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Diamond-like carbon (DLC) is a hydrogenated amorphous carbon (a-C:H) thin filmmaterial owing to its unique
tribological properties that may open great opportunities for new applications. However, DLC presents low
chemical affinity with metallic alloys and high intrinsic stress, prompting film delamination and poor adherence
on the substrate. In the present work, we performed a systematic study about structural and tribological proper-
ties of a-C:H thin films grown on steel by introducing adhesive silicon-containing interlayers deposited at differ-
ent processing temperatures and times. The studied bi-layers were deposited by electrostatic confinement
plasma enhanced chemical vapor deposition (EC-PECVD) and were characterized by several techniques. The re-
sults showed that the adhesive interlayers produced from tetramethylsilane are chemically structured as a non-
stoichiometry hydrogenated amorphous silicon carbide alloy (a-SiCx:H). Its structure, chemical composition and
thickness are very dependent on deposition conditions. The thickness of the interlayers increaseswith deposition
time and decreases with deposition temperature. The interlayer contains less hydrogen and silicon atoms at
higher deposition temperatures, with enhanced formation of Si–C bonds in its structure. This last chemical
event is correlated with the rise in the critical load values found for a-C:H film delamination when the a-SiCx:H
interlayers are deposited from 573 K to 823 K. On the other hand, the interlayer contains less carbon atoms at
higher deposition times, decreasing the critical load values for a-C:H film delamination when the a-SiCx:H inter-
layers are deposited from 5 min to 10 min.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Diamond-like carbon (DLC) is a hydrogenated amorphous carbon
(a-C:H) thin film material that has attracted scientific interest and
posterior industrial success because of its exceptional mechanical and
tribological properties [1]. Thismaterial is currently used as a protective
coating in automobile components, engine systems, fuel injectors, tool
tips and razor blades mainly because of its low friction coefficient
under dry sliding conditions and high wear resistance [2,3]. In order to
improve the durability of DLC on tribological applications, films fewmi-
crometers thick are adequate [2]. In these cases, however, large com-
pressive intrinsic stress arises, prompting film adhesive failures and
delamination from the substrate surface [4,5]. Particularly when DLC is
deposited on metallic alloys, the low chemical affinity, i.e., poor chemi-
cal bonding of carbon film to the substrate, also contributes to the spon-
taneous debonding effects.
.br (F. Cemin).
Despite the several approaches available to improve the DLC film
adhesion onmetallic alloys, one canmention the deposition of interme-
diate metallic or ceramic layers between the substrate surface and the
film, also called in most of works as buffer layers, adhesive interlayers
or bonding interlayers [6,7,8,9,10,11]. Such layers mitigate the high
compression by releasing stress, reduce structure film mismatching
and promote stronger chemical bonds at the interfaces. In particular,
silicon-containing interlayers are chemically more compatible to the
material system studied, i.e., silicon has chemical affinity with the me-
tallic atoms present in the alloy and with the carbon atoms constituting
the DLC [2,11,12]. Despite the fact that the established use of silicon-
containing interlayers in current industrial processes is a well known
approach for improving DLC adhesion on steels, we did not find, in the
specialized literature, works that investigate the influence of different
deposition parameters for the Si-based interlayer (basically processing
temperature and time) on the adhesion of DLC films on steels, by a
systematic treatment of the results.

The improved adhesion of DLC films on metallic alloys by adhesive
interlayers enhances the lifespan of the coating in tribological services,
avoiding premature delamination under both higher loads and contact
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Fig. 1. In-depth chemical profile obtained by GDOES superimposed on a cross-section SEM
image for the sample with the interlayer deposited at 673 K during 10 min between the
steel and the DLC film. A schematic illustration of the material system is also shown.
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pressures. Indeed, many tribological tests have shown that friction
coefficients, wear rates and critical loads for delamination (the latter
generally used to estimate the thin film adhesion) are influenced by
the nature of the interlayer, besides factors such as thickness, Young's
modulus and hardness of the coating, structural defects, topography
and substrate characteristics [2]. Scratch and nanoscratch tests were re-
ported in the specialized literature evaluating the DLC film adhesion on
metallic alloys containing interlayers constituted by different chemical
elements (e.g., Ti, Si, Cr, Cu, W, Mo, Nb), ceramic compounds and
metal-carbides [6,13,14,15,16,17,18,19]. Despite the fact that most of
these materials were able to improve DLC film adhesion on metallic al-
loys, the reported critical loads for delamination are pretty scattered.
This is so because of the strong dependence on the interlayer character-
istics and properties as well as the thin film characteristics. Indeed, each
coated material system has its peculiarities (e.g., structural, chemical)
making difficult offering unanimous recipes. Moreover, it should be
considered that the DLC film, as well as the interlayer, is deposited in
a variety of conditions and often from various chemical precursors. For
the above reasons, a detailed scrutiny of the interlayer structure and
properties has an important role on the optimization of DLC adhesion
on metallic alloys for tribological applications where the lifetime of
the coating is fundamental from both technical and economic reasons.

