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To enhance the performance and durability of mechanical components, surface properties need to be

modified. In this work, a unique combination of transition metal carbide (TMC) multilayer coatings (TiC/

CrC, TiC/ZrC and TiC/WC) were deposited by reactive DC magnetron sputtering on 316LN steel

substrates. GIXRD results showed the presence of an amorphous CrC phase in the TiC/CrC multilayer,

whereas, crystalline TiC, ZrC and W2C phases were observed in their respective coatings. FESEM analysis

indicated the non-columnar structures of TMC layers in all the samples, except the CrC layer in the TiC/

CrC multilayer. Solid solutions of the TiC and WC layers at the interface were identified due to the

migration of W atoms into the TiC crystal lattices. The poor crystalline nature of the TiC/CrC multilayer

led to lower hardness and weak wear resistance. However, enhanced tribo-mechanical properties were

observed in TiC/ZrC and TiC/WC multilayer coatings. This is explained by the improved crystallinity and

enhanced resistance to plastic deformation. For the selected tribological parameters, abrasive, adhesive

and combined abrasive/adhesive wear modes are the major governing factors in determining the wear

behaviors of TiC/CrC, TiC/ZrC and TiC/WC coatings, respectively. The chemical stability of deformed

wear tracks was observed by Raman spectroscopy.

1. Introduction

Austenitic 316LN stainless steel is considered as a corrosion

resistant, oxidation resistant, and biocompatiblematerial. This is

widely used as the ball bearingmaterial in automobile industries,

structural materials in fast breeder test reactors, orthopedic

implants in biomedical industries and cutting tool industries.1–3

To further improve the energy efficiency and durability of the

steel surface, nanocrystalline hard coatings are extensively

applied.4 Such coatings are applicable as diffusion barriers in

semiconductor industries, thermal barriers in fusion reactors

and wear resistance coatings inmovingmechanical components,

cutting tools and biomedical implant industries.5 Generally,

binary transition metal nitride (TMN) and transition metal

carbide (TMC) coatings are widely considered from this

perspective, because of their potential properties such as high

hardness, low friction coefficient, and good wear and corrosion

resistance.6,7 Nevertheless, single layer hard coatings fail to meet

the strict needs of enhanced performance and life of the

mechanical components.8 Therefore, a number of studies have

been attempted to develop more efficient protective coatings.

Multicomponent andmultilayer coatings have been developed to

meet such technological requirements.6,9–11 Among them, the

multilayer concept, which is the deposition of alternating layers

of different materials, has recently been paid much attention

owing to its enhanced mechanical properties.11,12 Such

enhancements in multilayer coatings compared to the corre-

sponding monoliths, are due to the change in the elastic prop-

erties of the sub-layers. From this aspect, a number of transition

metal (TM) based multilayer combinations, including metal/

metal, metal/ceramics and ceramics/ceramics have been

recently investigated.11,13–15 It is well-known that carbide coatings

possess superior wear resistance properties than nitride coatings

due to the presence of the carbon matrix at the grain boundaries

of TMC crystallites.16 These carbons facilitate the grain boundary

sliding that introduces ductility and inhibits the nucleation and

migration of cracks, resulting in enhanced wear resistance.17

However, there are no studies available on the microstructure

and tribo-mechanical properties of TMC/TMC multilayer

systems. In carbide/carbidemultilayer systems, the excess carbon

matrix over the surface of the base TMC layer could facilitate the
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nucleation of another, but different TMC over-layer, resulting in

the covalent bonding between sub-layers. Therefore, it is essen-

tial to study the properties of TMC/TMC multilayer systems, to

obtain novel coatings for better load-bearing capacity. PVD

techniques are favoured to deposit such hardmultilayer coatings;

in particular, magnetron sputtering is an effective tool to fabri-

cate the multilayer owing to its versatility.18

A novel motivation behind this work was to design the wear

resistant coating using the transition metal multilayer concept.

For this purpose, systematic TMC multilayer coatings (i.e. TiC/

CrC, TiC/ZrC and TiC/WC) were deposited on the 316LN steel

substrates, using the DC magnetron sputtering technique. The

correlation of microstructure and tribo-mechanical character-

istics of multilayer samples is established. The wear mode is

described to investigate its relationship with wear resistance.

2. Experimental section
2.1 Coatings deposition

The TMC multilayer coatings were deposited on the surface

polished 316LN SS substrates with the dimension of 15 � 10 �
1 mm using the reactive DC magnetron sputtering technique.

