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a b s t r a c t

The present work evaluates the turning performance of alumina (Al2O3) and titanium

carbide (TiC) based mixed ceramic cutting inserts with TiAlSiN, WC/C and DLC thin-film

depositions during machining of AISI 52100 steel hardened to 55 ± 2 HRC hardness.

Based on the generated machining forces, coefficient of friction, geometrical characteris-

tics of the chips, and tool wear, a comparative analysis of the performance of uncoated and

coated cutting tools was carried out. The machining outcomes were interpreted in relation

to the adhesion strength of coating with the substrate, surface roughness and hardness of

the top surface of the coatings. It was observed that the reduction of friction and

machining forces accounted to lower localized strain along the shear plane leading to

lower deformation of the chips. The TiAlSiN coating exhibited superior wear-resistance at

the highest cutting speed when compared to DLC and WC/C coatings owing to its higher

hardness and higher coating/substrate adhesion strength. However, the DLC and WC/C

coatings, although softer, accounted to significant reduction of machining forces due to

their self-lubricating properties.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
It is known that the metal cutting or machining plays a sig-

nificant role in the development of engineered parts and

components. The continuous evolution of materials and
.S. Kumar).
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increasing demand for machining the materials without pro-

cessing necessitates researchers and engineers to continue

research and development in the machining technology to

investigate and develop new materials, coatings, and treat-

ments for cutting tools. Also, the development of novel

lubrication techniques, systems, and lubricants is being
an open access article under the CC BY-NC-ND license (http://

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:chigulla51@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmrt.2022.06.092&domain=pdf
www.sciencedirect.com/science/journal/22387854
http://www.elsevier.com/locate/jmrt
https://doi.org/10.1016/j.jmrt.2022.06.092
https://doi.org/10.1016/j.jmrt.2022.06.092
https://doi.org/10.1016/j.jmrt.2022.06.092
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 1 9 : 3 3 8 0e3 3 9 3 3381
considered as a way to minimize energy and resource con-

sumption [1e3]. Hardened steels that are used for production

of gears, camshafts, bearings and other mechanical trans-

mission parts are considered difficult-to-machine materials

due to their high hardness. Thus, investigating the machin-

ability of hardened steel with various types of cutting tools,

has become an attractive topic for the researchers [4e6].

Further, the literature shows that the cutting toolmaterial and

its geometry have grave significance due the high tool wear,

machining forces and cutting temperatures associated with

the machining process of hardened steel [7,8]. In this regard,

two important past studies we would like to highlight. Sales

et al. [9] during the performance study of Al2O3/TiC and PCBN-

H cutting tools revealed that the economical Al2O3/TiC

ceramic composite tool didn't surpass the machining perfor-

mance of superior PCBN-H tool but the performance was

acceptable if the high cost of the PCBN-H tool is considered.

Similarly, Sobiyi et al. [10] compared the performance of CBN

and alumina (Al2O3) based ceramic composite cutting tools

during machining of martensitic stainless steel and revealed

similar results for mixed ceramic cutting tools. Thus, it can be

concluded that the mixed ceramic tools can act as a replace-

ment to the costly PCBN or CBN cutting tools due to their

comparable and acceptable performance, and also, due to the

economic aspects if the cost of the tooling is considered.

The shortcomings of the mixed ceramic cutting tools can

be covered up to some extent by deposition of thin-films that

can improve the wear-resistance, thermal and chemical sta-

bility, and mechanical deterioration that would subsequently

add to the durability of the cutting tools [11e13]. In a very

important investigation, the present authors [14] reported that

the TiAlSiN nanocomposite coating significantly extended the

machining performance of the Al2O3/TiCN ceramic composite

cutting tools. Various researchers have reported similar

studies for mixed ceramic or ceramic composite cutting tools

[9,15,16]. Low-friction and self-lubricating coatings, in addi-

tion to hard coatings, have improved the machining perfor-

mance of cutting tools [17e20]. A past study reports that the

deposition of DLC and WC/C low friction coatings over the

Al2O3/TiCN based composite ceramic cutting tools resulted in

a considerable improvement in themachining performance of

AISI 52100 steel during hard turning [21]. However, low friction

coating application during hard machining is still limited.

Moreover, investigations pertaining to chip morphology dur-

ing hard machining using coated mixed ceramic cutting tools

is also scarce.

