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A B S T R A C T   

Two sets of nanoscale multilayer Ti-DLC/DLC coatings, with similar chemical composition but different periods 
between consecutive layers (0.4 and 5.5 nm), were deposited by non-reactive direct current magnetron sput-
tering using different rotational speeds of the substrate holder (12 and 1 rpm, respectively) in this work. The 
results show that the overall Ti content in the coatings varied from ≈ 2.9 to ≈ 8.2 at. % in both cases. Significant 
fluctuations in the Ti concentration between the middle points of the DLC and Ti-DLC layers were observed for 
the coatings deposited at 1 rpm. All the coatings deposited were mainly amorphous, presenting a columnar 
structure and a cauliflower-like granular surface morphology. The sp2/sp3 ratio increased as the concentration of 
Ti rose. The coatings deposited at 1 rpm demonstrated better mechanical properties (up to 33 % improvement in 
hardness and up to 25 % improvement in the elastic modulus) when compared to the equivalent coatings 
deposited at 12 rpm. The multilayer titanium doped coating (deposited at 1 rpm) with 5.9 at. % Ti presented the 
most significant improvement in mechanical properties when compared to pure DLC and monolayer coatings 
deposited at 12 rpm. The results confirmed that it is possible to tune the performance of this type of coatings by 
depositing alternating layers of pure DLC and Ti-doped DLC.   

1. Introduction 

DLC (diamond-like carbon) coatings, first developed by Schmellen-
meier in 1953 [1], are amorphous carbon structures with sp2 (graphite- 
like) and sp3 (diamond-like) bonded carbon atoms [2]. The proportion 
of sp2 and sp3 determines the properties of the DLC. These coatings have 
been generally produced by physical vapour deposition (PVD) processes 
such as filtered cathodic vacuum arc (FCVA) [3–7], pulsed laser depo-
sition (PLD) [8–11], and sputtering [12–18] to achieve different prop-
erties. The DLC coatings are usually deposited on the Si and the metal- 
based substrates to facilitate the different characterisation techniques. 
The Si substrate is used where a freshly cut cross-section or a smooth 
surface is required in order to perform the analysis, e.g., to avoid 
oxidation and contamination during SEM and EDS analysis. Metal-based 
substrates are used to evaluate the adhesion strength and to evaluate 
tribological properties of the coatings with the substrate of interest ac-
cording to the application, in our case, AISI M2 steel. 

In general, the titanium-doped coatings deposited by FCVA and PLD 

show high rates of hardness and internal stresses compared to those 
deposited by sputtering. Concerning sputtering, different power supplies 
and configurations have been used including: direct current (DC) 
magnetron sputtering [19], high-power impulse magnetron sputtering 
(HiPIMS) [20], and radio frequency (RF) sputtering [21], to name a few. 
Among these, non-reactive DC magnetron sputtering (DCMS) has been 
the most widely used technique for depositing DLC coatings. This 
technique has the benefit of using a noble gas, which is used as the active 
gas to generate plasma. The ions from the plasma bombard the target, 
and the material ejected from it is deposited on the substrate. When 
compared with the other DLC deposition techniques, DCMS is an 
economical deposition method and can easily be scaled up from the 
laboratory to production. Moreover, this technique is environmentally 
friendly due to the use of a noble gas and electricity only, which makes it 
a green technology for the production of such coatings. 

DLC coatings have been applied to automobile engine components 
including fuel injectors, wrist pins, tappets, journal bearings, ball 
bearings, and roller bearings [22], where low COF and wear rates are 
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required. However, DLC coatings show some thermal instability at 
increasing temperatures [23,24]. To overcome this issue, non-metallic 
elements: (hydrogen, boron, nitrogen, phosphorus, silicon, fluorine, 
and sulphur) [25,26], metals: (copper, nickel, tungsten, titanium, mo-
lybdenum, chromium, and niobium) [27–29], and oxide nanoparticles 
of transition metals [30] have been incorporated in DLCs. The incor-
poration of these elements or compounds has also been reported as a 
way to reduce the internal stresses of DLC coatings [31]. 

Titanium-doped DLC (Ti-DLC) coatings have been frequently studied 
for tribological applications. These coatings induce a higher thermal 
stability of the DLC up to 450 ◦C [32], a reduction in the internal stresses 
[33], an elevated reactivity with additives in lubricating oils [34], and a 
reduced coefficient of friction in un-lubricated and lubricated conditions 
[35]. However, the addition of Ti to DLCs leads to some detrimental 
effects on mechanical properties, such as a decrease in hardness and a 
poorer adhesion to the substrates [33]. Most of the literature on Ti- 
doped DLC coatings refers to very high or very low amounts of Ti 
[3–9,11,13–18]. Therefore, there is a need to study DLC coatings with Ti 
concentrations between 0 and 10 at. % deposited by DCMS. The litera-
ture reports deposition of micrometric layered Ti-DLC coatings with 
layered structures of DLC/Ti [36], Ti/Ti-DLC [3], Ti-DLC/TiC [9], DLC/ 
TiC [37], and sp2/sp3 [38,39]. 

Aside from multilayer structures of DLC coatings involving titanium, 
some research works have also reported multilayer structures of a-C/a- 
C:H [40] DLC coatings, but mechanical properties were not studied. Kim 
et al. [41] deposited multilayer DLC coatings composed of a-C:H:W/ a-C: 
H for tribological applications without investigating the effect of the 
layers on the mechanical properties of the coatings. 

No studies on the deposition of nanoscale multilayer magnetron 
sputtered Ti-DLC/DLC coatings have been reported in the literature. 

This investigation aimed to develop a new strategy to manufacture 
DLC coatings doped with different percentages of Ti by DCMS without 
negatively affecting the mechanical properties of DLC. The strategy 
adopted consisted of depositing alternating layers of DLC and Ti-doped 
DLC with nanometric periods. By varying the substrate rotations, two 
sets of coatings with similar chemical compositions (≈ 2.9, ≈ 6.1, and ≈
8.3 at. %) but with different nanometric layer periods/cycles were 
produced. The morphological, structural, and mechanical results ob-
tained for these two kinds of coatings are presented, compared, and 
discussed. 

