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A B S T R A C T

Hard coatings are widely used in materials engineering as surface coatings to protect mechanical parts subject to 
friction. For a coating to be functionally successful, it should possess high wear resistance. Experimental work has 
been performed on TiN/CrN multilayer coatings with various modulated periods, deposited on XC48 steel 
substrates having two different surface roughnesses using reactive direct current magnetron sputtering. Their 
Tribological performances were investigated following dry sliding wear tests using a tribometer with ball-on-flat 
contact configuration. The prevailing wear mechanisms of TiN/CrN coatings are dominated by oxidation of wear 
debris and counter material transfer. The decreased wear rate was significantly influenced by both the reduction 
of the period thicknesses and the increase of substrate surface roughness. Nonetheless, varying thickness period 
in the multilayer and increasing the substrate roughness did not show any significant wear resistance 
improvement.   

1. Introduction

Hard thin films are mainly used in mechanical engineering as pro
tective coatings of several types of surfaces. They are better suited for 
optimizing the wear resistance performance of mechanical parts sub
jected to aggressive friction stresses, such as machine components [1–3] 
gas turbine and compressor blades [4–6] as well as machining tools for 
drilling, cutting and molding [7–9]. In addition, recent improvements in 
hard thin films properties have made them attractive for biomedical use 
[10–12]. Besides, the application of transition metal nitrides, as hard 
thin film to protect coated surfaces, has become a common practice over 
the last decades [13–15]. Likewise, extensive research conducted on 
multilayered PVD (physical vapor deposition) coatings obtained by 
alternatively depositing two chemically and/or mechanically different 
materials based on nitride transition metal have validated the approach 
of multilayered architectures for optimizing the performance of coat
ings. Multilayered coatings have been found to possess improved me
chanical and tribological properties, as compared to bulk materials. In 

many cases, it has been shown that by layering thin layers of metal 
nitride (such as VN, NbN, WN, ZrN and CrN) with TiN layers, a high 
hardness can be obtained [16–19]. These nanostructured multilayer 
coatings with low period (preferably less than few nm thick) so called 
superlattices possess properties which can be tailored depending upon 
the choice, and layer thickness of the constituent materials and depo
sition parameters. Indeed, the thin films properties depend critically on 
how they are made. This opens up several opportunities to design new 
materials with specially tailored desired properties. Among these 
multilayered coatings which have shown, during the last years, very 
interesting properties such as high hardness, low coefficient of friction 
and high temperature stability amongst others, the multilayered coat
ings made of TiN and CrN nitrides are the most quoted [20–22]. While 
TiN possesses high hardness, CrN is a tough and superior coating in 
terms of wear and corrosion resistance. An improvement of material 
ductility and toughness is important to avoid an incontrollable fracture. 
[18] In a prior investigation, the TiN/CrN coating exhibited enhanced 
hardness by decreasing their period thickness down to 13 nm, the 
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superlattices hardening up to 48,5 ± 1.3 GPa [17]. From these several 
research, results showed that the presence of a large number of in
terfaces between individual layers of the multilayer coatings resulted in 
a considerable increase in hardness, strength and, in some cases, 
toughness. It is considered that the effect of interface on the mechanical 
properties is significant when the thickness of the individual layers in 
the multilayer coatings is at the nanoscale level. Furthermore, coatings 
that include asymmetrical layer thicknesses exhibit superior hardness 
properties in comparison to coatings with uniform layer thicknesses. 
Hence, the precise architectural design of multilayer coatings can then 
enhance their properties. 