Therefore, this study is an attempt to establishing general physical
and chemical indicators regarding DLC film adhesion on a ferrous alloy
by intercalating a silicon-containing interlayer deposited from appro-
priated experimental conditions by electrostatic confinement plasma
enhanced chemical vapor deposition (EC-PECVD). The friction coeffi-
cient and the critical load for DLC films delamination were evaluated
by nanoscratch testing. In order to optimize the performance of the
DLC coatings for tribological applications, these results are correlated
with the structure, composition, and characteristics of the studied adhe-
sive interlayers.

2. Materials and methods

The studied Si-based interlayers and DLC films were sequentially
grown on a low-alloy steel (AISI 4140, composition in wt.%: C: 0.40,
Cr: 0.96, Mo: 0.17, Si: 0.23, Mn: 0.85, Ni: 0.13, Cu: 0.15 and Fe: balance)
by a EC-PECVD system. The electrostatic confinement applied for sur-
face engineering is a relatively recent promising technology, and more
details about the processes can be found elsewhere [20,21]. The samples
were mirror polished using standard metallographic techniques and
cleaned in ultrasonic bath with acetone before introducing them into
the deposition chamber. The base pressure in the chamber was
≤1.5 Pa. For all the reported processes, the plasma was sustained by a
negative pulsed direct current power supply (10 kHz) with a constant
bias (+30 V) between the pulses, duty cycle of 40%. Prior to deposition,
the substrates were cleaned by Ar+ ion plasma bombarding (30 min, at
10 Pa chamber pressure and at −500 V applied voltage). Then, the
adhesive silicon-containing interlayers were prepared from a vapor
mixture of tetramethylsilane (TMS, Si(CH3)4) and Ar (~80%–20% partial
pressure, respectively) at a total pressure of 60 Pa. Liquid TMS was
heated and evaporated at 313 K by using a controlled evaporator and
mixer device (Bronkhorst High-Tech B.V.). In the first group of studied
samples, the substrate temperature was varied from 373 K to 823 K by
using a resistive heating, with the deposition timemaintained constant
for 10min for the different samples. In the second group of studied sam-
ples, the interlayer deposition time was varied from 1 min to 10 min,
with the substrate temperature maintained constant at 573 K for the
different samples. The glow discharge was sustained applying a voltage
of −500 V during this stage. Finally, DLC films were deposited on the
top of the different interlayers under the same experimental conditions
for all the studied samples, using a gaseous mixture of acetylene (C2H2)
and Ar, flow rates of 13 and 4 sccm, respectively, at 10 Pa total pressure.
The glow discharge was sustained applying a voltage of −800 V for
60 min at ~353 K. In addition, some samples were prepared without
posterior DLC deposition in order to study the chemical structure of
the silicon-containing interlayer deposited at different temperatures.