2. Experimental details 

Pure DLC and Ti-doped DLC coatings were deposited on quenched 
and tempered AISI M2 steel (H = 63 HRC) obtained from Thyssenkrupp 
Materials Iberica and (100) ± 0.5◦ monocrystalline silicon substrates 
from Siegert Wafer. Before the depositions, the AISI M2 samples were 
cleaned with acetone to remove the oxidation-inhibiting sticky oil. They 
were polished by means of Struers Planopol-3 equipment, using silicon 
carbide abrasive papers till 1200 mesh and a 3 μm diamond suspension 
on a Struers MD/DP-Nap cloth. After polishing, the M2 and silicon 
substrates were rinsed in an Equiultra ultrasonication equipment bath 
with acetone, ethanol, and distilled water for 15 min in each medium, 
respectively. An average 60 and 0.8 nm roughness were measured by 
atomic force microscopy (AFM) for the polished AISI M2 samples and Si 
substrate, respectively. 

The coatings were deposited in TEER equipment UDP 650/4 with 
one chromium (99.95 % pure) and three graphite targets (380 mm ×
175 mm and 99.99 % pure) from PhotonExport, placed at 90◦ to each 
other (Fig. 1a). In one of the graphite targets, fourteen Ti (99.90 % pure) 
pellets from Testbourne Ltd. were embedded in CNC machined holes 
(20 mm diameter and 5 mm deep) (Fig. 1b). 

Two different rotational speeds (1 and 12 rpm) of the substrate 
holder were used for the deposition of coatings with different periods/ 
cycles between the DLC and Ti-DLC layers. For the higher rotational 
speed (12 rpm), multilayer coatings with very short periods were pro-
duced (from now on, referred to as monolayer mTi-DLC coatings). For 1 
rpm, multilayer coatings (MTi-DLC coatings) with a higher period were 
produced. 

A chromium and carbon gradient interlayer (≈ 0.3 μm thick) was 
deposited to enhance the interfacial adhesion between the coatings and 
the substrates. The concentration of chromium in the interlayer varied 
from 100 % closest to the substrates to 0 % at the top. This was achieved 
by initially applying a 110 V negative bias to the substrate and 2000 W 
to the chromium target for 10 min. After this time, the power at the 
chromium target was reduced from 2000 W (current of 5.7 A) to 0 W for 
another 10 min. Simultaneously, the power at the two pure graphite 
targets was increased from 0 to 1750 W (current of 2.9 A). The schematic 
of the two methodologies used is shown in Fig. 2. It is worth mentioning 
that in the multilayer coatings, there is no discrete boundary between 
DLC and Ti-DLC layers because of the rotation of substrates in front of 
targets; that is why the term period(s)/cycle(s) are used. 

Fig. 1. The sputtering system: (a) positioning the targets (380 mm × 175 mm) and the rotating substrate holder (1 = cooling system, 2 = magnets, 3 = chromium 
target, 4 = graphite targets, 5 = graphite + Ti target, 6 = rotatable substrate holder, 7 = substrates, 8 = vacuum pump, 9 = Ar flow), and (b) composite graphite 
target with 14 Ti pellets (20 mm in diameter × 5 mm thick) embedded in CNC machined holes. 
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Before deposition of the coatings, the sputtering chamber was 
evacuated down to an ultimate base pressure of ≈ 1.0 × 10− 6 mBar. 
Argon gas was used as the active/working gas for sputtering at a 
working pressure of ≈ 1.1 × 10− 3 mBar. Before the depositions, the 
targets were sputter-cleaned for 15 min using Argon and -600 V bias; 
during this time, the targets were covered with a shutter. The AISI M2 
steel and monocrystalline Si substrates were also surface cleaned by 
argon plasma simultaneously as the targets were being cleaned. The 
cleaning of substrates took place by applying a -600 V bias to the sub-
strates by a pulsed DC power source. 

The nomenclature of the coatings deposited and the main deposition 
parameters are shown in Table 1. One pure DLC coating (named DLC), 
three monolayer mTi-DLC and three multilayer MTi-DLC coatings were 
deposited. Three different power values of 150 W (current of 0.48 A), 
335 W (current of 0.93 A), and 500 W (current of 1.27 A) were applied to 
the composite (graphite + Ti) target to deposit coatings with different 
atomic concentrations of Ti. The power at the pure graphite targets was 
kept constant at 1750 W (current of 2.9 A). Since the sputtering yield of 
Ti is higher than that of graphite, lower deposition times were selected 
for higher powers to obtain coatings with identical thicknesses. 

Crystallographic analysis of the DLC coatings was performed by x-ray 
diffraction (XRD - Panalytical X’pert) with cobalt radiation (kα =
1.78897 Å) in Bragg Brentano geometry from 30◦ to 60◦ (2θ). Grazing 
incidence analysis was also performed with an incident angle of 2◦ to 
avoid interference from the Cr–C interlayer and Si substrate. The 
morphology and the thickness of the coatings were assessed by field 
emission electron microscopy (FEI-SEM – Hitachi, Merlin Gemini III). 
The elemental compositional analysis was performed by energy 
dispersive spectroscopy (EDS - Oxford Instruments). Rutherford back-
scattering (RBS) and elastic recoil detection analysis (ERDA) 

measurements were performed at the SIAM platform in Belgium. RBS 
was carried out in normal incidence, using an alpha beam at 4.3 MeV for 
sensitivity to carbon. The backscattered particles were collected by 2 
detectors set at 135◦ and 165◦ with respect to the incident beam di-
rection. The samples were tilted at 70◦ and analysed with an alpha beam 
at 2.3 MeV, with a detector set at 30◦ relative to the incident beam di-
rection to quantify the hydrogen. RBS was used with mainly two pur-
poses: to confirm the EDS results and to quantify the amount of 
hydrogen in the coatings. Their internal structure was observed by 
transmission electron microscopy (FEI-TEM - Titan Themis Cubed 300 
TEM). The cross-sectional samples for TEM analysis were prepared by a 
focused ion beam (FIB – ThermoFisher, FEI Helios G4 CX DualBeam). 

