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ABSTRACT: Ti/TiN bilayers were grown on AISI 316L stainless steel and Dynasil (SiO
2
) substrates, by using a reactive DC magnetron 

sputtering system. The Ti interlayer was grown at different thicknesses (0, 50, 100, and 200 nm) in order to study their infl uence on the 
morphological, mechanical, and tribological properties of the bilayers. The coatings’ morphology was determined using an XP2 profi lometer 
adhesion was measured using micro-scratch test equipment, mechanical properties were obtained by a NANOVEA IBIS–Technology 
nanoindenter with the Oliver-Parr method. Tribological characterization was carried out with a CSEM tribometer, and wear coeffi cient 
was obtained by the Archard law by relating the wear area (measured by profi lometry). Results present a decrease in the roughness as the 
interlayer was added. A maximum hardness and elastic modulus of 22 and 310 GPa, respectively, were obtained. On the other hand, the 
system with an interlayer of 100 nm exhibited the highest adhesion with a critical load of 28 N. Moreover, the system with an interlayer of 
200 nm showed an improvement in the tribological behavior due to its great load capability, lower substrate defl ection, and low wear rate.

KEYWORDS: interlayer thickness, surface properties, coeffi cient of friction, wear

RESUMEN: Se depositaron bicapas de Ti / TiN en sustratos de  acero inoxidable AISI 316L y Dynasil (SiO
2
),  mediante el uso de un sistema de 

magnetrón Sputtering reactivo DC. La intercapa de Ti se creció a  diferentes espesores (0, 50, 100, y 200 nm) con el fi n de estudiar su infl uencia en la 
morfología y en las propiedades mecánicas y tribológicas. La morfología de los recubrimientos se  determinó usando un perfi lómetro XP2, la adhesión se 
midió utilizando un equipo de micro scratch-test, las propiedades mecánicas se determinaron mediante un nanoindentador marca NANOVEAIBIS-
Technology  por el método de Oliver-Parr. La  caracterización tribológica se llevó a cabo empleando un tribómetro CSEM y el coefi ciente de 
desgaste se obtuvo por la ley Archard, relacionando el área de desgaste (medida por perfi lometría). Los resultados muestran una disminución de la 
rugosidad con la adición de la intercapa. La máxima dureza y módulo de elasticidad obtenidas fueron de 22 y 310 GPa respectivamente para el sistema 
con intercapa de 100 nm; además, este sistema exhibió la más alta adhesión con una carga crítica de 28 N. El recubrimiento con una intercapa de 200 
nm mostró una mejoría en el comportamiento tribológico debido a su gran capacidad de carga, menor deformación del sustrato y baja tasa de desgaste.

PALABRAS CLAVE: espesor de intercapa, propiedades de superfi cie, coefi ciente de fricción, desgaste

1.  INTRODUCTION

Transition metal nitrides are attractive materials for several 
applications. For instance, titanium nitride (TiN) is used 
as surface treatment in cutting tools, electronic devices, 
medical prosthesis, and as a decorative coating due to 

high hardness, wear resistance, thermal stability, corrosion 
resistance, biocompatibility, low electric resistance, a 
low coeffi cient of friction (COF), and gold-like attractive 
color [1–5]. One common process in coating production 
by physical vapor deposition (PVD) consists of including 
a low-thickness interlayer between the substrate and the 
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coating, named seed layer, adhesion layer, or buffer layer 
[3]. This layer is used to improve the adhesion of the 
fi nal system, in order to minimize the infl uence of strains 
generated by a lack of chemical synergy, coupling between 
crystalline structures, and expansion coeffi cient differences 
with substrate used as the base material. As a general 
statement, the production of an interface between substrate 
and the fi lm improves the adhesion behavior of the obtained 
system [6]. In the case of diamond-like carbon (DLC) 
deposited on steel, the use of silicon, titanium, and their 
carbides, avoids graphitization, increases chemical affi nity, 
and stabilizes carbon-carbon bonds [7]. In silicon devices, 
the use of a CuW or Cu (WN) interlayer provides high 
thermal stability and low electrical resistivity, supplying a 
metallization barrier [8]. Interlayers of Ti are commonly 
used, because the element presents a good chemical affi nity 
between substrate superfi cial oxides and the TiN layer; 
besides this, the nitride interdiffusion zone is incremented, 
improving adhesion [3]. From the crystallographic point of 
view, high texturizing of the Ti layer in (002) crystalline 
plane promotes preferential orientation of TiN in the (111) 
crystallographic plane [3,9]. Due to these facts, the use of a 
Ti interlayer will generate high TiN texturizing, improving 
properties such as hardness (H), elastic module (E) and 
plastic deformation resistance (H3/E2), which usually 
indicate improvement in the tribological behavior [9]. 