Themorphology, microstructure and thickness of the bi-layers were
investigated by SEM — Shimadzu SSX-550, by analyzing the cross-
section of the samples. In depth chemical profiles of the samples were
obtained by GDOES — Horiba GD-Profiler 2. Structural details of DLC
films and silicon-containing interlayers were analyzed by Raman
scattering spectroscopy — Raman Confocal NTegra Spectra NT-MDT,
473 nm laser. The tribological properties of DLC thin filmswere evaluat-
ed by using a nanoindentation system—MicroMaterials NanoTest-600,
equipped with a conical diamond tip with final radius of 25 μm. A
normal load of 0.01 mN was applied in the firsts 100 μm of the scan
and then the load was linearly ramped at 0.3 mN s−1 up to reach a
final normal load of 500 mN, as the tip was dragged through a distance
of 1800 μm over the sample surface. During the nanoscratch test, the
normal load, penetration depth, lateral (friction) forces and friction
coefficient were continuously monitored. The critical load (Lc) for
delamination was defined as the minimum normal load which can
cause the initiation of film delamination from the surface, followed by
an abrupt variation in lateral force and friction coefficient. Five scratch
tracks were performed in each sample to determine an average value
of Lc. After testing, the surface examination was carried out by optical
microscopy (OM) and SEM to verify the failure modes of the films
along the scratch tracks.

3. Results and discussion

Fig. 1 presents a schematic combination of SEM cross-section image
and GDOES analysis results for the sample where the silicon-containing
interlayer was deposited at 673 K during 10 min between the steel and



Fig. 3. C/H and Si/C content ratios in the silicon-containing interlayer as a function of de-
position time and substrate temperature. The values were obtained by the integration of
the area under the specific GDOES profiles in the interlayer region for each sample.
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the DLC film. The observed behavior is typical for all samples studied in
this work, comprising twowell-defined layers and the substrate. Initial-
ly, from left to right, the outermost layer is a microstructured material
containing a relative high signal of carbon and hydrogen, which charac-
terizes it as the DLC thin film. Subsequently one can notice the presence
of a submicrometric layer containing a relative high signal of carbon,
hydrogen and silicon, which typifies it as the adhesive silicon-
containing interlayer. Both film and interlayer presents a residual
relative signal of oxygen, which arises probably from oxygen and
water vapor adsorbed in the deposition system. Finally, the ferrous
alloy is visualized in the region containing a relative high signal of
iron. In addition, a schematic representation in chemical terms of the
material system described above is included at the bottom of the main
figure.

The DLC film presents a quite uniform average thickness of 1.8 ±
0.2 μm in all studied samples. These films were produced following
exactly the same experimental conditions, thus, we expected to obtain
similar values of thickness and evenness in all studied samples. Mean-
while, the thickness of the silicon-containing interlayer depends on
both the deposition time and temperature. Fig. 2 shows the interlayer
thickness evolution as a function of substrate temperature (maintaining
the time deposition time constant at 10 min) and deposition time
(maintaining the substrate temperature constant at 573 K). One can
see that the interlayer thickness exponentially decreases on increasing
the deposition temperature, from 831 nm (373 K) to 133 nm (823 K),
following a thermally activated kinetic process, as already reported in
a previous work [11]. In contrast, the interlayer thickness augments
on increasing the deposition time, in a much less remarkable behavior,
from 150 nm (1 min) to 318 nm (10 min). Such a thickness increase
on augmenting the deposition time is due to the accumulation of depos-
ited material over time.

Fig. 3 shows the C/H and Si/C content ratios in the interlayer
structure as a function of substrate temperature and deposition time,
obtained from area measurements under carbon, silicon and hydrogen
GDOES profiles for each studied sample in the interlayer region. Once
again, an inverse behavior is observed as a function of the two studied
variables. On the one hand, C/H ratio increases on augmenting the depo-
sition temperature and does not appreciable change on augmenting the
deposition time. On the other hand, Si/C ratio decreases on augmenting
the deposition temperature and increases on augmenting the deposi-
tion time. Regarding to the temperature effect on the interlayer chemi-
cal composition, the increase of the C/H ratio could mean that the
interlayer contains less hydrogen when it is grown at higher tempera-
tures, and the decrease of the Si/C ratio could mean that the interlayer
contains less silicon when it is grown at higher temperatures. The
Fig. 2. Interlayer thickness as a function of the deposition time (at a constant substrate
temperature of 573 K) and the substrate temperature (at a constant deposition time of
10 min), deposited between the steel and the DLC film. The thickness measurements
were carried out directly from SEM images in cross-section.
hydrogen and silicon losses may be related with diffusion or desorption
processes during interlayer growth. In order to analyze the occurrence
of diffusion process, Fig. 4 shows the in-depth GDOES chemical profiles
of (a) hydrogen and (b) silicon at different interlayer deposition tem-
peratures. One can see that both hydrogen and silicon profiles do not
appreciable change in the steel region at higher deposition tempera-
tures. It suggests that these atoms do not diffuse into the bulk material
and may be desorbed from the interlayer during growth process at
higher deposition temperatures. The thermal energy can activate chem-
ical reactions at the surface and subsurface of the interlayer during
growth process, favoring the formation of volatile chemical species con-
taining silicon and/or rich in hydrogen (such as silane,molecular hydro-
gen and vapor water), that can be transferred to the gas phase during
film growth. Indeed, many works have demonstrated that hydrogen is
released from the structure of silicon-containing films at higher deposi-
tion temperatures [22,23]. Also, the desorption phenomenon could be
contributing to the interlayer thickness decrease at higher deposition
Fig. 4. (a) Hydrogen and (b) silicon in-depth profiles obtained by GDOES for the interlayers
deposited at different substrate temperatures. Sputtering time is proportional to depth.