The Ti concentration in the DLC/Ti-DLC layers of the coatings was 
assessed by TEM-EDS. The NEXAFS (near-edge X-ray absorption fine 
structure) C K-edge spectra were measured for the energy range of 
280–320 eV to quantify the sp2 and sp3 content in the coatings. NEXAFS 
was performed using BL-29 BOREAS beamline at ALBA synchrotron in 
Spain. The coatings were analysed with beamline energies from 280 to 
320 eV while using the drain current as a signal. A highly ordered py-
rolytic graphite (HOPG) sample was used as a reference due to its pure 
graphite characteristics (100 % sp2 [42]). The sp2 content was measured 
using the isolated peak of 1 s → π* resonance transition, in which one 
electron from the 1 s orbital of carbon is excited to the unoccupied π* 
orbital. This transition takes place at 285 eV for pure graphite and it is 
the characteristic peak of sp2 (C––C) hybridised bonded carbon atoms 
[43]. The chemical bonding in the multilayer coatings was analysed by 
X-ray photoelectron spectroscopy (XPS - EnviroESCA equipped with an 
Al kα x-ray source). When using the XPS first, a survey scan was per-
formed from 800 to 0 eV, and then individual peak scans were per-
formed from 298 to 278 eV and 470–450 eV for C 1 s and Ti 2p, 

Fig. 2. Schematic of the two methodologies used for the deposition of the coatings: Ti-DLC (monolayer mTi-DLC), and Ti-DLC/DLC (multilayer MTi-DLC) coatings.  

Table 1 
Nomenclature of the coatings deposited and main deposition parameters.  

Sample  Power at the graphite + Ti target 
(W) 

Power at the graphite targets 
(W) 

Deposition time 
(min) 

The rotational speed of the substrate holder 
(rpm) 

DLC DLC – 1750 376 12 
mTi- 

DLC1 
Monolayer Ti-DLC 150 1750 350 12 

mTi- 
DLC2 

335 1750 318 12 

mTi- 
DLC3 

500 1750 300 12 

MTi- 
DLC1 

Multilayer Ti-DLC/ 
DLC 

150 1750 350 1 

MTi- 
DLC2 

335 1750 318 1 

MTi- 
DLC3 

500 1750 300 1 

m = monolayer, M = multilayer. 
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respectively. During the XPS analysis three scans were obtained for 
every spectrum, with a pass energy of 50 eV, and an energy step size of 
0.1 eV. The deconvolution of C1s XPS experimental spectra was per-
formed using CasaXPS software [44]. 

The hardness (H) and reduced modulus (E*) were measured by 
nanoindentation (Micro Materials Ltd., NanoTest) with a Berkovich 
indenter. The tests were performed on DLC coatings deposited on Si 
substrates, the equipment was operated in the load control mode. 
Sixteen tests were performed on each sample under a load of 5 mN. This 
load was selected in such a way that the indenter did not penetrate the 
coatings more than 10 % of their thickness; this was confirmed manually 
from statistical data. The values of H/E*, H3/E*2 and We were calcu-
lated. The former two parameters reflect the elastic/plastic properties 
[45], and the latter represents the toughness and resistance to cracking 
[46,47] of the coatings. The higher the We, the higher the toughness of 
the coating is. The We values were calculated from the following equa-
tion [48]. 

We =

[
(dmax − dres)

dmax

]

× 100% (1)  

Where dmax is the maximum indentation depth during loading and dres is 
the residual indentation depth after unloading. 

The adhesion of the coatings to the M2 substrates was assessed using 
a scratch test (CSEM Revetest), according to ASTM C1624-22 [49]. The 
loads corresponding to the first delamination of the coatings (Lc2 - ad-
hesive failure) were determined by micrographs of the scratches and 
close inspection of the cracking and delamination. Five tests were per-
formed on each sample for a load range of 0–50 N, and a length of 5 mm 
(10 N/mm) using a Rockwell-C indenter. The scratches were analysed by 
a travelling optical microscope (Leica LH 111 LED). 

The residual stresses were calculated from the coatings on the silicon 
substrates by means of a stylus profilometer (Mitutoyo, Surftest SJ-500) 
and employing the Stoney equation [50]. 

σ =
Es

6(1 − Vs)

hs2

hf

(
1
R
−

1
R0

)

(2)  

Where Es, Vs, and hs are the Young’s modulus, the Poisson’s ratio and 
the thickness of the substrate, respectively, hf is the thickness of the 
coating, and R0 is the value of the radius of curvature of the substrate 
before deposition, and R is the value of the radius of curvature of coating 
deposited on the same substrate for which R0 was measured. 

3. Results and discussion 

3.1. Morphological, chemical, and structural analysis 

The SEM images of the cross-sections and surfaces of the DLC, mTi- 
DLC1, mTi-DLC3, MTi-DLC1, and MTi-DLC3 coatings are shown in 
Fig. 3. 

The Cr–C gradient interlayer, the undoped DLC, and the Ti-doped 
DLC coatings exhibited a cross-section columnar morphology. The col-
umns were better defined and more continuous in the coatings richer in 
titanium. The surface of the coatings presented a typical granular 
cauliflower-like morphology related to the so-called atomic shadowing 
effect [51]. This effect may originate from obliquely incident atoms 
being preferentially deposited on the hills of the surface, and it can occur 
even during normal angle deposition. It leads to a long-range geomet-
rical effect. The substrate holder was rotating during the depositions in 
this study. 

Consequently, the growth of the coatings occurred with oblique 
deposition of C and Ti species during a significant part of the deposition. 
It is reported in the literature that the size of the granules depends on the 
substrate bias, substrate temperatures, working pressure, and the num-
ber of incident particles [52]. The substrate bias was kept constant (−
110 V) for all the depositions. However, the increase in the titanium 

content in the coatings induced an increase in the size of the granules. 
This can be explained by the fact that titanium has a higher sputtering 
yield than carbon, and therefore, a large number of incident particles 
were adsorbed and accumulated on the surface, which resulted in large- 
sized granules [53]. 