TiN and Ti/TiN have been widely studied, and they have 
been produced by several methods, characterized in a 
wide range of properties. Nevertheless, in this work, a 
detailed study of Ti/TiN bilayers, presenting morphological, 
mechanical, tribological, and corrosive properties is carried 
out, depending on the Ti interlayer thickness. All of the 
properties were correlated between them. Special attention 
was paid to the wear profi les analysis carried out after the 
ball on disc studies, showing the interlayer effect on the 
adherence, depending on its thickness. This kind of result 
is not widely shown in other articles.

In this paper, the effect of Ti interlayer thickness in the 
superficial, mechanical, tribological, and corrosion-
resistance properties of DC magnetron sputtering deposited 
TiN thin fi lms is studied to obtain the optimum interlayer 
value and their relationship with coating behavior.

2.  EXPERIMENTAL SET-UP

TiN and TiN/Ti
(x)

 (x = 0, 50, 100, and 200 nm of thickness) 
were deposited on AISI 316L stainless steel and dynasil 

(this material was used to measure intrinsic stress). 
Samples were polished and deeply cleaned with an 
ultrasonic cube in acetone for 15 min in order to eliminate 
remaining impurities. Thin fi lms were deposited by the 
reactive magnetron sputtering DC technique, in AJA ATC 
1500 equipment [10,11], using Ti (99.9% purity) target of 
a 5 cm diameter. Base pressure in the reaction chamber 
was in the order of 10-4 Pa. Prior to the deposition, plasma 
cleaning was carried out during 15 min for removing any 
impurities and surface oxide layers on the substrate surface. 
The work pressure was 0.4 Pa and target power density was 
5 W/cm2, and Ar/N

2 
gas fl ow was 10/0.15 sccm. Structural 

characterization was performed with a Bruker AXS D8 
advance X-ray difractometer (XRD), used with a grazing 
incidence with Cu-k

α
 radiation (λ = 1.5406 Å) ranging 

between  30°–80° with steps of 0.02°. The morphological 
characterization, thickness, roughness, and intrinsic strain 
using the curvature radiox| and the Stoney equation [12] 
of the obtained fi lms were determined by an Ambios 
Technologies XP2 profi lometer, using 0.4 mm distance 
and a range of 10 µm for measuring roughness and 5 
mm distance and 100 µm range for obtaining the sample 
curvature. Adhesion was determined using MICRO TEST 
scratch test equipment with a diamond Rockwell C 200 
μm radius indenter and a 1 N/seg travel speed. Mechanical 
properties were obtained using a NANOVEA IBIS–
Technology nanoindenter with the Oliver-Parr method, 
a diamond Berkovish indenter, and penetration below 
10% of the total coating thickness in order to disregard 
substrate effects on the obtained measurement [13]. The 
tribological characterization was performed in a CSEM 
tribometer using a 6 mm diameter Al

2
O

3
 counterface ball, 

1 N normal applied load, and 10 cm/seg lineal velocity. 
Wear coeffi cient was obtained by Archard law, which 
relates the wear area (measured by profi lometry) with the 
work done on the material [14]. 

3.  RESULTS AND ANALYSIS

3.1 X-ray diffraction

Figure 1 shows the diffraction pattern for TiN with an 
interlayer of 50 nm. Diffraction peaks corresponding 
to the crystallographic planes (111), (200), (220), and 
(311) at 34.2°, 39.8°, 59.1°, and 86.1°, respectively, 
are observed. These peaks are characteristic of the fcc 
phase of TiN [17,18]. The fcc structures possess higher 
mechanical and tribological properties than others such 
as h.c.p-Ti

1-x
N [18]. No signifi cant differences in the 
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system structure were observed since Ti interlayers at 
different thicknesses were included. 