According to the literature, the majority of the research

done so far on coated mixed ceramic cutting tools has been

focused on evaluating tool wear and other tribological factors

throughout the machining process. However, chip

morphology studies have been mostly neglected. Further, the

suitable use of hard and soft coatings to extend the service life

of the mixed ceramic cutting tools has been discussed sepa-

rately and thus, a comparative analysis is lacking in the

literature. Thus, a comprehensive exploration of the benefits

and shortcomings of both the type of coatings during hard

machining application is necessary. As a result, the current

study compares the performance of TiAlSiN, DLC, and WC/C

coated Al2O3/TiC mixed ceramic cutting tools when hard
turning AISI 52100 steel at various cutting speeds. Uncoated

Al2O3/TiC mixed ceramic tools were also tested for compari-

son purposes.
2. Experimental methodology

2.1. Coatings deposition and characterization

Sputteringwas used to deposit all of the coatings on the Al2O3/

TiC mixed ceramic tools with the SNGA120408 designation.

Pure graphite targets were utilised to deposit the DLC coating,

while tungsten targets were employed to deposit the WC/C

coating in addition to graphite targets. The DLC coating was

made in a hydrogenated type DLC-a-C:H - under a reactive

environment of CH4. WC/C, on the other hand, is a type of DLC

coating that incorporates WC doping to create an Me-a-C:H

structure. WC/C is a multi-layered coating with alternate

WC and C layers, whereas DLC is a mono-layered coating. The

coatings produced are ~2 mm thick. The TiAlSiN coating was

produced from 99.95% purity targets of TiSi and TiAl with

target power of 5 kW in a nitrogen reactive atmosphere using

direct current reactive magnetron sputtering process

(DCRMS). The coating chamber was maintained at a pressure

of 570 mPa whereas N2 was introduced at 270 mPa and Ar at

350 mPa pressures respectively. A bias voltage of �450 V with

20 A current was used. The temperature inside the chamber

measured at 400e500 �C during the coating process. At this

high temperature, the nanocomposite structure is well known

to be formed. Indeed, for such deposition temperatures spi-

nodal composition occurs and segregation of SieN phase to

the grain boundaries happens, producing a nanocomposite

structure [22]. The TiAlSiN coating was ~3 mm thick. Before the

deposition of the coatings the Al2O3/TiC mixed ceramic sub-

strates were heated and ion etched by using a mixture of

argon and krypton gas to enhance the coating/substrate

adhesion strength and avoid any possible surface

contaminations.

After the deposition process, the surface roughness was

analysed using Taylor Hobson surface roughness tester. The

surface roughness measurements were made ten times at

different locations and an average was determined from the

values. The hardness of the coatings was determined using a

Nanoindentation tester equipped with a sharp Berkovich

indenter. Ten different readings were made with a load of

10 mN, loading rate of 20 mN/min, and dwell time of 5 s. Later

the readings were averaged on each type of coated tool to

determine the final value. The indentation depth was <10% of

the films thickness, to eliminate the substrate contribution.

The scratch testing using Ducom's scratch tester was per-

formed on the coated tools using a Rockwell C indenter of

radius of 0.2 mm, increasing the force linearly from 5 N to

80 N. The readings were taken at ten different locations to

determine the average coating/substrate adhesion strength

corresponding to each coating and substrate pair. The tests

were carried out under a scratch speed of 0.2 mm/s and a

loading rate of 20 N/mm. Adhesion critical loads were deter-

mined by optical microscope analysis. The scratch testing

using Ducom's scratch tester was performed on the coated
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tools at ten different locations to determine the average

coating/substrate adhesion strength corresponding to each

coating and substrate pair.

2.2. Turning tests

Fig. 1 shows the experimental setup for the turning tests. The

tests were performed with a cutting tool having designa-

tion SNGA120408 and made of Al2O3/TiC ceramic material.

Further, the tool holder used for the tests had a designation of

PSBNR202020K12. AISI 52100 steel hardened to 55 ± 2 HRCwas

used as the workpiece material. Uncoated Al2O3/TiC ceramic

cutting tool and coated tools with of DLC, WC/C, and TiAlSiN

coatings were subjected to turning tests under dry cutting

environment with a depth of cut of 0.5 mm and feed rate of

0.16 mm/rev. During experiments, the cutting speed was

varied from 100m/min to 250 m/min with an interval of 50 m/

min. Each experimental test was conducted thrice to ensure

the reproducibility of the results.