Fig. 6. Raman spectra for the a-SiCx:H interlayers deposited at different temperatures,
without posterior a-C:H deposition.
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temperatures, as previously observed in Fig. 2. Finally, regarding to the
deposition time effect on the interlayer chemical composition, the in-
crease of the Si/C ratio could mean that less carbon is present in the
samples with the interlayer deposited at longer times. Such a
physical-chemical phenomenon could be related with chemical reac-
tions occurring during interlayer growth responsible for releasing, for
example, CH+ species (once C/H ratio remains constant for all studied
samples) from the interlayer structure. This chemical event seems to
be very dependent on time, and absent on temperature, in the studied
ranges.

Fig. 5 shows a typical Raman spectrum of the DLC film surface from
one of the studied samples, with the characteristics D (disorder) and G
(graphite) bands centered at ~1355 cm−1 and 1550 cm−1, respectively.
The bands were fitted using two Gaussian distributions and a linear
background. The broadpeaks in Fig. 5 reflect the inhomogeneous broad-
ening (disorder) characteristic from the amorphous nature of the
material, being similar to those found in a-C:H films [1]. The G-peak
positions and ID/IG ratios of the different samples studied are similar
(not shown)because, as noted above, the sameexperimental conditions
were used on depositing the a-C:H films. Then, one can conclude that
the film structure is not influenced by the different silicon-containing
interlayers.

In the attempt to understand the chemical bonding present in the
interlayer, Fig. 6 shows the selected Raman spectra of the silicon-
containing interlayers deposited at different substrate temperatures,
varying from 373 K to 773 K, without posterior a-C:H film deposition.
Initially, one can see that increasing the temperature during the inter-
layer deposition, the intensity of all peaks increases, i.e., a better struc-
ture organization is achieved at higher temperatures. We remark that
increasing inhomogeneous broadening is found in all deposition tem-
peratures, which are characteristic of highly disordered (amorphous)
structures. For comparison effects, two spectra were inserted at the
top of Fig. 6: a pure amorphous silicon (a-Si) film [24] and a tetrahedral
amorphous carbon (ta-C) film [1]. Our spectra exhibit Si–Si vibration
modes centered around ~480 cm−1 and ~1000 cm−1, being the first
one related to a-Si and the last one related to a second-order Si–Si
mode that corresponds to the presence of amorphous silicon carbide
(a-SiC) [25,26]. Also, one can identify a broad feature at ~800 cm−1,
corresponding to Si–C vibration mode, as expected for an a-SiC alloy
[2,26]. Finally, it is possible to observe a broad peak in ~1480 cm−1,
associated with carbon clusters either in diamond-like or graphite-like
bonding modes, and a broad peak at ~2100 cm−1, associated with the
Si–Hn vibration mode [25,26]. These results show that the silicon-
containing interlayer is chemically structured as a non-stoichiometry
hydrogenated amorphous silicon carbide alloy (a-SiCx:H), very
dependent on the deposition temperature. At 373 K, the interlayer is
not structurally speaking quite well defined, with no Si–Si or Si–C
vibration modes detected by Raman analysis. The absence of such
vibration modes, i.e., such bonds in the structure, could be associated
Fig. 5. Raman spectrum for the DLC filmdeposited on the interlayer grown at 573 K during
10 min on steel.
with the large presence of residual hydrogen and oxygen atoms acting
as terminators of silicon and carbon bonds, preventing the formation
of strong C–C, Si–C and Si–Si bonds. At temperatures of 573 K and
773 K, the structure presents relative high intensity bands associated
with C–C, Si–C and Si–Si bonds, which are compatible to those found
in a-SiC:H alloys, and the intensity of Si–Hn is lower. Besides that, the
temperature increase leading to an increase of Si–C bonds seems to
augment the disorder of the structure, because the irregular distribution
of Si–C bonds contributes to additional bond angle distortion and
consequently increasing the inhomogeneous broadening of the Raman
spectra [27].