The detailed substrate preparation procedure has been reported

elsewhere.19 The average roughness of the polished substrates

was found to be 30 nm. In addition, silicon (100) substrates (10

� 10 mm) were used to analyze the cross-section and thickness

measurements of the TMC multilayer coatings. Highly pure

(99.997%) Ti, Cr, Zr and W discs of 50 mm diameter and 3 mm

thickness were used as the target materials. These targets were

procured from Taewon Scientic Co. Ltd., Korea. The substrates

were placed on a movable sample holder, which was xed

perpendicular to the target, at the target-substrate distance of

70 mm. The substrate temperature was kept constant at about

250 �C. The chamber was evacuated up to the base pressure of 9

� 10�6 mbar. The optimized process parameters were used to

deposit the multilayer coatings. During the deposition process,

Ar (99.999%) gas was fed into the chamber at the constant ow

rate of 30 sccm for all the samples, whereas, the CH4 (99.999%)

ow rate was varied as 5 sccm and 8 sccm for the TiC and ZrC,

and CrC and WC layers, respectively. The total deposition pres-

sure was maintained at about 2 � 10�3 mbar. Prior to the depo-

sition, all the target surfaces were sputter cleaned for 5minutes to

remove the surface contamination. In order to improve the

interfacial bonding between the steel substrate and TMC layers,

an approximately 200 nm thick metallic titanium (Ti) interlayer

was deposited. The deposition was carried out for 5 minutes with

the DC power of 150 W in all three different TMC multilayers.

Moreover, for multilayer TMC deposition, a xed DC discharge

power 150 W and deposition time of 60 minutes were used. In

total, 12 alternate TMC layers (6 bilayer) were deposited in each

multilayer with the individual layer duration of 5 minutes.

2.2 Coatings characterization

The crystallography of the TMC multilayer was analyzed by the

GIXRD (Rigaku, Smart Lab) technique, using Cu Ka radiation (l

¼ 1.5406 Å) with the incident angle and step size of 5� and 0.02�,

respectively. The lattice parameter (a) was calculated using the

following equation,20

a ¼
l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2
p

2 sin q
(1)

where, l is the X-ray wavelength, h, k and l are the miller indices

of the planes and q is the diffraction angle (in radians). The

micro strain (3) was determined using the following relation,21

3 ¼
b cos q

4
(2)

where, b is the full width half maximum (FWHM) of the peaks.

Moreover, the crystalline size (D) of TMC coatings was calcu-

lated using the Debye–Scherer formula,

D ¼
0:9l

b cos q
(3)

The FE-SEM (Carl Zeiss) technique was used to analyze the

surface morphology and cross-section of the multilayer

samples. EDAX elemental line prole analysis was utilized to

study the compositional analysis of a cross-section of the

samples. Confocal Raman microscope (Alpha 300 R, WITec)

was used to probe the structural characteristics of the coated

surface and wear track. Spectral information with the resolu-

tion of 1 cm�1 was obtained, using 1800 mm�1 grating at an

excitation wavelength of 532 nm. The Raman spectrum was

collected using a spectrometer equipped with a CCD camera

coupled to a high-performance computer and soware control

system. The surface features were observed using a non-

contact mode AFM (XE-70, Park Systems) analysis. Tribolog-

ical properties of the samples against 100Cr6 steel balls (6 mm

diameter) were studied using the linear reciprocating mode of

a ball-on-disc microtribometer (CSM Instruments, Switzer-

land) under dry sliding conditions. The ball of 100Cr6 steel is

widely used in bearing materials and used in a variety of

mechanical applications. In thermal modied condition, this

steel does not loss the mechanical properties mainly its

hardness and resistance to abrasion, which are particularly

suitable for wear resistance applications. In addition, 100Cr6

steel has high tensile strength and fatigue strength. The

tribology test was conducted at room temperature (24 �C)

under normal relative humidity (58%) condition. The total

sliding time for tribology experiment to cover the 500 m was

7.28 hours. The calculated Hertz contact stress was 0.6, 0.72

and 0.76 GPa for TiC/CrC, TiC/ZrC and TiC/WC coatings,

respectively. For each measurements, the sliding speed and

applied load was kept constant about 3 cm s�1 and 1 N,

respectively. The wear loss of the samples aer the friction test

was evaluated using a prolometer (Dektak XT Stylus proler,

Bruker) measuring the prole of the wear tracks. Nano-

mechanical properties were measured by a Nanoindentor

(Hysitron Troboindentor TI950, USA) using a Berkovich dia-

mond indenter with the tip curvature radius of 150 nm. The

maximum load of 9000 mN was applied to the indenter for this

measurement. The loading–unloading range of 1500 mNmin�1

was used for all the measurements. The load-displacement

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 81790–81801 | 81791
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curves were used to calculate the hardness (H) and reduced