The thicknesses of the Cr–C gradient interlayer and the DLC-based 
coatings were similar for all the depositions, with mean values of ≈
0.33 and ≈ 1.55 μm, respectively. The DLC coating was deposited with 
the rotational speed of 12 rpm for 376 min, corresponding to a sput-
tering rate of 4.0 nm/min (0.33 nm/revolution). Since two graphite 
targets were used in this deposition, each target was responsible for the 
deposition of about 0.17 nm of DLC per revolution. As the power applied 
to the graphite targets was the same for all the depositions (1750 W), it 
was possible to calculate the contribution of the graphite + Ti target 
towards the overall thickness of the Ti-DLC layers deposited per revo-
lution (Fig. 4), based on the total thickness of the doped-DLC coatings, 
and the sputtering time. As expected, the cumulative thickness per 
revolution differed for the mTi-DLC and MTi-DLC coatings. Values close 
to 0.4 and 4 nm were calculated for these coatings, respectively. For 
both types of coatings, the thickness of the Ti-DLC layers increased as the 
power applied to the graphite + Ti target was increased (higher 

Fig. 3. SEM images of the cross-section (left) and surface (right) of the coat-
ings. (a, b) DLC, (c, d) mTi-DLC1, (e, f) mTi-DLC3, (g, h) MTi-DLC1, and (i, j) 
MTi-DLC3. 
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sputtering yields of C and Ti at higher power), while for DLC, there was 
no change because of the constancy of the power applied. Fig. 4 repre-
sents the contribution of graphite and graphite + Ti targets towards 
thicknesses achieved as per the deposition rates and rotational speeds of 
the substrate holder, hence not to be confused with the structure and 
period of layers. 

The elemental compositional results assessed by SEM-EDS and 
ERDA-RBS are shown in Table 2. 

It is evident from the results that Ti was incorporated into the DLC 
coatings in different amounts. EDS and ERDA-RBS analyses show anal-
ogous Ti compositions. The amounts of hydrogen in the coatings varied 
from 0.2 to 0.7 at. %, which may have originated from the leftover water 
vapour after the generation of the vacuum. It should be noted that even 
with a high vacuum, there is always a certain amount of water vapour in 
the deposition chamber. 

Similar overall chemical compositions were obtained for the mTi- 
DLC and MTi-DLC coatings deposited with the same power applied to 
the graphite + Ti target. The SEM-EDS values presented in Table 2 were 
obtained with the same electron beam energy, and therefore, the 
interaction volume of the electron beam was of the same order for the 
monolayer and multilayer coatings. The EDS analysis was performed on 
the surface of the coatings on an area of ≈ 5500μm2 and at a magnifi-
cation of 1000×. One coating (MTi-DLC44) was deposited with just the 
graphite + Ti composite target (no power applied to the pure graphite 
targets), with the same parameters used for the deposition of the MTi- 
DLC3 coating, to determine the Ti chemical composition in the MTi-DLC 
layers. A Ti concentration of 44 at. % was measured for this coating by 

EDS. Based on this value, and assuming a linear relationship between the 
power applied to the graphite + Ti target and the Ti concentration in 
both monolayer and multilayer Ti-DLC coatings, the mean Ti concen-
trations in the Ti-DLC layers of the MTi-DLC1 and MTi-DLC2 were 
estimated based on the EDS results (15 and 32 at. %, respectively) 
(Fig. 5). It can be concluded that the MTi-DLC coatings showed impor-
tant fluctuations in Ti concentrations between the centre of the DLC and 
Ti-DLC layers, due to the lower rotational speed of the substrate holder. 

The XRD phase identification (θ-2θ diffraction mode) of the Si sub-
strate, Cr–C gradient interlayer, pure DLC, and Ti-doped DLC coatings 
is presented in Fig. 6. The XRD grazing analysis did not give additional 
information, and therefore, the results are not shown. 

The silicon substrate presented a crystalline peak at 2θ = 38.6◦, 
ascribed to the (200) plane of the silicon face-centred-cubic structure 
(fcc) (ICDD card 80-0018). The (111) plane of this structure, which 
should be placed at 2θ = 33.2◦, is absent, meaning a crystallographic 
orientation along the direction [200]. The Cr–C interlayer is crystalline 
with a diffraction peak at 52.3◦, ascribed to the (110) plane of the body- 
centred-cubic (bcc) structure of chromium (ICDD card 85–1336). No 
diffraction peaks were detected from the undoped DLC coating, meaning 
that it was amorphous. Concerning the m- and M-Ti-DLC coatings, no 
additional diffraction peaks were detected. However, the MTi-DLC44 
(44 at. % Ti) coating showed two diffraction peaks at 2θ = 41.5◦ and 
48.6◦, assigned to the (111) and (200) planes of the fcc TiC structure 
(ICDD card 003-1213), respectively, with a lattice parameter of 3.66 Å. 
As stated in the Ti–C phase diagram, this phase may exist as a stable 
structure for at. % C in the range 40–50 at. %. The formation of TiC in 
the Ti-doped DLC coatings has been reported in the literature by 
different authors. In a recent work on the influence of different metals on 
the structural properties of co-sputtered DLC films [54] the authors, 
based on the XPS results, reported the formation of the TiC phase for a 
Ti-DLC coating with 10 at.% Ti. Besides this phase, TiO2 was also 
referred to as being formed, resulting from the high concentration of 
oxygen in the coating (17 at. %). In another study on the microstructure, 
mechanical and tribological properties of multilayer Ti-DLC thick films 
produced by FCVA technology [55], the authors claimed that a nano-
crystalline TiC phase was formed in the coatings produced with low 
C2H2 flow rates (titanium concentrations from 8.98 and 10.42 at. %). 
Similar to the work performed by Yetim and co-authors [54], the pres-
ence of the TiO2 phase in the coatings was also reported. 