The TiN/CrN multilayer coatings find application in various fields, 
such as automotive components, electronic devices and medical im
plants. The service behavior of the coated component is mainly deter
mined by the tribological properties of the coating which play a decisive 
role in determining its performance. However, there are several factors 
in the tribological behavior which still need to be understood. Increased 
friction between the contacting bodies not only reduces the mechanical 
efficiency of the system and increases frictional heating, but also in
fluences the distribution of contact stresses in the near-surface area. 
Indeed, in dry friction, the interactions and interdependencies between 
the surfaces are complex as several mechanisms can coexist in the same 
contact. Interfacial tribological responses of hard coatings are usually 
characterized by their complexity and variability, as they are influenced 
by several factors, such as the friction system structure, the operating 
conditions, and the friction pair materials [23–26]. It is well known that, 
friction and wear are not intrinsic properties of materials, but only 
service properties [27]. The service performance of coated components 
in most engineering applications greatly depends on the 
coating-substrate bonding strength which is considerably affected by the 
type of substrate and its surface morphology [15,28–30]. Moreover, the 
coating tribological performance depends strongly on the surface 
roughness of the film, it is of great interest to understand and thus 
control the roughness development during film growth[31,32]. There
fore, evaluating factors that influence friction and wear is of great 
importance in deepening our understanding of the tribological behavior, 

and ensuring the long-term reliability of mechanical equipment while 
minimizing energy loss through friction. 

In the present paper, the tribological properties of three multilayered 
TiN/CrN coatings with different layer thicknesses and deposited on 
substrates with two different surface roughnesses are studied. The sub
strate surface roughness and the modulation period variation effects on 
the coefficient of friction and the wear resistance are investigated and 
then correlated to their structural parameters as well as their mechanical 
properties previously studied [33]. In addition to the multilayered 
coatings, corresponding CrN single layer purpose have been included for 
comparison. All the coatings were deposited using the reactive DC 
magnetron sputtering process. 

2. Experimental details

2.1. Film deposition technique 

The samples were prepared by magnetron sputtering in a KENO
SISTEC K540V system having a semi-cylindrical shape (550 mm diam
eter, 600 mm height and 370 liters). There are four vertically mounted 
targets (Fig. 1) facing each other on opposite sides of the substrate 
holder and 120 mm far from the substrate. High purity Ti (99.95%) and 
Cr (99.99%) materials were used as sputtering targets. The substrate 
holder can be rotated at 0.25 - 1 rpm to produce nanolayered materials 
with controlled layer thickness. TiN and CrN bilayers were deposited on 
single crystal Si (100) (10× 10mm2) and two polished (Sa1 and Sa2) 
XC48 steel substrates groups (25× 25× 4mm3), by varying the period 
layer thicknesses for each multilayer. Prior to the coating deposition, the 
samples were cleaned using the conventional procedure before being 
mounted in the vacuum chamber. The substrate-holder on which were 
fixed the steel and Si substrates was moved back and forth between the 
Cr and Ti targets. In brief, these coatings were grown by direct current 
magnetron sputtering in vacuum with mixed gas flow of high purity 
argon (99.999%) and nitrogen (99.999%), at a properly controlled 
power input, and a suitable substrate bias voltage of − 500 V. Detailed 
experimental procedure: sputtering deposition conditions, microstruc
ture characterizations and mechanical properties, have been reported in 
our previous paper [33]. During deposition, the substrate temperature 
was maintained at 300 ◦C. ML1-(Si, Sa1 and Sa2), ML2-(Si, Sa1 and Sa2) 
and ML3-(Si, Sa1 and Sa2) respective multilayer films with constant 
sequence Λ= 20 nm with 1:1 layer ratio, decreasing constant sequence 
Λ = 12 nm with 1:1.7 layer ratio and varying sequences Λ = 40 to 
10 nm with 1:1 layer ratio were produced. In addition to the multilayer 
coatings, homogeneous CrN coatings have been included as reference 
material. All coatings were close to 2 µm thick. The nano-structured 

Fig. 1. Schematic illustration of the industrial magnetron sputtering system.  

Fig. 2. Scheme of ball-on-flat wear test system.  



multilayer coatings obtained showed high hardness from 30 to 43 GPa. 