elastic modulus (Er) of the coatings using Oliver–Pharr's

method.22 The wear scar morphologies on the coatings and

balls were observed by FE-SEM and optical microscope,

respectively. The chemical changes in the wear track aer

tribological measurements were studied using Raman spec-

troscopy and EDAX elemental prole analysis.

3. Results and discussion
3.1 GIXRD analysis

The GIXRD diffraction patterns of the different TMC multilayer

coatings deposited on steel substrates are shown in Fig. 1. In

order to compare the results with single layers deposited under

similar conditions, the diffraction patterns of single layer TMC

coatings are also plotted in Fig. 1(a–d). The result shows

multiple reections of the TMC phases, indicating the poly-

crystalline nature of coatings. However, there are no obvious

peaks observed for the chromium compounds in single layer

CrC and multilayer TiC/CrC coatings (Fig. 1(b)), indicating the

poor crystalline nature of CrC. Several earlier studies also

reported the formation of amorphous/poor crystalline Cr-C

phases in sputtered chromium carbide coatings.23–25 In all the

multilayer samples, cubic TiC phases of (111), (200), (220) and

(311) orientations were observed corresponding to the peak

positions at 36�, 41.7�, 60.7� and 72.2�, respectively. These

peaks are well matched with the single layer TiC coatings

deposited under similar conditions, which are having the NaCl

type FCC structure (JCPDS le no.: 71-0298), as shown in

Fig. 1(a).

Similarly, FCC ZrC phase (JCPDS le no.: 35-0784) of (111),

(200), (220) and (311) orientations was obtained at 32.8�, 38.2�,

55.1� and 65.9�, respectively, in the ZrC and TiC/ZrC coatings

(Fig. 1(c)). The similar crystallography of the TiC and ZrC

phases keeps them closely relative to each other (i.e. fewer

lattice mismatch ratio between TiC and ZrC phases), in such a

way that the TiC base layer facilitates ad-atoms mobility,

initial nucleation and grain growth of the ZrC over layer and

vice versa.26 Meanwhile, the carbon atoms occupy the inter-

stitial sites of Ti/Zr lattices, resulting in the formation of NaCl

type FCC-TiC and ZrC structures. In the case of single layer WC

and TiC/WC multilayer coatings (Fig. 1(d)), the observed

diffraction peaks of (100), (202) and (220) orientations belong

to the hexagonal W2C phase (JCPDS le no.: 79-0743). In

addition, the atomic radius of W is lower than that of the Ti

atoms, due to which the W atoms migrated into the TiC

crystalline sites, lead to the formation of a solid solution at the

interface in TiC/WC multilayer coating. This phenomenon is

explained from the peak broadening and relative shi of the

peak positions centred at 39.3� and 72.5�. This is shown in

Fig. 1(d).

From Fig. 1(c) and (d), the primary characteristic peaks of

ZrC (111) and W2C (�1�11) orientations were obtained in the TiC/

ZrC and TiC/WC coatings, followed by the secondary charac-

teristic of the TiC (111) plane. The TiC (111) orientation domi-

nates in the TiC/CrC multilayer, indicating poor crystalline

nature of CrC layers (Fig. 1(b)). Due to the minimum surface

and strain energy, the texture of (111) and (100) plane domi-

nates. Therefore, these planes possess higher potential energy

and cavitation diffusivities to dominate the texture.22 Moreover,

relatively broader peaks with lower intensities were obtained for

the TMC multilayer coatings as compared to the TMC single

layers (Fig. 1). This indicates the connement of the TMC

crystallization/grain growth due to the limitations of the indi-

vidual TMC layer thickness.

The calculated lattice parameter (a), micro strain (3) and

crystallite size (D) of different TMC phases presented in the

multilayer are given in Table 1. In all the samples, lattice

parameters of the different TMC phases except CrC were found

to be slightly lower than those of standard data. This implies the

presence of compressive stress in the TMC crystallites in all the

multilayer coatings. Furthermore, the formation of the

compressive stress is due to the thickness limitation along with

the Z-direction of the alternate TMC layers.

