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t  Raman characterization

The Raman spectrum analysis was used to identify wavenum-
ber shifts to calculate residual stress in the DLC films. It was used
a micro-Raman system, model RENISHAW 2000 with waveleng-
th visible excitation of 514.5 nm using argon laser, calibrated with

a natural crystalline diamond with peak at 1332 cm™.

t  Tribometer characterization:

Friction resistance evolves many parameters about DLC film
and substrate. Residual stresses added to friction forces decrease
surface wear resistance of DLC film and substrate system. If the
film is under high residual stresses, it may delaminates (release
from substrate) during friction loads. With the tribometer test it
is possible to analyze the load necessary to delaminate the film
and the change of this load for different DLC coatings. Loads up
to 20 N were applied to the film, starting from 0 N and gradually
increasing until the film is released from substrate. A tribometer,
model UMT2-CETR, assess the adherence from the DLC film to

the substrate, in atmospheric environment.

t  Residual stress analysis

Residual stresses are calculated and analyzed as a dependent va-
riable of tension generated during growth process. Comparing the
different loads to delaminate the film from substrate and the wave
number shift, it is possible to make quantitative and qualitative

analysis of residual stress behavior.

DISCUSSION AND RESULTS

In the PECVD process for DLC deposition the a-C:H (amor-
phous carbon structure) film has been deposited with three diffe-
rent bias voltages of -550 V, -650 V and -750 V. DLC films were
then characterized by comparing the amorphous level of D and
G peaks ratio:

The low IP/IG ratio shows high sp3 bounds on the DLC struc-
ture. The intensity has been measured by two Gaussians curves
fitted and a linear background (as shown in Figs. 1 to 3). By incre-
asing bias voltages, the D and G band ratio increases characteri-
zing more amorphous structure.

The Raman spectrum peaks shifts shown on Figs. 1 to 3 are due
to residual stresses on DLC film. By changing bias voltage it is
possible to analyze the influence of the tension applied on residual
stresses. Table 2 shows peak shifts compared to bias voltage
applied. The peak shifts due to variations from -550 V to -650 V
and -650 V to -750 V indicate the behavior of bias voltage change

in residual stresses.

Table 1: Raman analysis of DLC coating

-550 1301.49 1531.75 0.267
—650 1307.67 1536.69 0.293
—-750 1303.03 1541.02 0.311
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Figure 1: D and G curves of a DLC film deposited at —550 V bias voltage.
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Figure 3: D and G curves of a DLC film deposited at =550 V bias voltage.

Table 2: Measured data of DLC Raman peak shifts by different bias (V)

—550V and

650V 130149 130767 6.18 153175 1536.39 4.64
_6_5;);/0?/nd 130767 1303.03 -4.64 1536.39 1541.02 4.63
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Figure 2: D and G curves of a DLC film deposited at =650 V bias voltage.
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Residual stress analysis by different bias voltage of DLC films on AISI 4050 alloy steel

Table 2 shows Aw comparing the peaks of D and G band. Using
Eq. 4 and k factor as -250 for a silicon surface between diamond-
like carbon and substrate, it is possible to calculate the residual
stress for each diamond-like film.

According to Raman spectrum analysis, residual stresses increased
with increasing bias voltage. This relation is useful to identify the
parameters that influence residual stresses in coatings and in its
substrates surfaces. The D peak has a different behavior when
comparing -650 V and -750 V. The peak variation has a negative value
which due to compressive residual stresses, different from -550 V
and -650 V variation, which is positive and represents tensive residual
stress. Even though the peak shifts of G band is almost the same
for bias voltage changes from -550 V to -650 V and from -650 V
to =750 V (4.64 cm™), the peak shift of D band decreases, resulting
in a negative value as shown in table 2 for bias voltage change from
-650 V to -750 V. This negative shift may be explained as the good
crystalline structure ordering with higher ratios of sp* bounds. This
decreases the D band which represents the disorder of the crystalline
structure in a sp? and sp® mix of a-C and Ta-C amorphous carbon.

Comparing the tribometer results of each DLC film, diamond-
like carbon coating with high residual stress tend to delaminate
with smaller applied loads than others with low residual stresses.
As shown in Figs. 4 to 6, the film deposited at the highest bias
voltage (-750 V) delaminated at 9 N load, while the lowest bias
voltage resulted on delamination at 12 N load. This relationship
may be observed on the Table 4.

Comparing results from Raman spectrum peak shift and the
tribometer results, higher bias voltage increases residual stresses

in the DLC film, even it does not change its amorphous carbon

properties considerably. Using optical microscopy images, it is
possible to see the delamination process under different applied
loads. The film is removed from a substrate surface by a load
applied on the film, which brakes and delaminates it from the
substrate, pushing it away from surface.

Figure 7 shows the path done by the tribometer with 5 N load.
Under load, the tip may scratch the film or, if it exceeds film/
substrate adhesion, may produce delamination. In this example,
the film has not delaminated and a scratch is done in the diamond-
like carbon film.

Figure 8 shows a film delamination in the load scratch test. The
difference of colors shows clearly that film is removed from substrate
surface. The scratched path is present but the film has also broken.

Figure 9 shows the delamination of the DLC film on AISI 4045
steel under 15 N normal compressive load. Film has been remo-

ved from surface and scratching lines on substrate are shown.
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Figure 5: Tension point of film delamination for deposition at -650 V
bias voltage.
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Figure 4: Tension point of film delamination for deposition at 550 V
bias voltage.
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Figure 7: Optical microscopy image of 5 N load scratch on DLC
film deposited at =750 V bias. No delamination occurs.
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Figure 8: Optical microscopy image of 10 N load scratch on DLC film
deposited at =750 V bias. DLC film has delaminated from substrate.

Figure 9: Optical microscopy image of 15 N load scratch on DLC
film deposited at =750 V bias. DLC film is removed from substrate.

CONCLUSION

Residual stress occurs on every thin film deposited on substrates
above ambient temperatures. Due to different thermal expansion
coefficient of materials, these stresses arises during the cooling
process from deposition temperature. Controlling the variables
of deposition process it is possible to control this energy confi-
ned in film and the DLC film adhesion to the substrate. The AISI
4050 molybdenum alloy steel was an adequate choice as substrate,

due to the good adherence and friction resistance of the deposited

DLC. This study evaluates the behavior of residual stress by con-
trolling the bias voltage applied in the plasma-enhanced chemical
vapor deposition method (PECVD). The Raman spectrum has
shown higher residual stresses for films with higher bias volta-
ges applied. At the different bias voltages applied the DLC films
has kept the same crystalline structure, evaluated by the D and G
band ratio, meaning that the film adherence to the substrate chan-
ged due to residual stresses in the film. Residual stress in the DLC
films can be adjusted by controlling PECVD process variables, as
bias voltage applied, to improve film adherence to substrate, wi-
thout changing crystalline structure of the film.
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