

16 sccm. The argon gas pressure was reduced to 20 sccm. The deposition time of TiSiN and 

TiAlSiN coatings was 120 minutes and 150 minutes. Figure 1 shows the experimental setup of 

magnetron sputtering of TiSiN or TiAlSiN coating during the process.  

 

Figure 1. Magnetron sputtering of TiAlSiN or TiSiN coatings. 

Table 1. Physical and mechanical properties of MDN 250 maraging steel. 

 

Table 2. Chemical composition of MDN 250 maraging steel. 

 

Elements 

 

Ni 

 

Co 

 

Al 

 

Mo 

 

Mn 

 

Ti 

 

Si 

 

C 

 

Fe 

 

Nominal composition (At. %)  

 

 

18.5 

 

8.5 

 

4.17 

 

4.8 

 

0.05 

 

0.4 

 

0.05 

 

0.01 

 

Bal 

Densit

y 

(g/cm3) 

Yield 

tensile 

strengt

h  

Ultimat

e tensile 

strength  

Young’
s 

modulu

s  

Hardnes

s (aged) 

Thermal 

conductivit

y  

Coefficien

t of 

thermal 

expansion 

Meltin

g point 

 GPa GPa GPa HRC W/mK  °C 

 

8.1 

 

 

1.78 

 

1.85 

 

210 

 

50  

 

25.5 

 

11.3x10-6 

 

1413 
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The elemental constituents of the coatings were identified using Zeiss Gemini SEM 

500. The crystal structures in the uncoated and coated tools are determined by XRD analysis 

using Bruker Model: D8 Advance. The Hardness and Young’s Modulus of the coatings are 

measured by using Microtrac Model: Blue Wave. A peak load of 50 mN is applied for the 

nanoindentation test to eliminate the effect on measured hardness due to the substrate, by 

corroborating that resulting pierced depth is within the 10% of coating thickness; around 20 

indentations are performed on each sample for ensuring the accuracy of the results. Calo-tester 

by Anton Paar, USA is used to measure the thickness of coated cemented carbides. 

 

Figure 2. Experimental setup for end milling of MDN 250 maraging steel a) Dry environment 

b) Wet environment 

Table 3. Cutting parameters used for end milling of maraging steel. 

Description Parameters 

Spindle speed (rpm) 270, 350 & 540  

Cutting tool Uncoated, AlTiN & AlCrN coated tool 

Feed rate (mm/min) 58  

Depth of cut (mm) 0.3  

Cutting environment Dry & Wet 

 

A conventional three-axis vertical milling machine NAMMILL X6325 is used for 

milling trials. The experimental setup for dry and wet end milling is presented in Figure 2. The 

end mill cutter used is produced by Seco with 20 mm diameter and two flutes. Annealed 

maraging steel MDN 250 from MIDHANI Ltd. India is used to carrying out machinability 

studies. The mechanical properties and chemical composition of MDN 250 are illustrated in 

Table 1 and 2.  An emulsion type of cutting fluid is used as a wet coolant and is prepared by 

mixing soluble oil with water at a proportion of 1:20. The coolant is flooded into the machining 

MDN 

250 

Dynamometer 

Cutting 

tool 
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zone at a pressure of 1 bar and 6 L/min flow rate. The cutting parameters used in the experiment 

is presented in Table 3. The tool life of the cutting tool is determined in accordance with ISO 

8688-2:1989. The maximum width of flank wear for tool life criterion is kept at 0.5 mm. The 

width of flank wear is measured at an interval of 4 passes (5 minutes) using an optical 

microscope. A quartz three component dynamometer Kistler 9257B is used for measuring 

cutting forces in three different directions. The average surface roughness (Ra) is measured 

using a Talysurf SJ 301 with a cut off length of 4 mm at 6 different locations. 