2.3. Measurements

The machining forces were measured using Kistler made

Piezoelectric dynamometer which was equipped with a

charge amplifier for recording the force values. After the

turning tests, the chips were collected and geometrical mea-

surements were made on the SEM micrographs of the back

and free surface of the chips. Fig. 2 shows the various

geometrical parameters measured on the SEMmicrographs of

the chips formed while machining with the cutting tools. The

chip thickness was measured using digital Vernier Callipers.

The chip-thickness, chip-width, major teeth height, minor

teeth height and teeth bend angle were measured on thirty

different locations and an average was considered as the final

reading. This extensive process was adopted to avoid

machining and measurement errors. Scanning electron mi-

croscopy was also used to investigate wear on the flank and

rake surfaces of uncoated and coated cutting tools.
Fig. 1 e Experimental setup for turning with Kistler Piezoele
2.4. Finite element simulations

The observations on the measured chipegeometrical param-

eters require further investigation on localized stress and

strain generated in the chips during formation of serrated

teeth. Thus, a 2D finite element model has been developed

using Deform 2D (Version 10.2) software package to investi-

gate the above observationsmore precisely. Themodel adopts

the flow stress behaviour of the AISI 52100 steel from the

hardness-based flow stress model proposed by Umbrello et al.

[3] which may be expressed as:

sðε; _ε; t;RÞ¼XðtÞðIεn þYþZεÞð1þðlnðεÞ�HÞÞ (1)

where

XðtÞ¼ eðat5þbt4þct3þdt2þetþfÞ (2)

Y¼27:4R� 1700:2 (3)

Z¼ 4:48R� 279:9 (4)

where ε is the effective strain, _ε is the effective strain rate

(1.0s�1), R (55 HRC) is the hardness of the material, and t is the

temperature in degree Celsius. The other material constants

of the model have been listed in Table 1. The adopted flow

stress model considers the effect of hardness on the strain

hardening property of the workpiece material.

The mechanical and thermal properties of the AISI 52100

steel workpiece material, Al2O3/TiC cutting tool material and

the coatings (TiAlSiN, DLC andWC/C) have been adopted from

the literature [12,21,23e28]. The thermal expansion and

emissivity of the coatings have been assumed equal to the

substrate material. All the finite element simulations were

carried out at a cutting speed of 250 m/min with 0.16 mm/rev

feed rate and 0.5 mm depth of cut. The finite element study is

basically focused on the localized effective strain during for-

mation of the serrated teeth and the stress generation in the

localized region just before the separation of serrated layer
ctric Dynamometer attachment for force measurement.
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Fig. 2 e SEMmicrographic images of the chips showing measurement of (a) chip width, CW, (b) minor teeth height, Thmin, (c)

major teeth height, Thmaj, and (d) teeth bend angle, BA(
o).
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and thus, the tool is considered rigid during the simulations.

Further, Coulomb's friction criterion has been considered for

defining the interaction between the tool and the workpiece.

Brozzo's damage criterion [2] has been adopted to define the

failure mechanism in the workpiece material which also fa-

cilitates formation of serrated teeth during numerical

simulations.
3. Results and discussion

3.1. Coating characterization

The deposited coatings have been characterized based on the

average coating-surface roughness (Ra), coating/substrate

adhesion strength, and surface hardness obtained from nano-

indentation tests. The coating/substrate adhesion strength

significantly impacts flaking and coating delamination during

the machining process and thus, it becomes an important

parameter to be investigated. The scratch tests revealed that the

low-friction DLC and WC/C coatings on the Al2O3/TiC ceramic

substrate exhibited first critical loadLc1 of 38Nand 56N for first

coating cracking indicating low coating/substrate adhesion
Table 1 e AISI 52100 steel hardness-based flow stress
model material constants.