2.2. Characterizations 

Friction and wear tests of the films were carried out using a con
ventional ball-on flat rotative tribometer (TriboX, CSM Instrument), 
under dry and unlubricated sliding conditions, as illustrated schemati
cally in Fig. 2. The surface of stationary top mounted steel (100Cr6) ball 
of 6 mm in diameter, used as the counterpart, was rubbed against 
rotating flat coated samples. The tribometer is equipped with a digital 
acquisition chain that allows in-situ measurement of test parameter 
evolutions to be recorded. The usable results are the coefficient of fric
tion (COF) curves corresponding to the materials of the ball-flat pair. 

The dry friction tests of all the coated samples were conducted under 
similar atmospheric conditions, at ambient humidity and laboratory 
temperature of 24 ◦C. A normal load of 3 N and a constant sliding speed 
of 20 cm/s were applied during the friction tests. The friction coefficient 
was determined after a sliding distance of 50 m. Before each test, the 
samples and the balls were cleaned and rinsed with acetone in ultrasonic 
bath. It must be taken into account that the tests were carried out at 
different times. 

The wear track morphologies of as deposited films were examined 
using Scanning Electron Microscopy (SEM JSM 5900 LV, 15 kV), com
bined with energy dispersive spectrometry and wavelength dispersive 
spectrometry (EDS-WDS) Oxford INCA x- act at operating voltages of 15 

and 5 kV to allow the TiN/CrN multilayer failure mechanisms and the 
chemical composition analysis to be assessed overall the worn surface 
tracks. 

Wear track measurement were carried out by a Veeco-Wyko NT 1100 
optical profilometer. The scanning procedure generated line profiles of 
the wear track cross sectional areas. The removed coating volume was 
then calculated based on this cross sectional areas and the wear track 
diameter assessed at several locations of the worn surface. The wear rate 
of the coating was estimated by the Eq(1): Kv =

V
L.FN

H were V is the worn 
volume in mm3, L is the sliding distance (m), FN is the applied normal 
load (N) and H the hardness of the material tested. The uncoated and 
coated substrates surface roughness was also measured using the same 
optical profilometer. 

3. Results and discussion

3.1. Coating morphology 

Fig. 3 shows the top view and cross-section SEM micrographs of CrN 
monolayer coating (Fig. 3(a)) and TiN/CrN multilayer coatings depos
ited at different periods: Λ = 20 nm ratio 1:1, Λ = 12 nm ratio 1.7:1, and 
Λ = 40–10 nm ratio 1:1 (Fig. 3(b, c and d), respectively), deposited on Si 
substrate. The TiN/CrN multilayer coatings exhibited a dense nano- 
columnar structure. It appears that the stratified structure grain 
growth is not systematically interrupted by the different interfaces. The 

Fig. 3. Top view and cross sectional SEM micrographs of (a) CrN monolayer and TiN/CrN multilayer at (b) Λ = 20 nm, (c) Λ = 12 nm and (d) Λ = 40–10 nm, 
deposited on Si substrate. 



decreased coating period from Λ = 20 nm to Λ = 12 nm lead to decrease 
in the crystallite sizes and surface roughness as opposed to the varying 
period (Λ = 40 to 10 nm) coating. The optical scan carried out on the as- 
deposited CrN-Si, ML1-Si, ML2-Si and ML3-Si specimen surface (100 ×
100 µm2) revealed an average surface roughness of 8.5 nm, 5 nm, 3.5 
nm and 7 nm, respectively. The period (Λ) variation affected the crys
tallite size and very slightly the texture of the films. The residual 
compressive stress in the coatings promoted the decrease in grain size 
according to the Hall-Petch relationship. Similar behavior is reported in 
Refs. [16,17,20,34,35]. 