Results and discussion 

The microstructure of TiAlSiN & TiSiN coatings is shown in Figure 3. The average 

coating thickness is found to be 1.2 µm for TiAlSiN coating and 1.6 µm for TiSiN coating from 

the cross-section of the microstructure. The surface morphology of coatings revealed that a 

homogenous and uniform coating consisting of spherically shaped clusters has been formed 

using a magnetron sputtering technique. The elemental composition of coatings are 

summarized in Table 4 and illustrated in Figure 4. The EDS analysis shows the presence of 

elements like Ti, Al, Si, N & O respectively. Figure 5 presents the XRD analysis of coatings 

The XRD patterns of coatings show the presence of nanocrystalline TiAlN in TiAlSiN coatings 

and TiN in TiSiN coatings. The XRD analysis of coatings showed the presence of TiN & 

substrate phase in TiSiN and TiAlN, TiN phase in TiAlSiN. The TiAlSiN structure mainly 

consists of amorphous Si3N4 phase and nano-crystalline TiAlN phase. The amorphous phase 

cannot be seen in the XRD analysis but the presence of Silicon is evident from EDS results. 

The addition of aluminium and silicon into the nano-crystalline TiN has changed the 

morphology of TiSiN & TiAlSiN coatings from columnar to non-columnar structure [19]. The 

change from columnar to non-columnar structure helps in improving the mechanical properties 

of the coating as the columnar structure suffers from weaker bonding between the columns. 

The microstructure also revealed that TiAlSiN coating has a denser and uniform distribution 

of particles compared to TiSiN coating. The reduced intensity of TiN phase in TiSiN & 

TiAlSiN coating is an indication of decreased grain size [23]. Also, the broadening of TiAlN 

peak in TiAlSiN coating proves the grain size of TiAlSiN coating (35 nm) is much smaller 

compared to TiSiN coating (72 nm). The coating thickness and surface roughness of coatings 

are presented in Table 5. The surface roughness of TiSiN coating (0.323 µm) is quite high 

compared to TiAlSiN coating (0.242 µm).  
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Figure 3. Microstructure of coatings a) TiAlSiN (1.2 µm thick) at 40 K X & b) TiSiN (1.6 

µm thick) at 40 K X c) TiAlSiN at 180 K X d) TiSiN at 180 K X. 

 

Figure 4. EDS analysis of a) TiAlSiN b) TiSiN coatings. 

Table 4. Chemical composition of coatings from EDS analysis. 

 

 

 

a) b)

c) d)

a) b)

Designation Ti (At. %) Al (At. %) Si (At. %) N (At. %) O (At. %)  

TiAlSiN 4.76 13.82 3.14 59.96 18.32 

TiSiN 16.58 - 4.94 67.46 11.02 
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Figure 5. XRD patterns of TiAlSiN & TiSiN coated WC-Co inserts. 
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Figure 6. Raman spectroscopy of TiAlSiN & TiSiN coatings. 
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Figure 6 indicates the raman spectroscopy of TiSiN and TiAlSiN coatings. The raman 

spectroscopy of TiSiN shows one broad band centred approximately at 579. This band 

corresponds to the optic and acoustic modes in the 100 cm-1region. Scattering of heavy metal 

(Ti) ions results in the acoustic mode and scattering of light element (N) ions results in optic 

mode. Similarly, for TiAlSiN coating, raman spectra consist of two bands centred 

approximately at 220 & 560. The study by Barshilla [24] found the two bands in the raman 

spectra of TiAlSiN coatings represent the optic and acoustic modes. The bands between the 

region 150 and 350 cm-1 represent the acoustic mode due to the scattering of heavy metal (Ti, 

Al) ions and the bands between the region 400 and 650 cm-1 represent optic mode due to 

scattering of light metal (N) ions.  

Table 5. Micro mechanical characteristics of TiAlSiN and TiSiN coatings. 

