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Abstract. This paper investigates the performance of hydrogenated amorphous carbon (a-C:H) films as
protective coatings for a forming tool made from AISI M2 steel coated with a titanium nitride (TiN) PVD
commercial layer. The samples were initially cleaned in ultrasonic baths and subsequently in a plasma
ablation procedure. Films were then deposited by plasma immersion ion implantation using 91% of acety-
lene and 9% of argon at a total pressure of 5.5 Pa. Samples were biased with high voltage negative pulses,
P (T = 3.33 ms, pulse on-time: 0.03 ms, pulse off-time: 3.30 ms and application rate: 299 Hz) with ampli-
tudes varying from 1.000 to 4.000 V. The chemical structure and composition of the films were evaluated
by infrared spectroscopy. The roughness was determined by profilometry while the surface topography and
morphology were investigated by atomic force microscopy and scanning electron microscopy, respectively.
The friction coefficient was determined by the ball on disk technique. A decrease in the proportion of
C-H and O-H groups was observed while the concentration of dangling bonds enhanced with increasing
P. Sharp structures were detected on the film surface affecting roughness in two different ways: it increased
with enhancing pulse magnitude in the smoothest substrate (AISI M2) and decreased in the roughest one
(AISI M2-TiN). The best tribological result was found for the sample deposited with 3.600 V of bias onto
TiN-AISI M2 steel.

1 Introduction

Even though hydrogenated amorphous carbon is a
material of great technological interest, elevated levels of
internal stress [1] associated to poor adhesion to metal-
lic surfaces [2] hinder several applications. Specific stud-
ies should be developed to adjust the stress level and to
promote stronger connections to the particular substrate
without deteriorating other properties. Plasma immersion
ion implantation and deposition, PIIID [3], is a potential
technique for improving the adhesion of a-C:H films since
it enables dilution of the substrate material with film con-
stituents by C ion implantation. With adjusting the pulse
characteristics and plasma intrinsic parameters, it is pos-
sible to control the energy of the implanted ions and then
the characteristics of both film and substrate. In the pre-
sented work the suitability of a-C:H films, prepared by
PIIID, as protective coatings for deep drawing tools was
investigated.

2 Experimental

Films investigated here were produced in a system de-
tailed described elsewhere [4]. Glass pieces, AISI M2 steel,
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mirror-like polished stainless steel and AISI M2 steel con-
taining a commercial TiN top layer were employed as sub-
strates. After chemical baths in an ultrasonic cube, the
substrates were placed in the bottom electrode of the re-
actor and submitted to a plasma ablation procedure [5].
Deposition plasmas were then generated from 91% of
acetylene (C2H2) and 9% of argon at a total pressure of
5.5 Pa. Plasma was excited by the application of radiofre-
quency power (100 W) to the upper electrode while puls-
ing the substrate holder with rectangular high
voltage negative signals (pulse width: 3.33 ms, pulse
on-time: 0.03 ms, pulse off-time: 3.30 ms and application
rate: 299 Hz). Pulse magnitude was changed from 1.000
to 4.000 V while deposition time was 840 s.

The thickness of the layers was determined from a
step delineated on the glass surface masking part of its
surface with a Kapton tape during depositions. Measure-
ments were conducted in three different points of the step
using a Veeco Dektak 150 profile meter. Surface average
roughness, Ra, was evaluated from 50 μm long scans with
the aid of the profile meter. Three different points were
tested in each sample. Infrared Reflectance-Absorbance
Spectroscopy (IRRAS) was applied to investigate the
chemical structure of the films deposited onto polished
stainless steel. Sixty-four spectra were collected for each
sample with 4 cm−1 of resolution in a Jasco FTIR 410
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Fig. 1. Film thickness as a function of P.

device. Atomic force microscopy, AFM, images were gen-
erated employing the lateral force device of a nanoin-
denter Hysitron TriboIndenter. The loads applied to the
Berkovich tip were 2.0 and 3.5 μN while tip velocities were
10 and 100 μm/s. Surface morphology was accessed by
Scanning Electron Microscopy, SEM, using the secondary
electrons detector of a Quanta Inspect S – FEI Com-
pany instrument. The beam energy was 20 kV. Disper-
sive Energy Spectroscopy, EDS, was employed to analyze
the chemical composition of specific points of the sam-
ples through a detector connected to the scanning elec-
tron microscope. The friction coefficient was determined
from ball on disk technique in an ultra micro tribometer
CETR-UMT at (20 ± 1) ◦C and 50% of relative humidity.
An AISI 404 steel sphere of 4 mm in diameter was applied
in the linear reciprocal method at a constant force of 2 N
and a velocity 10 mm/s. Inspection time was 300 s. For
the topography, AFM, SEM, EDS and tribology experi-
ments, samples prepared onto bare M2 and TiN-M2 steel
were employed.