3.2. Tribological properties 

Fig. 4(a) shows coefficient of friction (COF) curves of TiN/CrN 
multilayer coatings, deposited at various periods (Λ) on the less rough 
steel substrates (Sa1), as a function of sliding rotation cycles (rotation 
number related to the distance traveled), and the inset shows the steel 
substrate frictional curve. These COF curves exhibited a rapid increase at 
the beginning of the test, followed by a steady state. Indeed, we can 
observe at the start of the friction curves, a very short initial period 
corresponding to the contact under pressure of asperities between the 
two antagonist surfaces; it is an accommodation phase of ball/coating 

materials (lapping). The COF curves of the ML2-Sa1 (Λ = 12 nm ratio 
1.7:1) exhibited the lowest value of about 0.33, followed by the ML1-Sa1 
coating (Λ = 20 nm ratio 1:1) with the COF value of about 0.36. The 
highest value of about 0.4 was credited to the ML3-Sa1 (Λ = 40–10 nm 
ratio 1:1) as illustrated in Fig. 4(c). These results were in agreement with 
previous results which showed that there is an increase average surface 
roughness for the ML2-Sa1, ML1-Sa1 and ML3-Sa1 34 nm, 43 nm and 
47 nm coating, respectively [36]. Interactions occurred on the real 
contact areas which represent only a very small part of the nominal 
contact surface, resulting in highly concentrated contact stresses [37]. 
The high concentrated normal and tangential loads were applied on 
limited number of column grain tops. Consequently, that resulted in an 
increase of coefficient of friction, which may be gradual (in ML3-Sa1) or 
abrupt (in ML1-Sa1 and ML2-Sa1). The ML2-Sa1 coating coefficient of 
friction manifested a rapid increase to reach higher value than that of 
the ML1-Sa1 coating. Conversly, the ML3-Sa1 coating coefficient of 
friction manifested a progressive increase to 0.68 along with a small 
oscillation tendency. Further, its COF curve showed an unstable and 
fluctuating feature at 300–700 cycles, without any significant decrease. 
The COF increase is related to wear phase of the nitride coating grains; 
this period is manifested by disturbance over a certain distance due to 
fracture, breakage, and spalling wear. The ML1-Sa1 and the ML2-Sa1 

Fig. 4. Coefficient of friction curves of TiN/CrN multilayer coatings deposited at different periods (Λ), as compared with that of XC48 steel substrate, on (a and c) 
smoother substrate surface Sa1 and (b and d) rougher substrate surface Sa2. 



coatings presented a slow decrease to the steady value of 0.60 and 0.65, 
respectively. Decrease in friction is related to tribo-layer formation. 
Indeed, the oxides thus formed TiO2 and Cr2O3, eventually becoming 
nano-scale agglomerates that form a bed of individual particles, acting 
as a solid lubricant, as reported in the literature [38–41]. It’s found to 
change the stress distribution on the wear contact. Beyond that distance 
traveled, the coefficient of friction tends towards stabilization. 

A similar trend in friction was observed on the COF curves of the 
TiN/CrN multilayer coatings deposited on rougher steel substrates Fig. 4 
(b). Similar COF curves evolution was obtained, but the COF values were 
slightly higher compared to the same coatings deposited on smoother 
substrates. Besides, as compared to ML1-Sa1and ML2-Sa1 films 

deposited on smoother surface, the ML1-Sa2 film manifested lower 
value of COF than those of the ML2-Sa2, as shown in the initial dry 
sliding tests Fig. 4(d). This result doesn’t match with the ML2-Sa2, ML1- 
Sa2 and ML3-Sa2 increased surface roughness (40 nm, 50 nm and 
57 nm, respectively). 

Concerning the CrN layers, they were also deposited on the Sa1 and 
Sa2 steel substrate (Fig. 5(a and b, respectively)) and showed approxi
mately the same coefficient of friction variation trend. Its evolution 
cannot be considered to significantly differe for the two films, except at 
the beginning of the friction sliding test because of their surface 
roughness difference (Ra1 = 47.5 nm and Ra2 = 56.7 nm, respectively). 
Both coefficient of friction values ended up stabilizing at 0.6, higher 

Fig. 5. Coefficient of friction curves of CrN monolayer coatings deposited on XC48 steel substrate with (a) smoother substrate surface Sa1 and (b) rougher substrate 
surface Sa2. 