Material
constant

Value Material
constant

Value

a 3.8121 x E�15 f 0.02443

b �3.2927 x E�12 I 1092 MPa

c �6.9118 x E�9 n 0.083

d 5.4993 x E�6 m 0.1259

e �1.2419 x E�3 H 0.0567
strength. On the contrary, the TiAlSiN coating exhibited excel-

lent coating/substrate adhesion strengthwith a Lc1 critical load

of 75 N. TiAlSiN and WC/C coatings only displayed Lc1 (first

coating cracking) type adhesion failure. However, DLC coating

displayed all the three types of failure modes namely; Lc1, Lc2

(first coating chipping) and Lc3 (more than 50% of the coating

failure).

Further, it was observed that the measured hardness

using the nanoindentation tests of the low-friction DLC

(22.27±1.23GPa)andWC/C (13.95±0.83GPa)coatingswaseven

lower than that of the ceramic substrate (27.72 ± 1.51 GPa).

Thus, WC/C and DLC coatings can be termed as soft-coatings

attributing to their hardness which is lower than that of the

Al2O3/TiC substrate. From the literature it is evident that the

doping can reduce hardness of DLC thin-films whereas it is

beneficial in increasing the adhesion to the substrate [29,30]

and thus, there is a reduction of hardness and increase of

adhesion strength for theWC/C coating. However, the TiAlSiN

coatingdue itsnanocomposite structure exhibitedahighvalue

of hardness of 38.83 ± 1.47 GPa, that satisfies the condition of

hard coating. Further, it has been observed that the coated

surfaces exhibited significantly low values of average surface

roughness RA (0.16 ± 0.03 mm for WC/C, 0.13 ± 0.02 mm for DLC

and 0.17 ± 0.02 mm for TiAlSiN coating) when compared to the

uncoated ceramic tool's surface roughness (0.32 ± 0.05 mm).

3.2. Effect on machining forces

The variation of machining forces, namely feed force FX, cut-

ting force FY, and thrust force FZ, with cutting speed are

depicted in Fig. 3. Machining using coated tools resulted in

machining force reductions at all cutting speeds, with a

maximum decrease of 45 percent in feed force, 32 percent in

cutting force, and 41 percent in thrust force. The largest

https://doi.org/10.1016/j.jmrt.2022.06.092
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Fig. 3 e Variation of (a) feed force, FX, (b) cutting force, FY and (c) thrust force, FZ for uncoated and coated Al2O3/TiC mixed

ceramic cutting tools as a function of cutting speed.
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reductions corresponded to the TiAlSiN coated tool at a cut-

ting speed of 250 m/min, which necessitates more examina-

tion into tool wear, whichwill be detailed in Section 3.5. It was

also discovered that when the cutting speed increased, the

machining forces decreased. However, an unusual behaviour

was seen for uncoated, DLC coated, and WC/C coated tools at

the greatest cutting speed of 250 m/min. It was observed that

themachining forces associatedwith these tools decreased up

to 200 m/min cutting speed, however at 250 m/min cutting

speed, all tools except the tool coated with TiAlSiN resulted in

increase ofmachining forces. This behaviour can be attributed

to the combination effect of high cutting temperatures pre-

vailing at 250 m/min, low hardness and oxidation resistance

of the low friction films. Further, coating delamination and

sub-standard coating/substrate adhesion of the DLC and WC/

C coatings may have also led to this increase in machining

forces. The TiAlSiN coated tool, on the other hand, resulted in

a further reduction in machining forces at 250 m/min, which

is basically due to the higher coating/substrate adhesion

strength, high oxidation and wear-resistance offered by the

nanocomposite coating.

Furthermore, when compared to the uncoated tool, the

percentage reduction in machining forces for DLC and WC/C

coated tools decreased with increasing cutting speed up to

200 m/min, and at 250 m/min cutting speed, the percentage

reduction increased, indicating severe tool wear for the un-

coated cutting tool. Moreover, the percentage reduction in

machining forces for DLC and WC/C coated tools demon-

strated an inclination of their performance toward uncoated

tools as cutting speed increased. On the other hand, for the

TiAlSiN coated tool, the inverse phenomenon can be
observed, i.e., the percentage reduction in machining forces

increased with increasing cutting speed up to 250 m/min,

indicating higher thermal stability andwear resistance for the

TiAlSiN coating. Consequently, the better coating/substrate

adhesion strength, thermal stability and oxidation resistance

of the coating resulted in a superior performance of the inserts

under harsh machining conditions. However, this phenome-

non requires detailed wear study which will be covered in

Section 3.5.