In the present study, contrary to the MTi-DLC44 coating, those 
deposited from both the graphite and graphite + Ti targets (monolayer 
and multilayer coatings) did not show diffraction peaks of the TiC phase. 
This apparent discrepancy can be explained by the deposition conditions 
used and the period of the layers. The MTi-DLC44 coating was composed 
only of Ti-DLC layers, sputtered from the graphite + Ti target, while the 
m- and M-Ti-DLC coatings were formed by DLC and Ti-DLC layers with 
different periods. Since the m-Ti-DLC coatings were deposited at a 
higher rotational speed (12 rpm), the average period of the layers was 
lower compared to the multilayer coatings deposited at a lower speed (1 
rpm). In order to confirm the values calculated shown in Fig. 4, TEM 
analysis was performed for the MTi-DLC1, MTi-DLC2, and MTi-DLC3 
coatings. The results are presented in Fig. 7, where the symbol ‘Γ’ rep-
resents the period or cycle between layers. 

From Fig. 7 (a), (b), and (c)), the presence of the DLC and Ti-DLC 
layers in these coatings was clear, in particular for the coatings with 
higher Ti concentrations (higher periods). This was confirmed by EDS 
analysis (Figs. 7 (d) to (i)). In all cases, the different layers are nano-
metric in thickness. Mean values of 3.3 ± 1.3, 5.2 ± 0.2, and 5.6 ± 0.2 
nm were obtained for the periods of the MTi-DLC1, MTi-DLC2 and MTi- 
DLC3 coatings, respectively, confirming the estimated results shown in 
Fig. 4. The lower period of the MTi-DLC1 as compared to MTi-DLC2, and 
MTi-DLC2 as compared to MTi-DLC3, can be explained by the decrease 
in the thickness of the Ti-DLC layers with the reduction of the power 
applied to the graphite +Ti target because of the decreased sputtering 
rates of C and Ti. The multilayer coatings MTi-DLC1, MTi-DLC2, and 

Fig. 4. Thickness of DLC and Ti-DLC layers per revolution for the DLC, mTi- 
DLC, and MTi-DLC coatings. 

Table 2 
Chemical composition of the coatings assessed by SEM-EDS and ERDA-RBS.  

Coating SEM-EDS (at. %) ERDA-RBS (at. %) 

C Ti Ar O C Ti Ar H 

DLC  96.3  0.0  3.4  0.3 94.3 0.0 5.0 0.7 
mTi-DLC1  94.2  2.9  2.7  0.2 * * * * 
mTi-DLC2  90.6  6.1  2.9  0.4 * * * * 
mTi-DLC3  88.2  8.3  2.5  0.4 * * * * 
MTi-DLC1  93.0  2.9  3.4  0.7 93.1 3.1 3.5 0.3 
MTi-DLC2  90.5  5.9  3.2  0.4 * * * * 
MTi-DLC3  87.9  8.2  3.3  0.6 87.3 8.5 4.0 0.2 

*Not measured. 
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MTi-DLC3 had ≈698, ≈656, and ≈600 total layers; half were DLC and 
half were Ti-DLC layers. 

The SAEDPs of the multilayer coatings revealed the characteristic 
halo ring pattern of amorphous structures, confirming the XRD results. 
No rings or spots ascribed to the crystalline TiC phase were detected, 
confirming that all the m- and MTi-DLC coatings are mainly amorphous. 
The previous studies carried out regarding the SAED of DLC and Ti-DLC 
coatings indicate the same results about the amorphousness of these 
coatings [56,57]. 

The normalised C K-edge NEXAFS spectra of the DLC, MTi-DLC1 and 
MTi-DLC3 coatings are plotted in Fig. 8. In the same figure, the spectrum 
of graphite (HOPG) is also presented as a reference and the energies 
ascribed to the transitions from 1 s to different orbitals are indicated by 
dashed vertical lines. 

The sharp peak at 292 eV in HOPG is ascribed to the transition where 
an electron is excited from the 1 s orbital of carbon to a vacant state in σ* 
orbital. This transition does not give a sharp appearance to the DLC- 
based coatings because of their non-crystalline nature. A broadband 
from 290 to 315 eV was observed for these coatings, ascribed to the 
superimposed transition of 1 s → σ* at sp2 and sp3 levels. The percentage 
of graphite in the HOPG sample was first calculated by dividing the area 
under the curve for the energy range 282–286.55 eV by the area under 
the curve for 290–315 eV to determine the sp2 and sp3 contents of the 
DLC, MTi-DLC1 and MTi-DLC3 coatings. Then, the percentage of 
graphite-like (sp2) content was calculated by following the same pro-
cedure as for HOPG. Finally, the percentage of graphite in the coatings 
was divided by the percentage of graphite in HOPG, which resulted in 
the value of sp2 content. The sp3 content was calculated by subtracting 
the sp2 percentage from one hundred. The curves were fitted with 
symmetrical peaks for the calculation of the area under the curve. The 
fittings of the curves corresponding to the transitions from the 1 s to the 
π* orbitals are shown in Fig. 9. 

The peak assignment of these transitions is presented in Table 3, 
together with the sp2 and sp3 calculated percentages. 

The sp2/sp3 ratio increased with the growth in Ti concentration, 
meaning that the incorporation of Ti caused graphitisation of the DLC 
films by acting as a catalyst during the formation of the sp2 sites [58]. 
Saikubo et al. [58] studied 55 individual DLC coatings, including 
hydrogen-free DLC (a-C) and DLC coatings containing different amounts 

Fig. 5. Distribution of Ti in the mTi-DLC and MTi-DLC coatings. The solid lines with marks correspond to the experimental results and the dashed lines correspond to 
the estimated ones, based on the EDS results of the Ti-DLC coatings. 

Fig. 6. X-ray diffraction patterns of the Si substrate Cr–C gradient interlayer, 
DLC, mTi-DLC, and MTi-DLC coatings (Co Kα radiation, θ-2θ mode). 
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of hydrogen (a-C:H). The aim was to analyse the coordination of carbon 
atoms in the DLC and to determine the sp2 and sp3 percentages; the 
reported results agree with the ones obtained in in our study for pure 
DLC coating. Kanda et al. [59] studied the effect of oxygen incorporation 
in Ti-DLC coatings. The quantification of sp2 and sp3 bonded carbon was 
coherent with results from other studies on Ti-doped DLC coatings 
[55,60]. The authors also used the C K-edge spectra for measurement of 
sp2 and sp3 amounts in pure DLC. The results obtained were similar to 
the ones of our study. 

