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Cutting tools have been employed in wood processing must be corrosion and wear resistant due to the acidic composition
of wood and the wear generated during cutting, which lead to the deterioration of steel saws. Hydrogenated amorphous
carbon films possess mechanical, tribological and barrier properties that can increase the hardness, wear and corrosion
resistance of this type of tool. This work has involved an investigation of the effectiveness of plasma-deposited amorphous
carbon thin films in protecting commercial carbon steel saws. Before deposition, the substrates were sputter-cleaned in
argon plasma (19.27 Pa; 50 W) for 180 s. The films have been deposited using acetylene and argon mixtures excited by a
radio frequency power supply (13.56 MHz, 70 W). The concentration of acetylene in the mixture has been varied in the
inverse proportion to that of argon so as to maintain a constant total gas pressure of 1.8 Pa. The deposition time was 3600 s.
The chemical behavior of the coated saws have been evaluated by electrochemical impedance spectroscopy (EIS) and
polarization curves.Surface images of the plasma-coated samples have been recorded by scanning electron microscopy
(SEM). The results have indicated that the plasma treatment has increased the corrosion resistance of carbon steel samples in

acidic solutions.
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1 Introduction

The cutting edges of tools employed in wood
processing lose their sharpness due to the abrasive
process to which they are subjected. The presence of
mineral salts, formic acid and acetic acid in wood
composites deteriorates the tool by corroding its metal'.
Therefore, the loss of edge sharpness is a process of
tribo-corrosion that depends on the type of wood and
the composition of the material of the saw. To extend
the tool’s service life and thus reduce the frequency of
sharpening, the surface properties of the material of the
saw must be improved. A versatile, ecologically clean,
easy and economically feasible way to produce
protective coatings on various types of surfaces is by
plasma deposition of thin films®® This technique
involves the preparation of films with controlled
thicknesses onto different types of materials.

Deposition plasmas, also called luminescent glow
discharges, are generated in low pressure reactors or
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chambers by exposing vapors of organic compounds
to electrical and magnetic fields. The properties of
films depend on discharge excitation parameters such
as the chemical composition and pressure of the gases
in the reactor, the power and frequency of the
excitation signal, and the temperature of the samples
during the process’'’. The properties of films obtained
can be achieved by varying these parameters, e.g., thin
insulating or conducting films for the fabrication of
electronic devices'!, films for optical and biomedical
applications,'>", and hydrophobic materials'* for food
packaging and swimming clothes.

A special class of plasma-deposited films is
hydrogenated amorphous carbons, ', a-C:H'". These
materials are extremely hard and electrically resistive,
chemically inert, and have a low attrition coefficient
due to their structure, which is abundant in tetragonal
hybridized carbon bonds'®"’. According to previous
studies, the acetylene and argon film prepared in this
research work is a carbon polymer composite material
constituted of hybridized sp> and sp’ carbon in
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coatings for magnetic recording tapes™. Several
reports in the literature demonstrate the functionality
of this type of material in applications such as
hard coatings for cutting tools, automotive parts,
microcomputer hard disks, optical windows®' >, in
bio- and hemocompatible coatings for heart valves,
dental arch wire, intravenous devices for the treatment
of heart diseases, bone prostheses, artificial joints%27
coatings for magnetic tape recording head™.

In Pathem’s study of carbon deposition for use in
magnetic recording, the filtered cathodic arc deposits
were found to exhibit a five-fold lower oxidation rate
than that of plasma films produced by chemical
deposition. Based on the sp’ bonds and oxidation rate,
this paper shows that there is an inherent relationship
between chemical bonds and the corrosion process™.
Hydrogenated diamond-like carbon (DLC) films as
thin as 2 nm were deposited on the magnetic layer of
hard drives, aiming to reduce the damage caused by
interaction with the head and to optimize the distance
between the head and the magnetic layer’. The
protective layer was deposited using the plasma-
enhanced chemical vapor deposition (PECVD)*',
technique from compounds such as CH,, C,H, and
C,Hg. The most relevant factors for the production of
coatings with the desired properties were defined by
varying the composition of the atmosphere, self-bias
voltage, anode polarization, and monomer flow rate,
using the ANOVA method.

In the latest researches about plasma deposition to
anti-corrosive applications can be cited the works of
Pillai and Moolsradoo. Pillai studied about deposition
of SiC over carbon fiber through plasma enhanced
chemical vapor deposition. The coating of SiC has
high thermo-chemical stability. SiC film are used to
corrosion protection in automotive industry, reactors,
and engines’>. Other investigation of Pillai was
about deposition of SiO, over carbon fiber using
radio frequency plasma enhanced chemical vapor
deposition technique. The coating of SiO, showed
amorphous phase of needle like nanostructures. The
best condition of corrosion resistance was obtained on
the deposition process of 107 mbar’>. Moolsradoo

105

on corrosion resistance and hardness of the coating.
The results showed that the increase of silicon
concentration over the coating improve film hardness
and corrosion resistance. The increase of proportion
of elements silicon/nitrogen produce a reduction on
hardness and corrosion resistance of this coating®*. In
this work, hydrogenated amorphous thin films were
deposited on the blades of commercial carbon steel
saws using acetylene/argon plasma mixtures. The
corrosion resistance of the films was evaluated based
on electrochemical impedance spectroscopy (EIS) and
polarization spectroscopy (PS) tests. The final aspect
of the surfaces exposed to the tests was evaluated by
scanning electron microscopy (SEM).