3.3. Effect on apparent coefficient of friction (map)

During a metal cutting operation, friction at the cutting zone

plays an important role in determining the performance of

cutting tools. Further, duringmachining of hardened steel like

52,100 steels, friction becomesmore significant parameter due

to the associated high temperature and machining forces. In

this regard, the coefficient of friction during the cutting pro-

cess, termed as ‘apparent coefficient of friction (map)’ has been

evaluated by converting a three-dimensional force system

into a two-dimensional system for simplicity and then the map

has been determined using the equation below.

map ¼
FY þ FXZtana
FY � FXZtana

(5)

where, FY is the cutting force and FXZ is the equivalent thrust

force that can be further expressed as:

FXZ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
FX

2 þ FZ
2

q
(6)

Wwhere FX is the feed force and FZ is the thrust force.
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Fig. 4 shows the assessed values of map for both coated and

uncoated cutting tools plotted versus cutting speed. Deposi-

tion of low-friction coatings on the ceramic cutting tool has
Fig. 4 e Fluctuation of apparent coefficient of friction (map) for unc

function of cutting speed.

Fig. 5 e Variation of (a) chip width, CW, (b) chip thickness, CT (c) m

for uncoated and coated Al2O3/TiC mixed ceramic cutting tools
resulted in a significant reduction in friction at the cutting

zone. This is due to their low-friction and self-lubricating

characteristics (DLC and WC/C coatings). On the contrary,
oated and coated Al2O3/TiCmixed ceramic cutting tools as a

inor teeth height, Thmin, and (d) major teeth height, Thmaj

as a function of cutting speed.
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Fig. 6 e Fluctuation of teeth bend angle, BA(
o) for uncoated and coated Al2O3/TiC mixed ceramic cutting tools as a function of

cutting speed.

Fig. 7 e Localized strain along the shear plane for (a) uncoated, (b) DLC coated, (c) WC/C coated and (d) TiAlSiN coated Al2O3/

TiC cutting tools.
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TiAlSiN coating displayed slight high map than the other

coatings up 200 m/min. However, at the highest cutting speed

of 250 m/min, the map of TiAlSiN coating suddenly drop ac-

counting to lower friction coefficient as compared to the un-

coated cutting tool and to aq similar map as the other coatings.

The TiAlSiN coating's superior coating/substrate adhesive

strength, as well as its considerably higher hardness, have

allowed it to withstand the tremendous thermal stresses

induced at the highest cutting speed of 250 m/min. In fact, at

250 m/min cutting speed, the TiAlSiN coated tool had a lower

coefficient of friction than the WC/C coated tool, but the dif-

ference was insignificant. Further, it was observed that the

DLC coated cutting tool corresponded to lower coefficient of

friction under all conditions owing to the superior self-

lubricating properties of DLC coating due to formation of

graphite during the machining process [23,31].

3.4. Effect on chip morphology

3.4.1. Effect on chip geometry
Effect of thin-film depositions on the chip formation has been

elaborated and discussed by various researchers [32e35].

However, the influence of low-friction or self-lubricating

coatings has not been specifically investigated and

compared with performance of hard coatings. Thus, the
Fig. 8 e Localized stress at the tip of the serrated teeth for (a) unc

Al2O3/TiC cutting tools.
current study investigates the effect of coating depositions on

chip formation duringmachining of hardened AISI 52100 alloy

steel. Fig. 5 shows how chip width (Cw), chip thickness (CT),

major teeth height (Thmaj), and minor teeth height (Thmin)

vary as cutting speed increases. For uncoated, DLC, andWC/C

coated tools, the Cw, CT, Thmaj, and Thmin dropped as the

cutting speed increased up to 200 m/min. However, an in-

crease in Cw, CT, Thmaj, and Thmin can be seen at the cutting

speed of 250 m/min. Cw, CT, Thmaj, and Thmin decreased with

increasing cutting speed for TiAlSiN coated tools until the

maximal cutting speed of 250 m/min. This peculiar behaviour

can be attributed to the variation ofmachining forces with the

cutting speed. Also, a close relation between the coefficient of

friction andmeasured chip-dimensions can be developed. The

chipegeometry parameters are found to be linearly related to

the coefficient of friction, with lower coefficients of friction

leading to reduced chipegeometry parameters and vice versa.