The use of such a configuration, i.e., a material system composed by
the steel/interlayer/DLC sandwich structure is capable to improve DLC
films adhesion on steel. Fig. 7 shows an image of the surface character-
istics of three selected samples. Initially, the sample on the left shows
the polished surface of theAISI 4140 plain steel (for comparison effects).
After, the sample on the middle shows the plain steel coated with DLC
film without the presence of any adhesion interlayer. One can clearly
see a gross delamination of the DLC film from the steel surface; the
film without any interlayer immediately delaminates after deposition
process. This spontaneous cracking is characteristic of seriously stressed
films that break down in contact with the atmosphere and/or tempera-
ture shock. Finally, the sample on the right in Fig. 7 shows the plain steel
coated with DLC film in the presence of the a-SiCx:H interlayer deposit-
ed at 673 K for 10 min. One can notice the presence of a dark film qual-
itatively adhered on the surface of the steel sample, with visual
characteristics really close to those found in a-C:H films. Thus, it is pos-
sible to claim that a-SiCx:H interlayers enhance the delamination resis-
tance of DLC films on steels. However, we will show hereafter that the
quality of the observed improved DLC adhesion is extremely influenced
by the experimental conditions used during interlayer growth process.
The deposition parameters variation modifies the interlayer thickness,
chemical composition and chemical structure (as previously shown)
with consequent impact on DLC films adhesion.

In order to correlate the study performed theretoforewith the a-C:H
thin films adhesion on the a-SiCx:H interlayers deposited from appro-
priated experimental conditions on steel, the studied samples undergo
some qualitative and semi-quantitative tests for adhesion evaluation.
Initially, the adhesion was qualitatively evaluated by macroscopic veri-
fication and tape peel tests. Regarding to the interlayer deposition tem-
perature effect, the a-C:H films do not show spontaneous delamination
for a-SiCx:H interlayers deposited at temperatures between 573 K and
823 K [11]. At lower interlayer deposition temperatures (373 K and
473 K), the a-C:H films showed deleterious effects of spallation and
spontaneous delamination, preventing further analysis of samples by
nanoscratch testing. The chemical effect that contributes to the sponta-
neous delamination of a-C:H films on a-SiCx:H interlayers deposited on
steel at 373 K and 473 K was reported in a previous work [28], and it is



Fig. 7. Surface characteristics of the AISI 4140 plain steel polished (on the left), the AISI 4140 plain steel coatedwith DLC filmwithout any adhesion interlayer (on themiddle) and the AISI
4140 plain steel coated with DLC film in the presence of the a-SiCx:H adhesion interlayer deposited at 673 K for 10 min (on the right).
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related with the excessive presence of hydrogen and oxygen on the in-
terlayer structure. These atoms act as terminators of silicon and carbon
dangling bonds, preventing the formation of strong covalent bonds at
the a-SiC:H/a-C:H interface between carbon and silicon atoms from
the interlayer and carbon atoms from the a-C:H film. Regarding to the
interlayer deposition time effect, no spontaneous delamination was ob-
served for the samples deposited from 1 min to 10 min at a constant
temperature of 573 K. Thus, all samples that showed no spontaneous
delamination and deleterious effects were submitted to nanoscratch
testing.