Fig. 1 GIXRD patterns of single layer and multilayer TMC coatings.

Table 1 Lattice parameter (a), micro strain (3) and crystallite sizes (D) of

the TMC multilayer coatings calculated from GIXRD results

Sample Phase

Lattice parameter, a (Å)

Micro strain, 3

Crystallite

size, D

(nm)

From JCPDS

data Calculated

TiC/CrC TiC 4.328 4.127 4.8 � 10�2 7.5 � 1

CrC — — — —

TiC/ZrC TiC 4.328 4.231 2.3 � 10�2 18.3 � 2
ZrC 4.634 4.576 1.2 � 10�2 13.4 � 2

TiC/WC TiC 4.328 4.219 2.6 � 10�2 17.5 � 2

W2C 5.190 4.928 4.3 � 10�2 10.2 � 2
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3.2 FE-SEM and EDAX analysis

The plane-view and cross-sectional view of FE-SEM images, with

the corresponding EDAX elemental prole analysis of TiC/CrC,

TiC/ZrC and TiC/WC multilayer coatings are shown in Fig. 2(a–

c). The EDAX prole discloses that the transition metals and

carbon elements were majorly present in the multilayer with

1 : 1 ratio. The Ti interlayer is clearly seen in the cross-sectional

image (Fig. 2(aii–cii)). This interlayer would promote the nucle-

ation of TiC phases in all the multilayer coatings. The TiC/CrC

multilayer consisted of cauliower-like surface features due to

the agglomeration of smaller adjacent crystallites. These

structures were extended as the columnar growth of CrC layers,

which can be obviously seen in the cross-sectional image

(Fig. 2(aii)). It has been reported that the columnar growth was

formed for sputtered chromium compound coatings even at

room temperature.27,28 However, in the case of TiC/ZrC multi-

layer, spherical topped and non-columnar/glassy structure was

obtained, which might be due to the close crystallographic

behaviour between the TiC and ZrC layers. Herein, the interface

between these two layers might be acting as pinning sites of the

alternate layers, and hence, non-columnar grain growth, as

shown in Fig. 2(bii).

Highly crystalline grains were formed on the TiC/CrC and

TiC/ZrC coatings whereas, slightly lower crystallinity was

attained in the TiC/WC multilayer. The lower atomic mobility

and the crystallization potential of WC crystallites might be the

reason for the decrease in the grain growth. In addition to this,

the sharp interfaces between the different TMC layers indicate

high degree of periodicity in the TiC/CrC and TiC/ZrC multi-

layer. EDAX elemental prole clearly supports this evidence and

the results are shown in Fig. 2(aiii) and (biii). However, the

periodicity could not be observed in the TiC/WC samples due to

the solid solution of TiC and WC layers at the interface during

the deposition process. The EDAX prole emphasized the

alloying of materials each other and therefore, the mixed phase

was observed in the TiC/WC coating, as shown in Fig. 2(ciii).

This result is similar to the crystallography of this sample as

obtained from the GIXRD analysis. Total coating thickness

Fig. 2 FESEM and EDAX line profile analysis of (a) TiC/CrC, (b) TiC/ZrC and (c) TiC/WC multilayer. (ai)–(ci) surface morphology, (aii)–(cii) cross-

section and (aiii)–(ciii) EDAX line profile analysis.
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including the interlayer was found to be 2.2, 2.0 and 1.9 mm for

the TiC/CrC, TiC/ZrC and TiC/WC samples, respectively. The

individual thickness of the TiC layer was 160 nm, whereas, it

varied as 175, 150 and 120 nm for the CrC, ZrC and WC layers,

respectively. Herein, the variations in ad-atom mobility and

reaction potential due to the different atomic mass of the

transition metals tend to change in the deposition rate followed

by the discrepancies in different layer thicknesses.29

3.3 Raman analysis

In order to evaluate the chemical nature of the TMC multilayer,

the coatings were characterized using Raman spectroscopy, as

shown in Fig. 3(a–c). Raman vibrations are not active in stoi-

chiometric TMC due to its inversion symmetry.30 However, the

Raman vibrational modes appeared in all the TMC multilayer

samples, which are possibly activated by the carbon lattice

vacancies and defects. Generally, sputtered coatings are known

to possess several microscopic defects, followed by reduction of

TMC crystallites symmetry.31 From Fig. 3(a–c), the peaks

observed in the low-frequency range of 200–400 cm�1 corre-

spond to the acoustic branches. The peaks obtained in the mid-

frequency range of 630 cm�1 are due to the acoustic and optical

branches of the TMC compounds. The peak positions centred at

274, 295, 342 and 356 cm�1 in Fig. 3(a) and (c), and 281 cm�1 in

Fig. 3(b) indicate the near-stoichiometric TiC and ZrC, respec-

tively.31,32 These results are well-attributed to the NaCl type TiC

and ZrC crystalline structures as observed from the GIXRD

results.