A lower value of friction coefficient accounted to lower

deformation in the generated chips eventually leading to

lower values of Cw, CT, Thmaj, and Thmin.

Comparatively, the teeth bend angle (BA) increaseswith the

increase of cutting speed (see Fig. 6). The variation BA can be

related inversely to the coefficient of friction. It was observed

that the lower coefficient of friction leads to lesser bending

stresses on generated serrated teeth leading to higher chip
oated, (b) DLC coated, (c) WC/C coated and (d) TiAlSiN coated

https://doi.org/10.1016/j.jmrt.2022.06.092
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Fig. 9 e SEM micrographic images of the free surface of the chips formed while machining at 250 m/min cutting speed with

(a) uncoated, (b) DLC coated, (c) WC/C coated and (d) TiAlSiN coated Al2O3/TiC cutting tools.

Fig. 10 e SEM micrographic images of the back (machined surface) surface of the chips formed while machining at 250 m/

min cutting speed with (a) uncoated, (b) DLC coated, (c) WC/C coated and (d) TiAlSiN coated Al2O3/TiC cutting tools.
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bend angles. In order to precisely understand this phenome-

non, localized stress at the tip of the serrated chip has to be

studied which has been carried out using finite element

analysis in Section 3.4.2.
Fig. 11 e SEM micrographic images of the rake surface while m

DLC coated, (c) WC/C coated and (d) TiAlSiN coated Al2O3/TiC cu
3.4.2. Localized stress and strain in chips
Fig. 7 shows the localized strain along the shear plane in the

generated chips while machining with uncoated and coated

cutting tools. It can be seen that the localized strain is
achining at 250 m/min cutting speed with (a) uncoated, (b)

tting tools.
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dependent on the coefficient of friction with lower frictional

coefficient corresponding to lower effective localized strain

and vice versa. The higher localized strain accounted to higher

values of Cw, CT, Thmaj, and Thmin and vice versa. Further,

when the stress in themarked region in Fig. 8 is studied, it can

be seen that the higher coefficient of friction led to lower

values of localized stress on the tip of the initiated serrated

teeth. Thus, lower localized stress at higher coefficient of

friction has resulted in lower chip bend angles at higher co-

efficient of friction values.

3.4.3. SEM morphology of chips
The free and back surfaces of chips generated when

machiningwith uncoated and coated cutting tools are shown

in Figs. 9 and 10 respectively. On the free surface of coated

cutting tools, a unique observation has been made. When

machining with coated cutting tools, the free surface showed

a more uniform distribution of serration layers than the

chips corresponding to the uncoated tool. In addition, as

compared to the uncoated cutting tool, the layered distri-

bution suggested that machining with coated tools accoun-

ted to lower strain on the serrated layers, which might be

attributed to lower associated machining forces and friction.

The machined surface (back surface), on the other hand, has

a direct relationship with the coefficient of friction, with

lower friction values corresponding to a smoother machined

surface.
Fig. 12 e SEM micrographic images of the flank surface while m

DLC coated, (c) WC/C coated and (d) TiAlSiN coated Al2O3/TiC cu
3.5. Effect on tool wear

3.5.1. Crater wear
Fig. 11 shows the rake surface for the cutting tools at 250 m/

min cutting speed. The wear on the rake face of the uncoated

Al2O3/TiC cutting tool is characterized by adhesion and abra-

sion whereas for DLC and WC/C coated tools the wear is

characterized by flaking, coating delamination and stacking in

addition to adhesion and abrasion. On the contrary, for the

TiAlSiN coated tool, the wear was basically in form of adhe-

sion with negligible abrasion. A substantial adhesion region

has been developed for the uncoated ceramic cutting tool

whereas the coated tools exhibited excellent anti-adhesive

properties on the rake face with minimal material adhesion

which is apparent from the EDS analysis of the marked re-

gions. Although the DLC coating accounted to very low values

of coefficient of friction, significant coating delamination and

flaking can be seen on the DLC coated tool with has occurred

because of the lower coating/substrate adhesion strength.