Fig. 8 shows a schematic composition of the results obtained from
nanoscratch testing for the sample with the a-C:H film deposited on
the a-SiCx:H interlayer grown at 673 K during 10 min on steel (sample
on the right in Fig. 7). The scratching curves and surface images were
used to study the tribological properties (such as friction coefficient
and critical load for delamination) of the a-C:H films studied. Fig. 8a
shows a typical behavior of the normal load (on the left) and the lateral
load – or frictional force – (on the right) plotted together as a function of
Fig. 8. Association of results obtained from nanoscratch testing for the a-C:H filmwith the
interlayer deposited at 673 K during 10min: (a) evolution of the normal load (on the left)
and the lateral load (on the right) as a function of scratch distance; (b) OM image from the
surface of the scratch tracks, demonstrating the critical loads for plastic deformation (Lc1)
and delamination (Lc2); and (c) friction coefficient as a function of scratch distance.
the scratch distance. While the normal load increases linearly from 0 to
500 mN, the lateral load increases monotonically up to ~100 mN, char-
acteristic from a plastic deformation, with no cracks or delamination. At
such critical force, corresponding at a normal load slightly above of
~400 mN, a serious delamination process is initiated and propagated
up to the end of the scratch distance. Therefore, this event characterizes
the normal load of 418± 9mN as the critical one for prompting delam-
ination of a-C:H film when the a-SiCx:H interlayer is grown on steel at
673 K. Fig. 8b shows a surface image of the scratching tracks obtained
by OM in such studied sample, which highlights the starting point of
the plastic deformation (Lc1) and the beginning of the delamination
process (Lc2). The measured friction coefficient of the studied sample
was continuously monitored during the nanoscratch test, as shown in
Fig. 8c. The friction coefficient increases from ~0.02 to ~0.2 as the nor-
mal load increases from 0 mN to ~400 mN (at the beginning of the de-
lamination process). Our scratch tests were performed at variable
normal load. Therefore, the rise of the friction coefficient is due to larger
real contact areas at higher normal loads (before delamination) and the
surface damage during the delamination. The delaminated film and the
wear track create new forces where some of them are not only tangen-
tial but also perpendicular to the diamond tip displacement plane,
which increase more the lateral force in a very short period of time
(sharp shape). Due to this effect, we choose to evaluate the friction co-
efficient for all the studied samples at a fixed scratch distance of
500 μm, which corresponds also to the same normal load. Following
this criterion, an average value equal to 0.05 ± 0.02 at a normal load
of 120 mN was found. This friction coefficient value is similar to those
ones generally reported for a-C:H films [2] under dry sliding conditions.

Fig. 9 shows SEM images of two specific regions in the same
nanoscratch track of the sample with the interlayer grown at 673 K for
10 min between the a-C:H film and steel. The SEM images demonstrate
the typical surface damage and fracture behavior of the a-C:H films
submitted to nanoscratch testing. Fig. 9a shows the microstructural
appearance of the scratch track just before the film fracture. One can
see the presence of arc tensile cracks and conformal cracks into the
scratched area, although there is no delamination of the film when the
applied normal load increases from 0 to ~418 mN. When the critical
load for delamination (Lc2 — 418 mN) is reached, the thin film is firstly
ruptured, as shown in Fig. 9b. The fracture leads to film gross spallation
across the scratch track, extending the delamination process to the
unscratched area due to film chipping. The detailed microstructure of
the point at which the critical load for delamination is reached is
presented at the region highlighted.

The critical load for delamination was evaluated for all samples that
have demonstrated no spontaneous a-C:H film delamination. Such a
property is commonly used as a semi-quantitative measurement of
thin films practical adhesion. Fig. 10a shows the values of critical load
for film delamination as a function of interlayer deposition temperature,
maintaining the deposition time fixed at 10min. One can see that the a-
C:H film adhesion depends on the a-SiCx:H deposition temperature; the
critical load for film delamination is monotonically enhanced from