 

The mechanical properties of coatings are summarized in Table 5. The 

micromechanical characteristics of coatings revealed that hardness and Young’s modulus is 

greater for TiAlSiN coating (32 GPa & 380 GPa) compared to TiSiN coating (28 GPa & 285 

GPa). The increased Si percentage in TiSiN coatings resulted in non-columnar structure,  

higher mechanical properties and better bonding between atoms [25]. The measure of 

resistance to local plastic deformation is known as hardness.  The hardness and toughness are 

the key aspects to evaluate and predict the tribological aspects for engineering applications 

[26]. High hardness and toughness is vital for the wear resistance of coatings under severe 

cutting conditions [27]. The hardness is directly correlated to slipping of dislocation and 

nucleation. The high Si content in the TiSiN reduced the grain size of the particle. The plastic 

deformation mechanism happening in smaller grain size are grain boundary sliding and not 

dislocation sliding. The dislocations are generally absent in the case of TiSiN coating due to 

smaller grain size. The high hardness of TiSiN coating is due to the high bonding energy of Si- 

Coatings 
Average 

thickness  

Surface 

roughness  

Hardness 

(H) 

Young’s 
modulus 

(E) 

H/E 

Ratio 

H3/E2 

Ratio 

Plasticity 

index,[1-

x(H/E)] 

  μm μm  GPa GPa   GPa   

TiAlSiN 1.2 0.242 32 ± 2.1 380±5.6 0.084 0.227 0.975 

TiSiN 1.6 0.323 28 ± 1.8 285±3.1 0.098 0.185 0.970 
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Ti and Si-N bonds in the grain boundary which resisted the grain sliding [28]. The strong 

interphase boundary between nanocrystalline TiAlN and amorphous Si3N4 phase with high 

cohesive energy combined with grain size refinement should be the reason for the high 

hardness of TiAlSiN coating. In addition, the solution hardening incorporation of Al can also 

be the reason for higher hardness. The small grain size of TiAlSiN hinders the dislocation 

movement and dislocations are generally absent at very small grains resulting in high hardness. 

The quaternary coating (TiAlSiN) has better hardness than ternary coating (TiSiN) because the 

interface phase (Si3N4) retards the decomposition phase of TiAlN phase [29].  Generally cutting 

tools requires higher values of hardness in order to avoid the drastic tool wear. Higher H/E 

values are obtained for TiSiN coating which is a measure of plasticity. The load-bearing 

capacity (H3/E2) of TiAlSiN coating (0.227 GPa) is found to be higher than TiSiN coating 

(0.185 GPa), which indicates the plastic deformation resistance and fracture toughness is more 

for the former. In general tribological conditions, the higher H//E values result in lower wear. 

But the hardness and H/E ratio are inadequate to evaluate the performance of the coating in the 

severe cutting conditions like high-speed machining [30]. The plasticity index is a measure of 

toughness and is more reliable to evaluate the actual cutting conditions. The TiAlSiN coating 

has higher plasticity index compared to the TiSiN coating. The plasticity index of the coating 

is correlated with the tool life in end milling of hardened steel [31]. 
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Figure 7. Flank wear of coated inserts at a spindle speed of 540 rpm a) TiSiN coated inert 

under dry environment b) TiAlSiN coated insert under dry environment c) TiSiN coated 

insert under wet environment d) TiAlSiN coated insert under wet environment 

The dominant tool wears observed in the coated inserts during dry and wet milling is 

flank wear & chipping, not crater wear at rake face. The SEM image of flank wear during dry 

and wet milling at a spindle speed of 540 rpm is shown in Figure 7. The flank wear progression 

followed a V pattern due to the high abrasive wear while machining. The best wear 

performance is by TiAlSiN coated carbide tools during wet end milling. This is because of the 

good mechanical properties of TiAlSiN coating like high hardness and toughness which helped 

in resisting wear. The dry environment machining involves high thermal stress due to the high 

heat generated. The high heat generated to deteriorate the adhesion between coating and 

substrate and results in peeling of coating. The substrate is exposed after this and leads to 

fracture of the cutting tool. The abrasive wear is more during dry machining and a rapid 

progression of flank wear reduces the tool life. The tribo oxide films like TiO2, SiO2, Al2O3 & 

AlxSiyOz protects the TiAlSiN coating, whereas TiO2 & SiO2 protects the TiSiN coating. The 

a) b)

c) d)