An XPS analysis was performed to analyse the chemical bonding in 
the MTi-DLC coatings. The Ti 2p XPS spectra are shown in Fig. 10a and 
the deconvoluted C 1 s spectra are shown in Figs. 10 (b to d) for the MTi- 
DLC1, MTi-DLC2 and MTi-DLC3 coatings. The C 1 s spectra were 
deconvoluted into three sub-peaks assigned to the sp2-bonded C–C, sp3- 
bonded C–C, and C–O bonds. The Ti 2p spectra are superimposed to 
compare the results. Different intensities corresponding to the Ti–O and 
Ti–C bonds were detected in all the multilayer coatings. Taking into 
account the deposition geometry used and the fact that the average 

depth of analysis for an XPS measurement is just a few nanometres, it is 
difficult to draw conclusions based on the intensity or area under the 
peaks of Ti–O and Ti–C bonds. As the coatings produced are formed by 
layers of DLC and DLC + Ti with nanometric periods, the composition of 
the outer layer could not be confirmed, that is whether it is formed by 
pure DLC or Ti-doped DLC. The Ti–O and C–O bonds might result from 
the exposure of the coating to oxygen before carrying out the XPS 
analysis. It is possible to state that the Ti and C bonded atoms were 
present in the amorphous phase based on the electron diffraction anal-
ysis where no crystalline domains were observed and the fact that Ti–C 
bonds were detected by XPS spectra. This corroborates the calculations 
presented in Fig. 4, in which the maximum thickness of the Ti-DLC 
layers was 1.5 nm for the MTi-DLC3 coating. 

The deconvolution of the C 1 s XPS spectra (Figs. 10 b to d) showed 
that carbon exists in the MTi-DLC coatings for the sp2 (284.5 ± 0.2 eV) 
and sp3 (285.2 ± 0.2 eV) bonding configurations [55]. The intensity of 
the sp2-bonded carbon increased and the intensity of sp3-bonded carbon 
decreased with the growth of the amount of titanium, which further 

Fig. 7. TEM analysis of the multilayer MTi-DLC1, MTi-DLC2, and MTi-DLC3 coatings. (a, b, c) high-resolution TEM images and selected area electron diffraction 
patterns (SAEDPs), (d, e, f) EDS maps, and (g, h, i) Ti intensity along the EDS line scans shown in (d), (e), and (f), respectively. 
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confirmed the results of NEXAFS [60,61]. 

3.2. Mechanical properties 

The mechanical properties of the DLC, mTi-DLC, and MTi-DLC 
coatings and their residual stresses are presented in Table 4. The sp2/sp3 

ratios obtained by NEXAFS are also included for discussion of the results. 
The average values of hardness and reduced modulus for the pure 

DLC coating were 16.2 GPa, and 185 GPa, respectively. These values 
were in complete agreement with the reported literature on undoped 

DLC coatings deposited by DCMS [62,63]. When titanium (three 
different concentrations) was incorporated in the DLC to form mTi-DLC 
and MTi-DLC coatings, its effect on hardness and reduced modulus 
values was different for monolayer and multilayer coatings. All the mTi- 
DLC coatings showed lower hardness as compared to pure DLC. How-
ever, when the effect of Ti dopant is discussed within the mTi-DLC set of 
coatings without relating them with pure DLC, the values of hardness 
increased with the increasing amount of dopant, i.e., for Ti concentra-
tions from 2.9 at. % to 8.3 at. % the values of hardness increased from 
10.2 GPa to 12.9 GPa. For these coatings, the reduced modulus values 
followed the same trend as the hardness, i.e., they increased from 120.0 
GPa (2.9 at.% Ti) to 152.7 GPa (8.3 at.% Ti). Feng et al. [64] reported 
the same results as our study, which were supported by the formation of 
TiC in the Ti-doped DLC coatings. In our case, the crystalline TiC was not 
detected because of the very short period between layers of DLC and Ti- 
DLC. Likewise, the results of our research and some other studies re-
ported that incorporating metallic elements like Ti in DLC coatings can 
deteriorate the mechanical properties because they reduce the sp3 

content in the DLC coatings [10,15,53]. Aside from the reduction in sp3 

content due to the incorporating of Ti in the DLC coatings, other studies 
assign the decrease in hardness and reduced modulus to the stress- 
relieving effect in DLC by Ti doping [65]. Also, the reduction in the 
hardness and reduced modulus was justified by the fact that Ti has lower 
hardness and reduced modulus than that of pure DLC, and its inclusion 

Fig. 8. NEXAFS results of the DLC, MTi-DLC1, and MTi-DLC3 coatings.  

Fig. 9. Peak fitting of the normalised C K-edge NEXAFS spectra in the energy range from 282 to 289 eV for the DLC, MTi-DLC1 and MTi-DLC3 coatings.  

Table 3 
Values of the sp2 and sp3 contents in the DLC, MTi-DLC1, and MTi-DLC3 coatings 
(C K-edge NEXAFS results).  

Coating sp2 (%) sp3 (%) sp2/sp3 

DLC  38.8  61.2  0.63 
MTi-DLC1  43.2  56.8  0.76 
MTi-DLC3  50.6  49.4  1.02  
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in DLC [62,63,66]. 
When PVD techniques are considered, Ti-doped DLC coating’s 

hardness and elastic modulus depend on the deposition method and the 
parameters used. When the FCVA method was used for the deposition of 
Ti-DLC coatings, those coatings showed hardness values from 22 GPa to 
55 GPa [3], 24 GPa to 49 GPa [4,5], and 33 GPa to 34.5 GPa [6,7]. These 
values were associated with the precipitation of the crystalline TiC 
nanometric phase in the amorphous carbon of DLC, use of very high 
substrate bias of up to -400 V, different duty cycles, and mainly to high 
residual stresses. Concerning the deposition of Ti-DLC coatings by PLD 
(PVD technique) [8–11], hardness values from 20 GPa to 36 GPa are 
reported depending on the concentration of Ti. The higher hardness of 
PLD-deposited Ti-DLC coatings when compared to the Ti-DLC coatings 
deposited by DCMS is explained by their higher sp3 content and higher 
residual stresses, reaching up to − 7.2 GPa. When the Ti-DLC coatings 

deposited by FCVA and PLD are compared with Ti-DLC coatings 
deposited by DCMS, the coatings deposited by DCMS presented lower 
hardness values in the range of 15–25.2 GPa and lower compressive 
stress, which were in the range of − 0.1 GPa to − 1.95 GPa 
[13,14,16–18]. 