3 Results and discussion

Figure 1 shows the thickness of the films, h, as a function
of P. Thickness increases around 19% as P is changed from
1.000 to 4.000 V. The enhancement of the pulse magnitude
affects the deposition rate of two different ways: it tends
to decrease the deposition rate due to the intensification
of the recoil implantation but it also increases plasma ac-
tivity, accelerating the growing rate of the layer. Energy
transferred from ions to neutral molecules in the plasma
increases with increasing bias voltage. The dissociation
degree and the rate of film growth rise as a consequence
[6]. The enhancement of h with P reveals that the second
effect is more important in the procedures employed here.

The mean roughness of the samples is presented in
Figure 2 as a function of P for AISI M2 and TiN-M2
steel before and after film deposition. For the roughest
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Fig. 2. (Color online) Roughness of the films as a function
of P. Dotted lines represent the Ra values for the non-coated
substrates.

TiN-M2 substrate all the films slightly decreased Ra, indi-
cating that film follows the substrate irregularities without
hiding them. However, for the smoothest substrate (M2),
film deposition tends to increase progressively Ra with in-
creasing P, reaching around 200 Å for P = 3.000 V.

Figure 3 shows 50 μm2 AFM images taken from sam-
ples prepared onto TiN-M2 system prior and after film de-
position. The image of the bare substrate is composed by
parallel grooves crossing all the scanned extension. Such
patterns are created in the steel substrate, prior to the
application of the TiN layer, by the hard turning process
to adjust the piece dimensions to practical applications.
This information explains the higher roughness values en-
countered for samples prepared onto TiN-M2 steel. But it
is interesting to observe the change in the surface features
after film deposition. The depth of the valleys is contin-
uously decreased with increasing P, almost disappearing
for the most intense deposition condition (P = 4.000 V).
Associated to this observation is the rise of sharp struc-
tures on the surface of the films, characteristic for plasma
deposited amorphous carbon films.

The infrared spectra of the films are presented in
Figure 4. Spectra of the films deposited with 1.000 and
1.200 V are characteristic of hydrogenated amorphous car-
bons deposited from acetylene and argon plasma mix-
tures [7]. Bands ascribed to C-H vibrations are found
around 2960 (ν in CH2), 2870 (ν in CH3), 1440 (δ in
CH3) and 1370 cm−1 (δ in CH3) [8,9]. The incorpora-
tion of atmospheric oxygen in the structure is revealed
by the absorptions related to O-H (ν 3400 cm−1) and
C=O (ν 1700 cm−1) groups. Finally, the detection of a
low intensity contribution around 1600 cm−1 is ascribed to
stretching vibration of C=C unit. Modifications are clearly
detected in the spectra as pulse intensities higher than
1.200 V are applied. Although film thickness increases,
the intensity of C-H absorptions decreases with P, sug-
gesting a reduction in the proportion of such groups upon
higher energy bombardment. A continuous lowering in the
intensity of the bands related to O-H (3400 cm−1) and
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Fig. 3. (Color online) Atomic force microscopy images of the
bare TiN-M2 substrate (a) and of the same material after
exposure to plasma immersion ion implantation and deposi-
tion using polarization pulses of 2400 V (b), 3600 V (c) and
4000 V (d). Image area: 50 µm.

C=O (1700 cm−1) is also observed and interpreted as a
result of the production of a low permeable and compact
structure in which oxidative species cannot reach and sat-
urate pendant bonds. This interpretation is confirmed by
the rise of a peak around 870 cm−1 related to dangling
bonds in C-H groups [10]. The intensity of such band is
observed to rise with increasing P consistently with the
disappearance of oxygen-containing groups of the struc-
ture. It is also important to mention the rise of intense
and wide contributions in the spectra of the films prepared
with the higher P values. This phenomenon was already
observed in a previous work [11] and is related to optical
interference of the infrared beam with the film.