The peak position at 630 cm�1 represents the Raman active

vibrational modes corresponding to the presence of the TiC

phases. The Raman vibrational modes could not be anticipated

from the CrC and WC phases as shown in Fig. 3(b) and (c). This

is related to the poor crystalline nature of CrC, and non-

stoichiometric phase of WC (Fig. 1). Moreover, the excess

amount of carbon atoms accumulated on the grain boundaries

of TMC crystallites in the form of amorphous and disordered

sp2 bonding nature, which would increase the surface defects

on the crystalline boundaries. The two peaks were obtained with

nominal intensities corresponding to the D (1320 cm�1) and G

bands (1560 cm�1) of disordered sp2 carbons.16 This is shown in

Fig. 3(a–c).

3.4 AFM analysis

The 3D and 2D surface topographies (2.5 � 2.5 mm) of different

TMC multilayer coatings with corresponding roughness are

shown in Fig. 4. The surface features reveal the respective top

layers of CrC, ZrC and WC in different multilayer coatings

(Fig. 4(a)–(c)). The uniform distribution and spherical shaped

particles were observed in all the samples, which are in good

agreement with the FE-SEM results. The particle size was found

to be higher (120 � 30) nm for the TiC/CrC sample (Fig. 4(a)),

whereas, it was lower for the TiC/ZrC (80 � 20 nm) and TiC/WC

(50 � 10 nm) coatings (Fig. 4(b) and (c)).

These particles consisted of nano-sized grains, which could

be due to the agglomeration of neighbouring grains with lower

supercial energy, and it forms larger particles with a higher

supercial energy.33 The change in grain size is related to the

grain boundary migration across the crystalline matrix.

Mobility of the grain boundary and subsequent driving forces

would raise the rate of grain growth, and therefore, different

grain sizes were obtained in different TMCs under similar

deposition conditions.34 In addition, the 2D images showed

amorphous structures around the grain boundaries. The excess

amount of carbon atoms may occupy the grain boundaries of

the crystalline matrix, and it obstructs the grain size and

smoothing effect of TMC multilayer. Based on these grain size

variations, the surface roughness also varied for the different

multilayer.

3.5 Tribo-mechanical properties

Tribological properties of different TMC multilayer coatings

deposited on 316LN steel substrates were studied by a micro-

tribometer, using 100Cr6 steel ball as a sliding counter body.

The tribological behaviour of an uncoated substrate under

similar conditions has been reported elsewhere.35

3.5.1 Frictional behaviour. The average friction coefficient

values of the single layer and multilayer TMC coatings sliding

under similar conditions are shown in Fig. 5. The friction curves

are provided in the ESI data (Fig. S1 and S2†). In single layers,

the friction coefficient was lowest �0.21 in TiC and highest

�0.98 in WC coatings. Intermediate values were obtained for

the CrC (0.5) and ZrC (0.42) coatings. The value was almost

similar in the TMC multilayer coatings (Fig. 5(b–d)). Lower

standard deviation and steady-state friction curves were

obtained in the TiC/CrC and TiC/ZrC multilayer samples

(Fig. S1†). In these cases, initially low friction values were

attained for a few sliding cycles, and then they saturated up to
Fig. 3 Raman spectra of (a) TiC/CrC, (b) TiC/ZrC and (c) TiC/WC

multilayer.
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500 m of sliding distance. A tribolayer of sp2 hybridized amor-

phous carbons (a-C) accumulated on these surfaces, which

would constantly tend to decrease the friction initially

(Fig. S1(a) and (b)†).16,36 Aer a few sliding cycles, the carbon

layers break down and friction increases due to the wear loss.

The standard deviation was quite higher in the TiC/WC sample

(Fig. 5(d)) and this might have originated from the WC layer.

The friction coefficient was much higher in the TiC/WC coating

up to 80 m of sliding distance, and on further increasing the

sliding distance, it signicantly decreases to a lower value of 0.4

(Fig. S1(c)†).