D
R
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E
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TiSiN TiAlSiN
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presence of oxygen is evident from the EDS results (Figure 4) of coatings and the formation of 

oxide films on coatings is expected. The TiO2 & SiO2 protective layer in the TiSiN coating is 

comparatively weak when compared to strong oxide layers of Al2O3 and AlxSiyOz in TiAlSiN 

coating [32]. The alumina and silica tribo films formed on the coatings has played a vital role 

in increasing the wear resistance of TiAlSiN coating [13]. The TiSiN coating and TiAlSiN 

coating is fractured more under dry environment than under a wet environment. The abrasive 

wear is less under a wet environment as the cutting temperature dropped, better lubrication and 

chip removal also helped. The adhesion and built up edge formation is also less during wet 

machining giving a better surface finish. The microchipping and peeling of coating also are 

observed in coatings under a wet environment. The TiAlSiN coatings had a better wear 

resistance and tool life under a wet environment.  The results were in accordance with studies 

by Yuan et al. [27] where TiAlSiN coating had higher tool life compared to TiSiN and TiCrSiN 

coatings. The pin hole defects affected the wear resistance and tool life of TiSiN coatings even 

though having good mechanical properties.   

 

Figure 8. Progression of flank wear of different cutting tool at a spindle speed of 270 rpm 
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Figure 9. Progression of flank wear of different cutting tool at a spindle speed of 350 rpm. 
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Figure 10. Progression of flank wear of different cutting tool at a spindle speed of 540 rpm. 

 

 

 

Page 13 of 21 AUTHOR SUBMITTED MANUSCRIPT - MRX-117880.R1

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

A
cc

ep
te

d 
M

an
us

cr
ip

t



14 

 

Table 6. Tool life of cutting tools at different spindle speed and cutting environments 

 

 

 

 

The progression of flank wear of coated and uncoated tools during machining under a 

dry and wet environment at a spindle speed of 270, 350 & 540 rpm taken at an interval of 5 

minutes is presented in Figures 8, 9 & 10 respectively. The tool life is estimated on the basis 

of maximum flank wear criteria of 0.5 mm (ISO 8688-2:1989) and the same is presented in 

Table 6. The coated tools resisted the flank wear for a long time compared to uncoated tools 

and extended their tool life. The cutting tools had a better flank wear resistance during lower 

spindle speeds and progression of flank wear increased during higher spindle speeds. Thus 

resulting in a better tool life during lower spindle speeds. The cutting tool is worn fast during 

cutting under dry machining and resulted in lesser tool life compared to wet machining. 

TiAlSiN coated tools had a better wear resistance compared to the TiSiN coated tool and 

resulted in maximum tool life of 102 minutes during wet machining at a spindle speed of 270 

rpm. The formation of tribo films of Al2O3 and AlxSiyOz in TiAlSiN coating protects the cutting 

tool from the progression of flank wear and results in higher tool life. The wet environment 

reduces the cutting temperature and provides better lubrication and cooling compared to a dry 

environment. The reduction in cutting temperature reduces the thermal stresses and fatigue 

associated with insert and extends tool life. The cutting temperature is less during lower spindle 

speeds and reduces tool wear.  

Spindle speed 
Tool life (min) 

UC TiAlSiN TiSiN UC TiAlSiN TiSiN 

(rpm) Dry Dry Dry Wet Wet Wet 

270 59 71 70 80 102 96 

350 37 45 46 48 61 60 

540 22 30 28 32 40 37 
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Figure 11. Variation of resultant cutting force with spindle speed during dry and wet milling 

using coated carbide inserts. 

The resultant cutting force (FR) is used to analyse the cutting force while machining 

[22]. The cutting force is directly correlated with power consumption during machining. So it 

is recommended to have a lower cutting force while machining to reduce the power 

consumption. It is also a measure of machinability index. Figure 11 presents the variation of 

resultant cutting force while machining at a spindle speed of 270, 350 & 540 rpm using coated 

carbide tool under dry and wet environment. It is observed that TiAlSiN coated tools had lower 

cutting force than TiSiN coated tools under dry and wet environment. The cutting force 

decreased as the spindle speed increased, the chatter and vibration are more at lower spindle 

speed. The high hardness, Young’s modulus and toughness of TiAlSiN coatings improved the 

wear resistance of the coating and resulted in a lower cutting force. The uniform and dense 

microstructure along with reduced grain size also attributed to a reduction in cutting force. The 

higher friction coefficient of TiSiN coatings also resulted in an increase in cutting forces [27].  