Figure 1. Diffraction pattern of the TiN/Ti
50nm

 bilayer 
grown by magnetron-sputtering DC

Figure 2 shows the average roughness (R
a
) and mean 

square roughness (R
q
) evolution as a function of the Ti 

interlayer thickness. As was observed, the roughness 
decreases as an interlayer is deposited. The use of these 
interlayers was effective in enhancing the nucleation 
density of coatings [17]. 

Figure 2. Average roughness (R
a
) and mean square roughness 

(R
q
) as a function of the titanium interlayer thickness

The reduction in the fi lm roughness while a Ti interlayer 
was deposited can be immediately understood as arising 
from denser and more uniform nucleation, promoting 
vertical growth versus an initial three-dimensional growth 
around fewer nucleating seeds [18]. This behavior is in 
agreement with previous observations of fi lms growth 
clusters around a low-density of seeds [19]. Differences in 
the surface roughness may be explained by the difference in 
their microstructures. This also suggests that the addition of 
a Ti interlayer reduces the surface roughness of the system; 
nevertheless, according to the curves tendency, an increase 
in the thickness of the Ti interlayer does not significantly 
affect the roughness of the system [20]. A similar case 
is reported in the literature by Neubauer et al. [21] for 
copper carbon nanocomposites with an interlayer of Ti. 

In the latter case, the roughness increases  until the fi lm 
thickness reached 15 nm; after that, there is no observable 
influence of the Ti-layer thickness on surface topography.

3.2.  Adhesion

Figure 3(a) shows Ti interlayer thickness effect in the 
intrinsic stress and the adhesion (critical load L

c
) of the 

deposited system. The fi lm without interlayer presented 
higher dispersion caused by an irregular substrate 
deformation, generated by the fi lm stress. As the interlayer 
thickness is increased, a decrease in the intrinsic stress was 
observed because Ti fi lm supports the Ti and N atoms or TiN 
molecule bombardment, presenting plastic deformation and 
avoiding perturbations on the TiN lattice [22]. Moreover, 
the role of the Ti interlayer is to dissolve any oxide layer 
remaining on the surface of the substrate as well as to relieve 
shear stress in the interface [3,14,23,24]. Results also show 
a decrease in the stress up to a certain interlayer thickness 
value. Nevertheless, after this value, the stress tends to be 
stable. This indicates that there is a critical Ti interlayer 
thickness for effectively relieving residual stress [3,9,25].

The scratch test was performed in order to study the 
fi lm’s adhesion. Figure 3 (a) shows an increase on the 
critical load as the Ti interlayer thickness increases. 
Due to the TiN fi lm interdiffusion increment, intrinsic 
stress diminution and total thickness increase, the 
load capability is enhanced [3]. This behavior avoids 
fi lm delamination; nevertheless, it has been found that 
higher-thickness ceramic fi lms can reduce adhesion 
due to a high dislocation density on the interface [23]. 

Figure 3. (a) Intrinsic stress and critical load as a function 
of the interlayer thickness and (b) 10x micrograph of the 

TiN/Ti
100 nm

 scratch test
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For thicker fi lms, not only the delamination is avoided, 
but also the spalling degree becomes lower as the load 
is increased. This demonstrates that the increase of 
fi lm thickness from a certain critical value can improve 
fi lm adhesion [26]. As is observed in Fig. 3, the critical 
thickness for the stress stabilization matches up with the 
value at which the critical load decreases. The maximum 
critical load is presented at 100 nm of interlayer thickness. 
A 10x micrograph (Fig. 3(b)) shows the failure mechanism 
presented on the TiN/Ti

100 nm 
sample. It exhibits lateral 

crack formation on the fi rst millimeters of the track. 
Partial fi lm delamination (recovery spallation) is observed 
at 1.31 mm. After 1.88 mm, cracks are observed in the 
track. This type of failure is called bulking spallation, 
which is presented in the form of irregular arcs on the 
track. These failures are generally presented in hard fi lms 
deposited on ductile substrates [27]. Hardness and elastic 
moduli plots versus penetration depth were obtained by 
nanoindentation.