However, the coating delamination and formation of graphite

at high temperatures [23,31], led to the accumulation of

lubricant (in this case graphite) at the chipetool interface

leading to formation of low-friction zone when the chips slide

over the rake face satisfying the self-lubricating properties of

the DLC coating. On the contrary, when compared to the DLC

coated cutting tool, delamination was not as severe for the

WC/C coated tool.
achining at 250 m/min cutting speed with (a) uncoated, (b)

tting tools.
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On the rake surface of both DLC and WC/C coated mixed

ceramic cutting tools, however, material stacking owing to

coating delamination and chip movement is observed.

Furthermore,when compared to the uncoated tool, abrasion on

the rake surface for the DLC and WC/C coated tools was

smoother. Even at the greatest cutting speed of 250 m/min, the

TiAlSiN coated tool showed no signs of wear and or delami-

nation. The TiAlSiN coated tool's enhanced performance can be

due to the TiAlSiN coating's higher coating/substrate adhesion

strength, hardness, thermal stability and oxidation resistance.

3.5.2. Flank wear
Further, when the flank surface of the cutting tools was ana-

lysed, similar trend can be observed for the coated cutting

tools. At a cutting speed of 250 m/min, wear behaviour on the

flank surface of uncoated and coated cutting tools is shown in

Fig. 12. The abrasive wear on the flank surface of the TiAlSiN

coated tool was very smooth, with no evidence of micro-

grooves that may form during material erosion on the flank

surface of the tool owing to rubbing of the tool with the

workpiece. The uncoated ceramic tool, DLC, andWC/C coated

tools, on the other hand, showed flank wear with micro-

groove development. The WC/C coated tool, on the other

hand, had a smoother abrasive wear than the DLC coated tool

and the uncoated cutting tool. The cutting tools with low

friction coatings and TiAlSiN coating showed no signs of sig-

nificant wear till 200 m/min whereas at 250 m/min there was

significant coating delamination (see Fig. 12) exposing the

ceramic substrate leading to formation of micro-grooves for

both DLC and WC/C coated tools. This, has led to the increase

in machining forces for the cutting tools coated with DLC and

WC/C coatings at 250 m/min cutting speed. On the contrary,

the TiAlSiN coating due to its higher hardness and coating/

substrate adhesion strength showed minimal wear even at

250 m/min cutting speed and thus, there is further reduction

of machining forces with the increase of cutting speed.
4. Conclusions

The performance of TiAlSiN, DLC, andWC/C coated Al2O3/TiC

cutting tools during hard turning of AISI 52100 steel was

investigated in this study. The following are some of the

conclusions that can be derived from the findings:

1. The deposition of coatings on the surface of cutting tools

resulted in reduction of machining forces. The low friction

coatings although softer when compared to the Al2O3/TiC

substrate, resulted in significant reduction in machining

forces when compared to the uncoated cutting tool.

2. The low-friction coatings resulted in considerable reduc-

tion in friction whereas the TiAlSIN coating exhibited the

highest friction values for cutting speeds up to 200. The

coefficient of friction for TiAlSiN coated tool drops to a

value similar to that of cutting tools coated with low-

friction coatings at 250 m/min. Also, when compared to

the low-friction DLC and WC/C coatings, the TiAlSiN

coating exhibited continuous reduction of machining

forces and friction with the increase of cutting speed

showing the superiority of the coating at adverse
machining conditions. The superior performance of the

TiAlSiN coating can be attributed to its higher hardness,

coating/substrate adhesion strength, thermal stability and

oxidation resistance as compared to the other films.

3. The reduction of friction and machining forces leading to

lower strain along the shear plane accounted to lower

deformation of the chips and thus, lower friction accoun-

ted to lower values of Cw, CT, Thmaj and Thmin. On the

contrary, the teeth bend angle showed inverse relation to

the coefficient of friction due to reduction of localized

stresses at the tip of the serrated teeth.

4. The TiAlSiN coated tool had a smoother wear pattern and

showed less wear on the rake surface. Furthermore, at

250 m/min cutting speed, the DLC and WC/C coatings

resulted in smoother abrasion than the uncoated cutting

tool, but they were not successful in preventing micro-

groove formation on the flank surface during the

machining process.

The TiAlSiN coating, with its nanocomposite structure,

high hardness, and higher coating/substrate adhesion

strength, outperformed DLC and WC/C coatings at the great-

est cutting speed, according to the results of this study.

However, due to their self-lubricating qualities, the DLC and

WC/C coatings, despite being softer, accounted for a large

reduction in machining forces.
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