Fig. 9. SEM images of the scratch track (a) just before the thin film fracture and (b) on the
first rupture and delamination of the a-C:H film. The enlarged region shows the exact
point where the critical load for delamination is reached. The interlayer was deposited
at 673 K during 10 min between the steel and the DLC film.
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298mN(at 573 K) to 470mN(at 823 K). Aswe have previously demon-
strated, the deposition temperature influences on the interlayer thick-
ness, structure and chemical composition, and these changes could be
related with the improved behavior in the critical load values observed
in Fig. 10a. Although there are several physical, mechanical and tribo-
logical factors affecting the adhesion strength, we suggest that a chem-
ical factor can also contribute to or deteriorate the a-C:H film adhesion
Fig. 10. Critical loads for a-C:H thin film delamination as a function of (a) interlayer depo-
sition temperature and (b) interlayer deposition time.
on steels intermediated by a a-SiCx:H interlayer. Thereby, at higher de-
position temperatures, the adhesion interlayer presents a chemical
structure with a preferable silicon carbide formation due to the thermal
desorption of hydrogen and residual molecules as oxygen and water
vapor. Also, the interlayer is richer in carbon atoms when deposited at
higher temperatures. These chemical changes introduced by the deposi-
tion temperature modify the outermost interface of the interlayer (a-
SiCx:H/a-C:H interface), enhancing the a-SiCx:H chemical affinity with
the a-C:H film through more C–C chemical bonds between the film
and the interlayers deposited at higher temperatures. The enhanced
chemical affinity in the outermost interface could improve the adhesion
strength, contributing to the observed increase in the critical load for
delamination.

Fig. 10b shows the values of critical load for film delamination as a
function of interlayer deposition time, maintaining the substrate tem-
perature constant at 573 K. One can see that the a-C:H film adhesion de-
pends on the a-SiCx:H deposition time and the critical load for films
delamination reaches a maximum value of 381 mN for a deposition
time of 5 min. Either for deposition times shorter or longer than
5min, the critical load for delamination decreases. Indeed, two different
and opposite mechanisms are governing the critical load for delamina-
tion as a function of the interlayer deposition time at a constant temper-
ature of 573 K. For shorter deposition times, the critical load for
delamination increases when the interlayer deposition time increases
from 1 to 5 min, i.e., when the interlayer thickness increases from
~149 to ~198nm. Although our adhesionmechanismconsiders a chem-
ical approach, we have also to consider the mechanical strength of the
system as a whole. For the material system studied in this work, with
a DLC film ~1.8 μm thick, an interlayer 198 nm thick exhibited the
best critical load value. Thus, the critical loads increase for the inter-
layers grown from 1 to 5 min because of a minimum interlayer thick-
ness is necessary to achieve a minimum mechanical strength of the
system. For interlayers thicker than the minimum interlayer thickness
for mechanical strength (deposition times longer than 5 min), we sug-
gest that the adhesion is controlled by the chemical bonding. This last
tribological event is correlatedwith an interlayer that containsmore sil-
icon than carbon atoms (please, see the Si/C ratio in Fig. 3), which may
deteriorate the adhesion at the atomic level due to the fact that Si–Si
chemical bonds are weaker than C–C sp3 chemical bonds [11].
4. Conclusions

A comprehensive study of the critical load for delamination of a-C:H
thin films was performed as a function of structure, chemical composi-
tion and thickness of adhesive a-SiCx:H interlayers deposited from TMS
by EC-PECVDon steel at variable processing times and temperatures. On
the one hand, the increase in deposition temperature exponentially de-
creases the interlayer thickness and induces hydrogen and silicon ther-
mal desorption during interlayer growth process. The preferential
formation of Si–C bonds on the interlayer enhances the a-SiCx:H chem-
ical affinity with the a-C:H film, contributing to improve the thin film
adhesion (the critical load values for delamination)when the interlayer
is grown in temperatures ≥573 K. On the other hand, the increase in de-
position time augments the interlayer thickness and induces carbon
losses, diminishing the a-SiCx:H chemical affinity with the a-C:H film
and its adhesion strength. The observed improved adhesion of a-C:H
films on the studied ferrous alloy by the intercalation of a-SiCx:H inter-
layers deposited in optimized experimental conditions could come to
enhance the lifespan of the coated components in devices submitted
to tribological services, avoiding faster delamination and deterioration
of the coating. Also, the chemical phenomena proposed in this work
can contribute to explain the adhesion in the system composed by the
steel/interlayer/DLC sandwich structure and could be used in conjunct
with the well established mechanical, physical and tribological
phenomena.
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