3.3.  Hardness

Figure 4 shows plots of TiN/Ti
200 nm 

hardness and 
elastic modulus as a function of the depth penetration. 
Maximum values were around 18.5 GPa and 260 GPa, 
respectively. Figure 4(a) shows a hardness decrease 
as the penetration depth increases. The vertical line 
indicates 10% of the total system thickness. The 10% 
rule refers to the maximum penetration depth to which 
an indentation test can produce substrate independent 
hardness measurements. Standard nanoindentation 
experiments using the Oliver–Pharr scheme [28] have 
repeatedly shown that the hardness of crystalline 
materials often shows strong indentation depth 
dependence, with higher indentation hardness obtained 
at smaller indentation depths [29,30]. This phenomenon 
is generally referred as indentation size effect (ISE). Nix 
and Gao [31] explained the ISE measured by using the 
concept of geometrically necessary dislocations (GND) 
in which the GND density increases with decreasing 
indentation depth, resulting in the ISE of hardness 
for crystalline materials [32]. Often, researchers will 
forego the limitation and apply the rule as a general 
limitation for all mechanical properties including 
Young’s modulus [15,33]. The errors present in the 
measurements probably occur because of asperities 
[34]. According to fi gure 4(a), the hardness of the 
system decreases to   the substrate hardness as the depth 
of penetration increases.

Figure 4(b) shows the behavior of the elastic modulus 
for the TiN/Ti

200 nm 
system as a function of the 

penetration depth that was varied between 0.05 and 
1.5 μm. Initially, Young’s modulus shows a transition 

from the TiN modulus (around 280 GPa [35]) to the 

TiN/Ti composite modulus of around 260 GPa [3], after 

1.5 μm of penetration depth. Then,  a new transition is 

observed from a Ti/substrate composite modulus and 

the subsequent tendency to the stainless steel 316L 

Young’s modulus (160–193 GPa) [36]. 

Figure 4. Mechanical properties as a function of 

indentation depth for TiN/Ti
200nm

 (a) hardness and (b) 

elastic modulus

In Fig. 5, the hardness and elastic modulus of Ti/TiN 

coatings depending on the interlayer thickness are 

observed. Keeping the error bars into account, no tendency 

was observed. Values were obtained by carrying out a 

penetration depth lower that 10% of the TiN monolayer 

thickness (indentation size effect), in order to avoid the 

substrate and interlayer effect on the system, because the 

interlayer objective is to improve adherence. 

Figure 5. Mechanical properties of the TiN/Tix thin fi lms 

as a function on the interlayer thickness (a) hardness 
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3.4.  Wear Analysis

Figure 6(a) shows the coefficient of friction (COF) 

behavior as a function of sliding distance for the substrate 

and Ti/TiN bilayers, varying the interlayer thickness. 

Curve A shows the COF for the substrate, presenting 

a strong increase at around 10 m. When the fi lm was 

deposited on the substrate, the system presents better 

behavior, increasing the distance of failure. Failures 

occur when the critical thickness is reached after a certain 

sliding distance due to ongoing wear [37]. The TiN 

coating without an interlayer (curve B) presented a higher 

distance of failure but did not show a decrease in the COF. 

No transitions are observed since it was not possible to 

determine the COF. This behavior is attributed to high 

roughness, low adhesion, and delamination due to high 

intrinsic stress. As the interlayer thickness increases, the 

distance of failure also increases dramatically. The TiN/

Ti
50nm

 presented a COF of 0.6 (with a failure of around 

40 m). The TiN/Ti
100nm

 and TiN/Ti
200nm

 showed a COF 

of approximately 0.2, failing at around 100 m. Again, 

roughness plays an important role in COF behavior. 