Fig. 6. (a) Worn surface morphologies of CrN-(Sa1 and Sa2) and (b) corresponding EDS profile.  



than that of the steel substrate evaluated at 0.5 and close to ML1-Sa2 and 
ML2-Sa2 coatings COF values. 

3.3. Damage analysis 

Figs. 6–10 demonstrate the application of SEM/EDS-WDS analysis in 
the characterization of the worn films. The micrographs were taken on 
the worn surface of CrN and TiN/CrN coatings generated after 800 and 
2000 cycles of unlubricated sliding against a 100Cr6 steel ball. 

Fig. 6(a) shows the worn surface morphology of CrN1-Sa1 and CrN2- 
Sa2 coatings deposited on the Sa1 and Sa2 steel substrate, respectively. 
No significant wear topography difference is observed. Both samples 
manifested total delamination of the CrN coating and uniform oxide film 

covered the worn surfaces as revealed by the EDS analysis in Fig. 6(b). 
This indicates that tribochemical oxidation occurred between the Fe 
atoms present in the exposed steel substrate and the O2 atoms present in 
the atmosphere (see e.g., in Refs).[42,47]. 

Fig. 7 gives SEM images of the ML1, the ML2 and the ML3 coatings. 
The tribofilm formed on the worn surfaces consist of nanoscale attach
ments generated from the coating breakage, fracture, and spalling 
wears; these were stacked onto the sliding contact zone. Effectively, 
during sliding friction, the contact formation, the adhesive attraction, 
shocks and interlock between asperities on the real contact area, 
generated elastic and plastic deformations under the applied load. The 
contact stress became predominant due to the higher frictional heat and 
frictional energy.[40,43] At this critical point, the film delamination 

Fig. 7. Worn surface SEM-micrographs of the TiN/CrN multilayered coatings ML1, ML2 and ML3 (with 100 × magnification) deposited on (a, c and e) Sa1 surface 
substrate and (b, d and f) Sa2 surface substrate. (i and ii) are wear details of ML1 coatings with 200 × magnification. 



took place. The debris were then subjected to further breaking, crushing, 
and oxidation. Ti, Cr (coating elements), Fe and O2 chemical elements 
presence was confirmed by the EDS chemical analysis (Figs. 8, 9 and 10, 
of ML1, ML2 and ML3 coatings, respectively) carried out in the wear 
track, and also in the accumulated wear debris (Fig. 7. (a)) on the edges 
of the wear track. As a result, the generated wear debris were accumu
lated on the wear track resulting in a slight adhesion feature consistent 
with the oscillation of COF (according to the Bowden and al. approach 
[44]) as observed in the friction curves Fig. 4. The temperature gener
ated from frictional heating, by the conversion of shearing strain energy, 
lead to chemical reactions activation. 

The tribofilm present in the wear track of the ML1-Sa1 coating (Fig. 7 

(a)) exhibited fish-scale like morphology (Fig. 7(i)). Such morphology 
suggested, adhesive flow of tribofilm have been driven by tangential 
load. Similar results have also been observed on other coatings [40]. On 
the other hand, the ML1-Sa2 worn surface (Fig. 7(b)) exhibited dark 
patches (Fig. 7 (ii)). These transferred layers were basically constituted 
of the transferred iron material adhering to delaminated substrates. The 
strapped coating exposed the substrate which resulted in steel-to-steel 
friction. Thus, element from the counterpart surface were transferred 
over the TiN/CrN multilayer surface under the effect of the high tem
perature generated by sliding and friction. The dry sliding, the contact 
stress, as well as the chemical reactivity provoke delamination, severe 
oxidative and adhesive wear as revealed in the EDS analysis (Fig. 8(a 

Fig. 8. Worn surface SEM-micrographs with their corresponding EDS profiles of the TiN/CrN multilayered coatings with Λ= 20 nm deposited on (a) Sa1 surface 
substrate and (b) Sa2 surface substrate. 