Although very high hardness values were achieved for Ti-DLC coat-
ings deposited by FCVA and PLD methods, their adhesion with the 
substrates was reduced to a great extent. Ti-DLC coatings deposited by 
the DCMS method showed better adhesion with the substrates. When 
Lc2 values of practical adhesion are considered, the Ti-DLC coatings 
deposited by FCVA showed adhesion in the range of 15–22 N [5], and 
the coatings deposited by PLD showed values between 3 and 11 N 
[8,11]. Now, coming towards discussing the adhesion of Ti-DLC coatings 
by DCMS, they showed better adhesion towards the substrates when 
compared to adhesion values of Ti-DLC coatings deposited by FCVA and 

Fig. 10. (a) Ti 2p and (b), (c), and (d) C 1 s XPS spectra of the MTi-DLC1, MTi-DLC2 and MTi-DLC3 coatings, respectively. C 1 s XPS spectra were deconvoluted into 
three sub-peaks assigned to the sp2 C–C (i), sp3 C–C (ii), and C–O bonds (iii). 

Table 4 
Values of the mechanical properties (H, E*, H/E*, and H3/E*2), sp2/sp3, and residual stresses of the coatings produced in this work.   

Ti (at. %) EDS H (GPa) E* (GPa) We (%) H/E* H3/E*2 (GPa) sp2/sp3 Residual stresses (GPa) 

DLC  0.0 16.2 ± 0.65 184.8 ± 5.9  63.9  0.087  0.123 0.63 − 1.15 ± 0.07 
mTi-DLC1  2.9 10.2 ± 0.81 120.0 ± 5.4  68.7  0.082  0.068 * − 1.05 ± 0.05 
mTi-DLC2  6.1 11.8 ± 0.87 136.2 ± 7.3  70.8  0.086  0.087 * − 1.24 ± 0.03 
mTi-DLC3  8.3 12.9 ± 1.18 152.7 ± 9.9  67.9  0.084  0.093 * − 1.54 ± 0.16 
MTi-DLC1  2.9 13.3 ± 1.13 151.7 ± 7.5  67.8  0.087  0.101 0.76 − 1.46 ± 0.02 
MTi-DLC2  5.9 15.7 ± 1.53 170.5 ± 6.6  72.5  0.092  0.132 * − 1.66 ± 0.01 
MTi-DLC3  8.2 12.7 ± 0.93 147.8 ± 6.1  66.0  0.085  0.093 1.02 − 0.61 ± 0.02  

* Not measured. 
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PLD. The adhesion of Ti-DLC coatings deposited by DCMS is reported in 
the range of 5–41 N [13–16,18]. The coatings deposited in this work 
showed Lc2 adhesion of 16.5–23.5 N, which agrees with the literature 
and is discussed in the coming section. 

When discussing the trend of hardness values for MTi-DLC coatings, 
they behaved differently as compared to mTi-DLC coatings. Firstly, all 
the MTi-DLC coatings showed lower hardness values and reduced 
modulus compared to the pure DLC. When comparing the hardness and 

Fig. 11. Load vs displacement curves resulted from nanoindentation hardness test for (a) DLC, (b) mTi-DLC1, (c) mTi-DLC2, (d) mTi-DLC3, (e) MTi-DLC1, (f) MTi- 
DLC2, and (g) MTi-DLC3. 
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reduced modulus trend within the set of three MTi-DLC coatings, an 
increase in hardness and reduced modulus was observed from MTi-DLC1 
(2.9 at. % Ti) to MTi-DLC2 (5.9 at. % Ti). However, a decrease in 
hardness and reduced modulus values was observed when moving from 
MTi-DLC2 (5.9 at. % Ti) towards the richest Ti-doped multilayer coat-
ings MTi-DLC3 (8.2 at. % Ti). Although the literature on multilayer Ti- 
DLC coatings with the period between layers in the nanometric range 
is scarce, Liu et al. [15] reported the same phenomenon for carbon (sp2- 
C:Ti/sp3-C:Ti) nano-multilayer films with sequential sp3-rich and sp2- 
rich layers deposited by DC magnetron sputtering, i.e., a hardness 
inflexion point for a titanium concentration of 11 at. % of Ti was 
observed (5.9 at. % Ti in our work). This inflexion threshold point de-
pends mainly on the period between DLC and Ti-DLC layers, but also on 
the concentration of the dopant, the nature and type of dopant, the 
deposition system and parameters used. 

The MTi-DLC2 coating had the highest mechanical properties of all 
the Ti-doped DLC coatings (H = 15.7 and E* = 171 GPa), with values 
similar to the ones of pure DLC (3.2 % and 8.4 % lower than pure DLC, 
for hardness and reduced modulus, respectively). On the contrary, the 
mTi-DLC1 presented 59 % and 54 % less hardness and reduced modulus 
values, respectively, compared to pure DLC. 

The load vs displacement curves for hardness measurements by 
nanoindentation method are presented in Fig. 11. 

The H/E and H3/E*2 values, which are representative of the elastic/ 
plastic properties of the coatings and, as explained in [45], followed the 
same trend as H and E*. The MTi-DLC2 coating presented even higher 
values of H/E* and H3/E*2 than the DLC coating. 

Concerning We, all the Ti-doped coatings showed higher values than 
the pure DLC coating; MTi-DLC2 was the toughest coating. 