3.5.2 Wear behaviour. Wear proles of the coatings aer

the tribological test were measured using Dektak proler, and

the average wear depths of the single layer and multilayer TMC

coatings are shown in Fig. 6. Signicantly higher wear and

more damage occurred on the wear track of the single layer

CrC and WC samples (Fig. S4(b) and (d)†), whereas, lower wear

was obtained on the TiC and ZrC samples (Fig. S4(a) and (c)†).

Even though the friction was slightly higher in multilayer than

single layer coatings, the wear resistance was signicantly

improved. Fig. 7 shows the FE-SEM images of the wear track of

the TMC multilayer. The inset optical images in Fig. 7 showed

the sliding ball scar, denoting the contact area and wear scar

morphology. From the wear prole and FE-SEM results, it can

be estimated that three different mechanisms were involved in

the wear behaviour for three different coatings. The abrasive

wear mode dominates the wear behaviour in the TiC/CrC

sample, while adhesive wear dominates in the TiC/ZrC, and,

both abrasive and adhesive wear governed in the TiC/WC

sample.

The wear rate was calculated using the following equation,16

k(mm3 N�1 m�1) ¼ V/Fn � S (4)

where, k is the wear rate, V is the wear volume, Fn is the normal

applied load and S is the sliding distance. The magnitude of

wear rate was found to be higher (4.7 � 10�5 mm3 N�1 m�1) on

the TiC/CrC coating, whereas, it was extremely low (2.1 � 10�8

mm3 N�1 m�1) in the TiC/ZrC sample. The intermediate wear

Fig. 4 2D and 3D AFM topographies of (a) TiC/CrC, (b) TiC/ZrC and (c) TiC/WC multilayer coatings.

Fig. 5 Friction coefficient values of different single layer and multi-

layer TMC coatings.

Fig. 6 Wear depth of different single layer and multilayer TMC coat-

ings after tribological measurements.
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rate observed in the TiC/WC multilayer was about 7.6 � 10�6

mm3 N�1 m�1. The wear rates of single layer TMC coatings are

given in Table S1.†

3.5.3 Tribological mechanism. The complete tribological

process between two different contact surfaces is complex,

because of the various factors simultaneously involved in the

tribological measurements. Those are, friction, wear, defor-

mation and material transfer mechanisms from nano to micro

scale.37,38 On the other hand, tribological behavior of the TMC

multilayer could be explained in terms of microstructure and

mechanical properties.9,39 FESEM images (Fig. 7(a)) showed

severe deformation of the coating and ball wear in sliding

against TiC/CrC multilayer. Wear depth analysis also well-

established that signicantly higher wear takes place in this

sample, as illustrated in Fig. 6(a). Fig. 8 shows the nano-

mechanical properties of multilayer coatings. The higher

penetration depth depicts that the TiC/CrC sample exhibited

poor hardness (H ¼ 17.1 � 2 GPa) and weak elastic modulus (E

¼ 224.9 � 7 GPa). Therefore, a weak resistance to plastic

deformation (H3/E2) (0.098 GPa) was attained, which increases

the deformation of coating plastically during indentation as

well as tribological measurements. Reduced tribo-mechanical

properties were due to the poor crystalline nature (from

GIXRD result) and columnar growth of CrC layers (as seen

from the FE-SEM analysis), which easily nucleate and

expanding the cracks under stress leading to a lower fracture

toughness. It is a well-known factor that the higher oxidation

resistance of chromium compounds would enhance the fric-

tion as well as wear.40

In the TiC/ZrC sample, the adhesive wear mode dominates

the tribological behaviour. Wear dimension was comparatively

lower in this sample, as shown in Fig. S3(b).†Moreover, FE-SEM

image shows the transferred layers from ball materials notice-

ably deposited over the coating surface. Due to the higher

contact stress and frictional heat, wear of the coating gradually

took place during the initial sliding passes; later, the oxidized

ball material transferred onto the coating surface. A similar

behaviour was obtained in the previous observations of the steel

ball sliding against the ZrN coating.35 Because of the lower

electronegativity and thermal expansion coefficient of the Zr

atoms, the ball material (iron) was bonded with Zr and formed

adhesive layers. Besides, improved nanomechanical properties

were also obtained for the TiC/ZrC multilayer, as shown in

Fig. 8(b). The ne-grained structure and (111) preferred

Fig. 7 FE-SEM micrographs of the wear tracks on (a) TiC/CrC, (b) TiC/ZrC and (c) TiC/WC multilayer.
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orientations of TiC and ZrC crystalline phases would enhance