and b)). 
Regarding the ML2-(Sa1 and Sa2) coatings, almost no surface 

delamination has been observed (Fig. 7(c and d)). This is also shown by 
optical profilometry (Fig. 12 (a)). Nevertheless, some delamination was 
observed on the wear profiles of the ML2-Sa1 coating (Fig. 7(c) and 9 
(a)) as compared with that deposited on rougher substrate (Figs. 7(d) 
and 9(b)). The SEM images of the ML1 and the ML2 coated rough sub
strates surfaces (Sa2), respectively provide evidence of better wear 
resistance with lower damage density. The ML1-Sa2 and the ML2-Sa2 
higher hardness, as compared with those deposited on smoother sub
strate surface, withstood better wear despite their higher roughness. In 

addition, the ML1-Sa2 coefficient of friction presented a more stable 
curve with no peak as illustrated in Fig. 4(b). Moreover, the coefficient 
of friction of the ML2-Sa2 coating showed a lower average value than 
that of ML2-Sa1 coating thus contributing to a better wear resistance. 

Uniform oxide films covered the ML3-(Sa1 and Sa2) worn surfaces 
(Fig. 7(e and f)), indicating that tribochemical oxidation had occurred 
under atmospheric environment. Although the wear mechanisms 
observed on the three multilayers are similar, the ML3 coatings appear 
to have suffered to more severe wear (Fig. 10). Furthermore, contrary to 
the ML1 and ML2 coatings wear behavior, the ML3-Sa2 coating depos
ited on a rougher surface substrate (Fig. 10 (b)) showed lower wear 

Fig. 9. Worn surface SEM-micrographs with their corresponding EDS profiles of the TiN/CrN multilayered coatings with Λ= 12 nm deposited on (a) Sa1 surface 
substrate and (b) Sa2 surface substrate. 



resistance than the ML3-Sa1 coating deposited on a smoother surface 
substrate (Fig. 10 (a)). Indeed, as compared to the ML2-Sa2 coating 
which still exhibited a major coating content (spectra 1 and 3) with some 
transferred films (spectrum 2) (EDS spectra in Fig. 11 (a)), the ML3-Sa2 
coating was dominated by a severe oxidative wear (presence of Fe and 
O2 in spectra 2 and 4) with a progressive disappearance of chromium 
and titanium, as shown in EDS spectra in Fig. 11 (b). Nevertheless, when 
the EDS software quantifies spectra, the calibration which is based on 
homogeneous interaction volumes, must be considered. It then applies 
very specific corrections to achieve the best precision. With these more 
or less worn and plasticized layers, of unknown thicknesses, the error 

would be very significant, especially since an oxidation process takes 
place and it is not known which elements are more or less oxidized. 

As illustrated by the optical analysis, the TiN/CrN multilayer with 
low period, deposited on the rough steel substrate surface, outperforms 
the other two coatings in terms of wear resistance (Fig. 12 (a)). A 
quantity of the counterpart mater was transferred on the wear track. 
Whilst, the TiN/CrN multilayer with varying periods is found to be less 
resistant, some coated delamination and transferred particles adherent 
to the worn surface were observed in Fig. 12 (b). However, all the TiN/ 
CrN multilayers investigated were highly more wear resistant than the 
CrN monolayer which was dominated by abrasion groove formation and 

Fig. 10. Worn surface SEM-micrographs with their corresponding EDS profiles of the TiN/CrN multilayered coatings with varying Λ= 40–10 nm deposited on (a) 
Sa1 surface substrate and (b) Sa2 surface substrate. 



fatigue delamination wear mechanisms observed in the worn surface 
(Fig. 12(c)). 

Although it was difficult to assess the coating wear rates, given that 
the damage was not uniform over the entire wear track (variable 
delamination distribution, size and intensity), the wear volume of 

analyzed coatings was estimated from optical profiles (Fig. 13) and wear 
rate (Kυ) calculation, which is defined by the Archard equation (Eq. (1)). 