All the coatings produced exhibited compressive stresses due to the 
mismatch of thermal expansion between the DLC coatings (~ 2.3 ×
10− 6 ◦C) and the substrate (~ 11.0 × 10− 6 ◦C). It is known that the 
residual stresses also depend on the coating’s thickness (eq. 2). The 
thickness of the coatings produced varied from 1.46 μm to 1.65 μm 
(Fig. 3). Although the values of stresses were calculated from the coating 
thicknesses measured by SEM, some calculations were performed for 
each coating considering the two thicknesses mentioned above, which 
showed that the only variance in the values was in the second decimal 
point. 

The mechanical properties of the Ti-doped coatings showed a direct 
dependence on the compressive residual stresses. Concerning the 
monolayer coatings, the increasing addition of titanium led to higher 
residual stresses and H3/E*2 ratios (Fig. 12 a). Regarding the multilayer 
coatings, the same relationship was observed (Fig. 12 b). However, an 
inflexion point was observed for 5.9 at. % of Ti for multilayer coatings. 

Based on these results, it can be inferred that the mechanical prop-
erties of the coatings produced in this work are mostly related to the 
period of the different layers, their chemical composition and residual 
stresses, and less to the sp2/sp3 ratio. The monolayer mTi-DLC coatings 
are formed by sublayers with thicknesses lower than 0.4 nm (Fig. 4). 
Because mTi-DLC coatings are deposited at 12 rpm of the substrate 
holder, the Ti dopant was distributed very uniformly within the struc-
ture of these coatings. The incorporation of Ti in the amorphous DLC 
structure led to its distortion due to the difference in sizes of the Ti and C 
atoms (0.147 and 0.070 nm, respectively). Because of the uniform dis-
tribution of Ti in monolayer coatings and the difference in sizes of Ti and 
C atoms, compressive stresses increased as the concentration of Ti in 
mTi-DLC coatings increased. However, the increase in the compressive 
residual stresses was not linear, as explained by Xu et al. [67]. As the 
compressive stresses increased, the hardness and reduced modulus 
increased linearly. 

The multilayer MTi-DLC coatings are formed by the sublayers with 
thickness reaching 4.0 nm for DLC layers and 1.5 nm for Ti-DLC layers. 
Because the MTi-DLC coatings were deposited at 1 rpm of the substrate 
holder, the distribution of Ti dopant in the DLC layers was not uniform 
as opposed to the mTi-DLC coatings. When the Ti concentration was 

increased from 2.9 at. % to 5.9 at. %, the residual compressive stresses 
increased because of the difference in sizes of C and Ti atoms, but this 
increase was much more substantial as compared to monolayer coatings 
because of high Ti concentration within the Ti-DLC layers, as evident 
from Fig. 7. For the MTi-DLC coatings, when Ti concentration was 
increased from 5.9 at. % to 8.2 at. % the magnitude of compressive re-
sidual stress was decreased. This decrease can be explained by a very 
high concentration of Ti (44 at. % as illustrated in Fig. 5 and explained in 
subsequent section to Fig. 5) at the middle points of Ti-DLC layers and 
coarsening of the structure [18]. The MTi-DLC coatings showed a one-to- 
one correspondence between mechanical properties and compressive 
residual stresses. Therefore, the increase in the compressive residual 
stresses as a function of the increase in Ti is the main factor responsible 
for the improvement in the mechanical properties of these coatings. As 
the MTi-DLC2 coating showed the highest hardness, reduced modulus, 
and toughness values, it also showed the highest residual stress value. 
Increased residual stresses are often considered detrimental for such 
coatings, but Kovacı et al. [68] showed in their work on DLC coatings 
that higher values of compressive residual stress can help to inhibit the 
initiation and propagation of cracks in the coatings under loading. 

Fig. 13 shows optical images of the scratch tests of the coatings on the 
M2 substrates. The adhesive failure (Lc2) values are indicated for each 
coating. 

All the coatings had higher values of adhesion than that of pure DLC. 
However, the monolayer coatings presented higher values (around 23.5 
N) than the multilayer ones (from 16.7 to 20.2 N). Adhesion of the DLC 
coatings depends on the residual stresses [48] (inverse relationship) but 
also on the presence of dopants and their physical properties and con-
centrations. If monolayer and multilayer coatings with identical con-
centrations of titanium are compared, it can be seen that the latter 
presented higher compressive stress values, which explains their lower 
Lc2 values. Concerning the influence of Ti on the adhesion of these 
coatings, the results indicate a decrease in adhesion as the concentration 
of titanium increases, in particular for the multilayer coatings because of 
the irregular distribution of Ti in them. 

Fig. 12. Residual compressive stress and H3 / E*2 of (a) mTi-DLC and (b) MTi- 
DLC coatings as a function of the Ti concentration. 
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4. Conclusions 

New nanometre scale multilayer magnetron sputtered Ti-DLC/DLC 
coatings with improved mechanical properties were successfully 
deposited by non-reactive direct current magnetron sputtering with two 
different rotational speeds of the substrate holder (12 and 1 rpm). 

The mean periods between the DLC and Ti-DLC layers were 0.4 and 5 
nm for the monolayer and multilayer coatings, respectively. 

All the coatings were mainly amorphous with a columnar structure 
and a cauliflower-like granular surface morphology. Significant Ti 
concentration fluctuations were observed for the multilayer coatings 
(the higher period between layers). 

Due to the induced graphitisation in the sp3 bonded carbon, the sp2/ 
sp3 ratio of the multilayer coatings increased as the concentration of Ti 
rose. 

The multilayer coatings showed improved mechanical properties (up 
to 33 % improvement in hardness and up to 25 % improvement in elastic 
modulus) compared to the equivalent monolayer coatings. Among all 
the Ti-doped DLC coatings, the multilayer one with 5.9 at. % of Ti 
deposited at 1 rpm presented mechanical properties with the highest 
values, similar to the ones of pure DLC. Finally, it can be stated from the 
results obtained that, through the deposition of alternating nanometric 
layers of pure DLC and Ti-doped DLC, it is possible to increase the 
performance of this type of coatings. 
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V. Bellido-González, J.M. Molina-Aldareguia, M.A. Monclús, R. González-Arrabal, 
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