The cutting force is high during machining under dry environment as the high cutting 

temperature increased the thermal stress and resulted in the fracture of the coating. The higher 

wear resistance of TiAlSiN coating helped to extend the tool life and reduce the cutting force 

even in the dry environment. The TiSiN coating had a higher wear rate and increased the cutting 

force while machining. The better lubrication and cooling effects of a wet environment not 

only reduced the wear rate but also the cutting force. TiAlSiN coating had a better performance 
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than TiSiN coatings and major wear mechanisms like abrasive wear, BUE formation and 

fracture of coatings eliminated during wet machining. The tribo protective layers like alumina 

(Al2O3) & silica (SiO2) also helped TiAlSiN coated tools to reduce friction coefficient and 

cutting force.    
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Figure 12. Variation of surface roughness with spindle speed during dry and wet milling 

using coated carbide inserts. 

The surface roughness is a measure of surface integrity which affects the fatigue life of 

the components produced.  The lower surface roughness will give a better finish and protect 

the component from fatigue failure. The surface roughness of maraging steel after machining 

at different spindle speed using TiSiN and TiAlSiN coated tools has been presented in Figure 

12. It can be observed that the surface roughness reduced as the spindle speed increased and 

TiAlSiN coated tools produced a better surface finish compared to TiSiN coated tools. The wet 

environment helped to reduce the surface roughness of the machined surface to a large extent 

as seen in the figure. As the spindle speed increased, the cutting temperature also increased and 

resulted in the thermal softening of the workpiece. It also helped in removing the surface 

discontinuities and other defects along with easy chip removal. The high spindle speed also 

reduced the chatter and vibration of the cutting tool thereby leaving fewer tool marks on the 

workpiece surface. The high hardness and plasticity index of TiAlSiN coating helped to extend 

the wear resistance and tool life of the cutting inserts. The high wear resistance of TiAlSiN 
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coated tool improved the surface finish of machined workpiece compared to the TiSiN coated 

inserts. The fractured tool leaves more marks on the workpiece surface and it is desired to have 

better wear resistance for better surface finish. The alumina and silica tribo films are the reason 

for the wear protection of the TiAlSiN coatings and better finish of maraging steel. The 

conventional wet coolant helped in reducing the cutting temperature and provided better 

lubrication compared to the dry cutting. The use of coolant also resulted in easy chip disposal 

and reducing tool marks on the machined surface. The employment of coolant improved the 

chip breakability of the coated tool and reduced the coefficient of friction. The results were in 

accordance with previous works [33].  

Conclusions 

The TiSiN & TiAlSiN coatings are well deposited on WC-Co milling inserts using PVD 

magnetron sputtering technique with TiSi (80/20) and TiAlSi (54/36/10) targets. The 

microstructure and mechanical properties of coatings were studied along with the mechanical 

performance of coatings during end milling of maraging steel by varying spindle speed. The 

following conclusions are  drawn from the study: 

i. The microstructure revealed that coatings were uniform and densely distributed and 

formed a nanocrystalline structure of TiN & amorphous Si3N4 phase in TiSiN coating 

and nanocrystalline structure of TiAlN & amorphous Si3N4 phase in TiAlSiN coating. 

ii. TiAlSiN coating had higher hardness and Young’s modulus than TiSiN coating. Also, 

the load bearing capacity (H3/E2 ratio) and plasticity index of the coating of TiAlSiN 

coating is also higher for TiSiN coating.  

iii. The TiAlSiN coating had better wear resistance than TiSiN coating due to good 

mechanical properties and resulted in tool life enhancement. 

iv. The highest tool life observed during end milling using TiAlSiN coating is 102 minutes 

at a spindle speed of 270 rpm under a wet environment.  

v. The coatings performed better under wet environment than in dry environment and the 

abrasion wear, BUE formation and the fracture was more during dry machining. While 

adhesion wear, coating peels off and microchipping is observed more during wet 

machining.   

vi. The cutting force and surface roughness is higher while machining using TiSiN compared 

to TiAlSiN coated tool. 
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