Kv =
V

L.FN
.H 

Fig. 11. EDS chemical analysis of the worn surface (a) ML2-Sa2 and (b) ML3-Sa2.  



with V the volume of wear, FN the normal load, L the sliding distance 
and H the hardness of the material tested. 

To be able to obtain an estimate of the volume of wear, it was 
necessary to carry out careful examination of the wear tracks. Following 
the analysis of the entire wear track for each sample, it can be seen that 
the distribution of damage is random for each case and the depth and 
width are different across the wear track. It is therefore difficult to apply 
the commonly used method, based on calculating the wear volume from 
the following formula: V = 2π × r × w × d where r is the wear track 
radius, w the track width and d the track depth. The method of sections 
was used instead as it was found more suitable in our case. 

The volume loss of the samples is determined by measuring the total 

cross-sectional Aj from the elemental sections Ai, as illustrated in Fig. 12 
(i), and using the following formula: V = 2π × r × 1

n
∑n

0Aj where 2π × r 
is the nominal circumference of the track and 1

n
∑n

0Aj the average of a 
number n (depending on the state of the wear track) of measurements of 
the total cross-sectional area Aj (the transferred areas have been 
considered as well as the delaminated sections). 

The use of this “unconventional” measurement technique (developed 
by Fliti R. [45]) has the sole aim of carrying out a comparative tribo
logical evaluation between several samples subjected to the same 
experimental conditions. The results are shown in Table 1. 

It can be noticed in Fig. 13 that the wear rates of the TiN/CrN 
multilayers with a constant Λ, deposited on rough steel substrate surface 

Fig. 12. Illustration of the in-situ wear depth profiles (2D and 3D) for:(a) ML2-Sa2, (b) ML3-Sa2, (c) CrN coatings and (d) the shematic illustration of the wear 
volume calculation. 



are lower than ones of the same films deposited on the smooth steel 
substrate surface. In contrary, the TiN/CrN multilayers with a varying Λ, 
deposited on rough steel substrate surface (ML3-Sa2) showed the highest 
wear rate, estimated at 14.55 × 10− 6 mm3/N.m. This is in agreement 
with results from the micrographic and optical analyze. 

The greater the friction coefficient, the greater the wear rate, this has 
been reported by many authors [43,46,47]who have claimed that the 
Lining wear correlates well with friction performance. Indeed, this can 
be observed on ML3 coatings which showed the highest coefficients of 
friction. However, although the coefficients of friction of the ML1-Sa2 
and ML2-Sa2 coatings are higher compared to the respective ML1-Sa1 
and ML2-Sa1 coatings deposited on less rough substrate surfaces, it 
can still be noticed that their wear rates are lower. Indeed, the wear rate 
does not depend only on the coefficient of friction but high hardness and 
good adhesion are believed to be contributing factors as well. Never
theless, the TiN/CrN multilayer coating exhibited approximatively100 
times lower wear rate than the CrN monolayer coatings submitted to the 
same tribological test. 

During sliding tests, adhesive wear mechanism initiated primarily by 
delamination generated by the fatigue action was combined with 
oxidative wear mechanism. The coating suffered chemical reactions 
generated from frictional heating and surface material transfer with 
formation of some non uniform oxide films on the worn surface [48]. On 
the other hand, the damage remains localized in some areas of the wear 
track. Dinesh Kumar et al.[35] confirm that the wear mechanism of 
TiN/CrN coating is dominated by oxidative and adhesive wears. Friction 
behavior of the film is related to various factors such as hardness, 
fracture toughness, stress and strain development during sliding contact 
of two different sliding bodies. It is largely affected by the crack 
nucleation and propagation [49,50], reactive and transfer layer forma
tion [42] and wear particle formation [27]. 