The friction coefficient, μ, of the samples prepared onto
M2 steel is presented in Figure 5 as a function of the ex-
periment time, t. Analyzing the behavior of the different
curves in Figure 5, it is possible to notice that films pre-
pared with the lowest and the highest pulse magnitude
provided low protection to the surface, since μ assumes
elevated values (∼0.7) in the first moments of the test.
However, the curves do not reach 0.8, the friction coef-
ficient for the bare M2 steel, revealing an improvement
in the tribological properties of the pair. For the sample
prepared with 3.600 V, μ presented the slowest tempo-
ral growth, achieving the plateau established in the other
samples after 100 s of the test. In the last 75 s, however,
the curve rises rapidly reaching around 0.8. The SEM im-
ages presented as insets in Figure 6 show the dimensions
and aspects of the tracks formed in the different samples.
Through these images and the EDS results (not shown
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Fig. 4. Infrared spectra of films deposited by PIIID varying
the magnitude of the polarization pulses. Spectra were acquired
from films deposited onto polished stainless steel plates.
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Fig. 5. (Color online) Friction coefficient as a function of t for
the pair AISI 404 steel sphere and samples prepared onto M2
steel with 2.400, 3.600 and 4.000 V. Dashed line represents µ for
the pair sphere-bare M2 steel. SEM microscopy images of the
tracks formed during the friction measurements are presented
as insets. The bar scale in the pictures is 200 µm.

here) it was found that samples prepared with 2.400 and
4.000 V presented higher amounts of the sphere mater-
ial adhered to the surface and that, in the later, the film
was totally removed even in regions away from the track.
Furthermore, the preservation of the film prepared with
3.600 V on the substrate surface is evidenced.

Figure 6 shows the behavior of μ as a function of t
for samples deposited onto TiN-M2 substrate. The two
fastest growth rates for μ were again observed in the sam-
ples prepared with 2.400 and 4.000 V. What is interesting
to notice, however, is that failure, identified as μ reaches
around 0.6, occurs after longer times than in the samples
prepared directly onto M2 steel. A still better performance
was attained for the sample prepared with 3.600 V, in
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Fig. 6. (Color online) Friction coefficient as a function of t for
the pair AISI 404 steel sphere and samples prepared onto TiN-
M2 steel with 2.400, 3.600 and 4.000 V. Dotted line represents
µ for the pair sphere-bare TiN-M2 steel. SEM microscopy im-
ages of the tracks formed during the friction measurements are
presented as insets. The bar scale in the pictures is 200 µm.

which μ increases slightly with time and does not reach
0.6. The SEM images presented in this figure, associated
to the EDS results (not presented), reveal adhesion of the
tribometer sphere material on the surfaces prepared at
2.400 and 4.000 V but not on the material treated with
3.600 V, which was indeed preserved on the substrate
surface. Upon tribological tests, the film deposited with
4.000 V was completely removed from the whole observed
region, and the track is then created directly in the TiN
layer.

Despite the higher roughness, the better results ob-
tained for substrates containing the TiN layer are ascribed
to a stronger adhesion of the film to the substrate caused
by C ion implantation in the first moments of deposition.
This process is known to improve adhesion and to decrease
the stress generated by compositional gradient [12]. As
friction is directly related to connections on the surfaces,
the lower concentration of dangling bonds produced in the
film deposited with 3.600 V is pointed out as responsible
for the best result encountered for such film in both sub-
strates. For the most severe test condition (300 s), film
deposited onto TiN-M2 steel enhanced the system perfor-
mance in 25%, which could represent a great cost reduc-
tion in a series of technological applications.

4 Conclusions

Hydrogenated amorphous carbons with thicknesses rang-
ing from 0.30 to 0.40 μm were deposited from acetylene
and argon by PIIID. The proportion of hydrogen and oxy-
gen in the structure was observed to depend on the pulse
magnitude. Film surface is composed by sharp irregulari-
ties sparsely dispersed in a uniform matrix. The applica-
tion of the film increased the roughness of the smoothest
substrate but decreased the roughness of the most irregu-
lar one. Chemical composition and structure of the films
were observed to be more decisive for friction than rough-
ness. The best tribological result was encountered for the
film containing the lowest concentration of pendant bonds.
In this case, there was an association of low friction co-
efficient and good durability, even at the very severe tri-
bological conditions imposed during the tests. Finally, the
reduction of 25% in the friction coefficient may represent
an enormous economy for a series of industrial areas.

The authors acknowledge the financial support of FAPESP
(São Paulo State Research Foundation).
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