the mechanical properties (H ¼ 25.7 � 2 GPa, E ¼ 276.4 � 10

GPa and H3/E2 ¼ 0.208 GPa). Since, the (111) orientation has

zero Schmid factor in all the slip planes owing to a higher

packing density than other orientations.41 Because of the

preferred orientation and oxidized lubrication layers, the fric-

tion coefficient was signicantly decreased followed by

enhanced wear resistance.42

Unlike other samples, the initial wear loss was exception-

ally high in the TiC/WC coating, which displays the sudden

increase of wear depth, as shown in Fig. 6(c). Improved

nanomechanical properties (H ¼ 29.88 � 1 GPa, E ¼ 378.8 � 5

GPa and H3/E2 ¼ 0.183 GPa) were attained in this sample, and

this is primarily related to the ultra-ne grain. Moreover, the

solid solution of the TiC and WC layers at the interfaces would

also resist the plastic deformation during indentation, and the

subsequent lower penetration depth, as displayed in Fig. 8(c).

Initially, the contact stress was higher due to the less contact

area, and it would enhance the wear dimension abruptly. On

further increasing the sliding cycles, the contact stress

decreases and contact area increases; this tends to saturate the

wear behaviour.35,36,43 On the other hand, the wear prole

illustrates the severe deformation of the coating material,

which might be related to third body interaction (Fig. S4(d)†).

In general, the abrasive/detached wear particles from the ball,

as well as the TMC layers might be trapped at the sliding

interface.44 During continuous sliding, the concentration of

defect complex increases, which enhanced the strain hard-

ening of these wear particles, resulting in deep scratches

inside the wear track. The FE-SEM image in Fig. 7(c) shows the

presence of deep grooves and ploughing of particulates in the

wear track, which obviously trapped/crushed hard particles.

However, the friction value was found to be lower in this

sample (Fig. 5(c)), which might be due to the oxidation of the

deposited third bodies.

3.5.4 Chemical changes in the wear track. In order to

elucidate the tribo-physical and tribo-chemical changes, the

worn surface was characterized using Raman spectroscopy and

the results are shown in Fig. 9. The inset images in Fig. 9

represent the optical micrographs corresponding to the Raman

analysis on different locations of the wear track. Three different

locations were analyzed in each sample, such as near the edge of

the wear track (location 1), centre of the wear track (location 2)

and deformation zones (location 3). From these spectrums, it

can be assessed that the peaks at the higher-frequency region

(1300–1600 cm�1), mid-frequency region (400–800 cm�1) and

lower-frequency region (200–400 cm�1) correspond to the

Raman bands of sp2 carbons (D and G bands), TMC phases and

metal-oxide phases, respectively.16,32,43,45

The intensities of disordered sp2 carbons (D bands between

1319–1343 cm�1 and G bands between 1561–1570 cm�1) in all

the samples (Fig. 9(a–c)) are signicantly higher near the edge

(location 1) than at the coating surface (Fig. 3(a–c)) as well as

locations 2 and 3. The higher kinetic friction force at the center

of the wear track drives the sp2 carbons towards the edge, and

hence, amorphous carbons were accumulated at location 1.

Herein, two possible simultaneous mechanisms are involved

in the formation of the sp2 carbons. Firstly, out diffusion of

carbon atoms from the TMC crystallites, and secondly, higher

chemical reactions between the transition metals and ambient

atmosphere. Moreover, these bands are shied towards higher

optical phonon vibrations compared to the surface (D band at

1319 cm�1 and G band at 1560 cm�1), due to the mechanical

alloying of steel ball and sp2 carbons.16,32 Since, these carbons

are highly inactive to the chemical reactions under normal

conditions. Similarly, the Raman peaks of the TiC phase in all

Fig. 8 Nanoindentation results of (a) TiC/CrC, (b) TiC/ZrC and (c) TiC/WC multilayer coatings.
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the samples shied towards the higher-frequency region 649

cm�1 (Fig. 9) as compared to the surface 630 cm�1 (Fig. 3). This

shi is related to the increase of lattice strain and defect

concentration, due to the high ash temperature and contact

stress.16 Owing to the higher wear resistance of the TiC/ZrC

coating and severe adhesive wear behavior of the steel ball,

the intensity of the TiC phase was almost similar in all the

three different locations, as shown in Fig. 9(b). Instead, this

trend was not followed in the TiC/CrC and TiC/WC coatings

because of the abrasive wear behavior followed by the lower

wear resistance of coatings. Therefore, the intensity of the TiC

phase (649 cm�1) was diminished in these samples at locations

2 and 3, as illustrated in Fig. 9(b) and (c).