Decreasing the bi-layer period from 20 nm to 12 nm lead to rough

ness and wear rate decrease. On the other hand the COF remained 
relatively moderate. Further decreasing in bi-layer thickness by varying 
period (Λ3 = ~ 40–10 nm), lead to significant rise in tribological pa
rameters, reaching maximum COF and wear rate values of 0.7 and 14.55 
× 10− 6 mm3/N.m, respectively. The tribological property improve
ments of the multilayer coating are in accordance with the mechanical 
analysis results in previous work.[33] The high resistance of the 
TiN/CrN coating with Λ2 (~ 12 nm, ratio 1.7:1), compared to the other 
films, can be explained by its higher number of interfaces (300 in
terfaces) and its finer structure (crystallite size 6.9 and 11.5 nm, for 
ML2-Sa1 and ML2-Sa2, respectively). This resulted in ML2-Sa2 better 
resistance to deformation (H3/E * 2 = 0.20 GPa) and better toughness 
(LC1 = 4.3 N). Indeed, it has been reported that the multilayer better 
resistance to cracking is attributed to the stratified structure which 
would limit the propagation of cracks by decohesion of the successive 
layers at the interfaces and would thus increase the multilayer coating 
resistance (similar trend are reported in Refs.)[34,35,51]. Furthermore, 
owing to the lower individual layer thickness, the delaminated particle 
sizes released during friction are smaller and its wear rate is therefore 
lower than the other coatings. The coatings deposited on the rougher 
substrate (ML1-Sa2 and ML2-Sa2) showed particularly better wear 
resistance. Their higher hardness contributed to this improvement 
despite the fact that their coefficient of friction presents higher values 
than those of the coating deposited on the less rough substrate. The wear 
resistance improvement of the coatings prepared on rougher substrates 
is also attributed to the mechanical interlocking effect of the coating to 
the substrate asperities which acts on the adhesion of the layers [43], 
thus reinforcing their resistance to cracking and fracture. 

4. Conclusion

The influence of bilayer period and substrate roughness on the wear

Fig. 13. Wear rate evolution with the coatings coefficient of friction, surface roughness and hardness.  

Table 1 
Wear rate of the TiN/CrN multilayer coatings.   

CrN ML1 ML2 ML3   

Sa1 Sa2 Sa1 Sa2 Sa1 Sa2 
Wear Volume (× 10− 3 mm3) 96.13 0.783 0.577 0.215 0.120 1.475 2.182 
Wear rate (× 10− 6 mm3/N.m) 640 5.22 3.85 1.43 0.802 9.83 14.55  



resistance of TiN/CrN multilayer coatings has been assessed. It was 
evaluated by wear testing carried out on different TiN/CrN multilayer 
coatings with constant and varying periods, elaborated by DC magne
tron sputtering on steel substrates with two different surface rough
nesses. The analysis of the obtained results allow to the following 
conclusions may be drawn:  

• The TiN/CrN multilayer coatings with constant period have friction
coefficients close to CrN monolayer coating and higher COF for the
multilayer with varying period. The coatings suffered chemical re
actions generated from friction heating and surface material transfer
with formation of some non uniform oxide films on the sliding
surface.

• Decreasing in bilayer thickness period of the TiN/CrN multilayer
coatings improved their sliding wear resistance by enhancing their
mechanical behavior. It has also lead to systematically increase the
interface number by increasing the failure deflection and hence to
decrease the detached particle size.

• Wear resistance enhancement of the coatings prepared on rougher
substrate surfaces, despite the fact that their coefficient of friction
presents higher value than those of the coating deposited on the
smoother substrate surfaces, is attributed to the mechanical inter
locking effect of the coating to the substrate asperities (by increasing
the substrate area) which acts on the layer adhesion, thus reinforcing
their resistance to cracking and fracture.

However, varying thickness period and also increasing their sub
strate surface roughness did not show any significant wear resistance 
improvement, as opposed to the constant period. Nonetheless, the 
multilayer coating wear resistance remains higher than the CrN mono
layer. These results are correlated to previous TiN/CrN multilayer me
chanical results. Further investigation into wear mechanisms in 
multilayers are yet required in order to better understand the tribo- 
mechanical behavior and how it is related to multilayer period thick
ness and surface roughness. 
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