Tang et al. [38] studied the COF for TiC fi lms grown 

with and without metallic interlayers of Cr and Ti. They 

reported that it had less stick-slip and showed more stable 

friction and wear behavior in fi lms with interlayers than 

those without any interlayer. The TiN coating without an 

interlayer was scratched and grooved severely. According 

to the author, fi lms with a metallic interlayer present 

cracks which gradually appear on the wear surface. The 

cracks were caused by the pin or ball sliding repeatedly 

on the coating surface under applied loads. Nevertheless, 

in fi lms without an interlayer, islands (particles) appear 

before the cracks even when the load was increased 

strongly (when coatings are seriously delaminated). It 

seems that the coatings without an interlayer are directly 

torn off because of the poor adhesion between the coating 

and the substrate [39] while coatings containing a metallic 

interlayer fi rst underwent a process of wear-track cracking 

before the delamination happened on the contacting 

surface. The cracks on a friction surface should be a sign 

of the islands formed at the later stage of the wear process.

Figure 6 (b) shows the wear coeffi cient (k) of the TiN/

Ti
x
. As is shown, k decreases as the interlayer thickness 

increases, due to higher adhesion and lower intrinsic 

stress, because poor adhesion is the predominant wear 

mechanism.

Figure 6. Coeffi cient of friction as a function of sliding 

distance by using the ball on disk test for the substrate and 

TiN/Tix fi lms with different Ti interlayer thickness

Figures 7(a) and (b) show wear profi les for the TiN/

Ti
100nm

 and TiN/Ti
200nm

. Films without interlayer present 

failure between 20 to 40 meters. On the other hand, 

a metallic interlayer increases the fi lm’s durability. 

The predominant wear mechanism in all systems is 

composed of an adhesion-abrasion combination due 

to hard particle liberation in the wear track, acting as 

an abrasive mechanism during the test [15]. The TiN/

Ti
100nm

 and TiN/Ti
200nm

 failed between 80 to 100 m. 

Although the TiN/Ti
100nm

 system presents high particle 

adhesion (a profi le higher than the coating surface), the 

TiN/Ti
200nm

 also presents abrasion. According to the 

literature, if the metallic interlayer is too thick, there 

might be high strains due to a plastic deformation of 

the softer metal which might cause an over critical 

bending of the ceramic layer, and thus wear increases 

or a failure of the coating can take place. Holmberg et 

al. showed that the deformations that are induced during 

a scratch test on a coated surface result in the bending 

of the coating [40]. In their investigations, the bond 

layer strains were higher for a compliant bond layer 

(like, in our case, Ti) than for a stiff bond layer, but 

were independent of the thickness. However, a thinner 

compliant bond layer should be stiffer than a thicker 

compliant bond layer of the same material. This would 

imply that a very thick compliant layer might show a 

considerably higher strain compared to a signifi cantly 

thinner compliant layer, and thus, induce a higher 

bending of the hard coating above. It might be assumed 

that the TiN coating reached the critical thickness after 

a certain sliding distance due to wear. Thus, it might 

be argued that there is a Ti/TiN thickness ratio for a 
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given TiN thickness that yields a signifi cant decrease 

in wear. This thickness ratio might also depend on the 

mechanical load and the coating properties, and might 

be different; e.g., for other coating systems [37].

Figure 7. Wear profi les of: (a) TiN, (b) TiN/Ti
50nm

,(c) TiN/Ti
100nm

, and (d) TiN/Ti
200nm

As a fi nal remark, including a Ti interlayer between 

the TiN coating and the substrate can improve system 

performance, especially in properties such as adhesion, 

and friction coefficient. These properties are also 

affected by the interlayer thickness that normally 

has a critical value. For example, for the adhesion 

and the friction coefficient performance, thicker 

interlayers  might generate high strains due to the 

plastic deformation of the softer metal, causing strong 

bending of the ceramic layer and producing an increase 

in wear and  failures in the system. On the other hand, 

the hardness is more affected by the indentation depth 

and its relationship with system thickness. 

4.  CONCLUSIONS

The Ti interlayer thickness influence on TiN/Ti 

coatings behavior produced by the reactive magnetron-

sputtering DC technique was studied. The improvement 

of most of the system properties was observed with the 

inclusion of the Ti interlayer. Hardness and Young’s 

modulus were more infl uenced by the indentation 
depth than the interlayer thickness. On the other hand, 
roughness, adherence, wear, and corrosion resistance 
were improved by including the metallic interlayer. 
Nevertheless, for properties such as adherence and 
wear resistance, a very thick interlayer can present a 
considerably higher strain, inducing a higher bending 
of the hard coatings. 
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