The peaks obtained at low-frequency regions (200–300 cm�1)

in all the samples were expected from the acoustic vibrations of

metal-oxides (oxidized iron), which are obviously transferred

from the sliding steel counter body.46,47 The lower intensity and

broader metal-oxide peaks in TiC/CrC sample are related to

severe abrasive wear. This is discussed in Section 3.5.3. In other

samples (i.e. TiC/ZrC and TiC/WC), these metal-oxide peaks

dominated, which ensures the transfer of materials to the wear

tracks.

Specically, these peaks were dominant in TiC/ZrC in all the

three different locations (Fig. 9(b)). This could be due to the

severe adhesive behaviour of the steel ball on the TiC/ZrC

multilayer, followed by the improvement in lubricity and wear

resistance. Owing to the combined effect of the abrasive and

adhesive wear behaviour, the TiC/WC coating exhibited inter-

mediate wear resistance. The microstructure dependent friction

mechanism and tribo-chemical changes of different TMC

multilayer coatings are schematically shown in Fig. 10(a–c).

Chemical compositions obtained from the EDAX analysis

(Fig. S7(a–c)†) are remarkable evidence of the formation of

various elements inside the wear tracks; this is well-supported

by the Raman spectroscopy results.

3.6 Motivation

The present work aims to reveal the comparison of the tribo-

mechanical properties of single layer and multilayer TMC

coatings. The larger crystalline domains in single layer coat-

ings facilitate the propagation of plastic deformation along the

orientations during tribo-mechanical contact. Thus, the plas-

tically deformed zone increases, which develops the loose wear

particles/debris at the sliding interface. In this condition, the

required mechanical energy is minimum and hence, there is

lower friction but higher wear. Grain renement is the key

parameter in the TMC multilayer to enhance the mechanical

properties and wear resistance than single layers. In ne-

grained structures, grain rotation and grain boundary sliding

are the major governing factors of plastic deformation during

tribo-mechanical contact, which increases the strain energy of

the coatings.38 Therefore, more mechanical energy is required

to plastically deform the coatings across the interface of

different TMC layers, having different shear modulus, and

thus, it increases the friction and decreases the wear. More-

over, these interfaces would act as a reservoir of plastic energy,

which inhibits plastic deformation. The change in crystalline

nature on varying the TMC layers, could also be the reason for

the enhancement of the tribo-mechanical properties in the

multilayer. However, an extremely hard multilayer may

produce a large amount of strain energy against plastic

Fig. 9 Raman spectra analysis inside the wear track of (a) TiC/CrC, (b) TiC/ZrC and (c) TiC/WC multilayer coatings.
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deformation during tribological contact, resulting in coating

delamination. In this work, mechanical properties of TMC

multilayer coatings are intermediate and therefore, no

delamination occurs in TMC multilayer coatings. Such

improved properties of coatings are typically controlled by the

deposition conditions.

4. Conclusion

TiC/CrC, TiC/ZrC and TiC/WC multilayer coatings were depos-

ited on 316LN steel substrates by the reactive DC magnetron

sputtering technique. Additionally, the TMC single layer (TiC,

CrC, ZrC and WC) coatings deposited under similar conditions

were also studied to compare the tribo-mechanical properties of

Fig. 10 Friction model of TMC multilayer coatings (a) TiC/CrC, (b) TiC/ZrC and (c) TiC/WC.
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the TMC multilayer. The FE-SEM results revealed that the well-

dened periodic multilayer was formed in TiC/CrC and TiC/ZrC

coatings with the non-columnar growth of TiC and ZrC, except

CrC layers. A high friction coefficient of 0.53 and higher wear

rate of 4.7 � 10�5 mm3 N�1 m�1 were observed in the TiC/CrC

coating. Such characteristics originated from poor crystallinity

and lower mechanical properties, which enhance the severe

abrasive wear. However, enhanced tribo-mechanical properties

were obtained in the TiC/ZrC sample, due to the improved

microstructure and H3/E2 values. In this case, friction coeffi-

cient reduced to 0.42 and wear resistance highly increased to 2.1

� 10�8 mm3 N�1 m�1, when adhesive wear mode dominated.

The presence of higher compressive stress and preferred (111)

crystalline orientations served to enhance the tribo-mechanical

characteristics of the TiC/ZrC multilayer.
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