2 Materialsand Methods

Samples were prepared from commercial carbon
steel saws, which are identified in this paper as types
1 and 2. The percentage composition of the chemical
constituents of the samples was determined by
inductively coupled plasma optical emission
spectroscopy (ICP-OES). Table 1 shows the chemical
composition of the commercial carbon steel saws.
Note that type 2 steel contains a higher content of
vanadium, chromium and manganese. The addition of
these elements increases the corrosion resistance of
steel””. The carbon and sulfur composition of the
samples was determined by combustion analysis, as
indicated in Table 2.

The saws were cut into 25 x 4 mm (type 1) and into
25 x 6 mm pieces (type 2), which were then degreased
in ultrasonic baths with detergent and alcohol. After
they were dried, the samples were placed in a plasma
processing system. This system allows for the
deposition of films by plasma enhanced chemical
vapor deposition (PECVD), the cleaning of surfaces
by physical or chemical ablation, and plasma
treatment of materials. The plasma processing system
is illustrated schematically in Fig. 1.

Basically, the system consists of a cylindrical glass
chamber with a useful volume of about 2 liters. Its

Table 2 — Carbon and sulfur composition of the carbon
steel samples.

reported the deposition of pure Diamond-like carbon %C %S
(DLC), silicon DLC, and silicon/nitrogen DLC to Type 1 steel 0.7209 0.03358
measure the influence of silicon, and of silicon/carbon Type 2 steel 0.5925 0.02252
Table 1 — Percentage composition of the chemical constituents of the carbon steel samples.
Al Si P A% Cr Mn Ni Cu Mo W
Type 1 steel 0.2052 0.1690 0.0252 0.00231 0.2027 0.6942 0.0183 0.00449 0.0114 0.101
Type 2 steel 0.241 0.189 0.0305 0.101 1.168 0.999 0.0274 0.0302 0.0092 0.085
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Fig. 1 — Experimental system employed to deposit hydrogenated
amorphous carbon films on wood cutting saws.

ends are sealed with aluminum flanges which have
openings for the entry of gas lines, meters and a
vacuum pump. The chamber contains a stainless steel
electrode through which the discharge is excited and
which is also used as a sample holder. The aluminum
flanges are normally grounded. The reactor is
evacuated by an Edwards E2M-1a rotary vane pump
with a pumping capacity of 18 m*/h. The introduction
of gases into the chamber is controlled by Edwards
FCV10K extra fine needle valves, and the pressure
inside the reactor is monitored with an Edwards APG-
L Active Pirani gauge.

A 13.56 MHz radio frequency (RF) source (Tokyo
Hy-Power, RF-300) is used for plasma excitation.
Power transmission from the generator to the
discharge is optimized by an impedance coupler
(Tokyo Hy-Power, MB-300) composed of variable
capacitors and inductors. Figure 2 shows a
photograph of the system utilized in this study.
The films investigated in this study were deposited
from RF plasma (13.56 MHz) of acetylene and argon
mixtures. The proportion of Ar was varied from 63 to
78% while that of acetylene was reduce in the same
proportion in order to keep the total pressure of the
gases at 1.8 Pa. The base pressure in the reactor,
which is not included in the above value, was 0.73 Pa.
The deposition time was 3600 s and the power of the
excitation signal was 70 W. Before deposition, the
samples were sputter cleaned with argon plasma
(50 W, 19.27 Pa) for 180 s. Table 3 describes
the conditions used in the deposition of the
plasma films.

Measurements by electrochemical impedance
spectroscopy (EIS) and polarization spectroscopy
were carried out in a solution of 1 gram of NaCl per
liter of water, to which H,SO,; was added until the
pH of the solution reached a value of 3.5. The size

Fig. 2 — Photograph of the system depicted schematically in
Figure 1.

Table 3 — Conditions for plasma film deposition.

Process Ar (%) C,H; (%) Time (seconds)
1 63 37 3,600
2 78 22 3,600

of the analyzed area of the type 2 samples was
0.5 cm x 1.0 cm, while that of type 1 was 1.0 cm x 0.4
cm.A reference electrode of saturated calomel and a
counter electrode of platinum were used. The voltage
amplitude applied was 10 mV. A frequency response
analyzer (Solartron Analytical) was connected
to a PAR-273A potentiostat. The electrochemical
impedance was analyzed in a frequency range of
10” to 10* Hz.

Potentiodynamic polarization tests were performed
at a scan rate of 2 mV/s, beginning with a potential of
— 900 mV and ending with a potential of — 300 mV.
Polarization measurements were taken after the
impedance analyses were concluded. Before starting
the polarization tests, samples were immersed in
corrosion solution for 10 minutes to stabilize the
corrosion potential. The plasma-coated samples were
placed in a scanning electron microscope (SEM)
(Jeol JXA 840A) and subjected to secondary electron
analysis to obtain a surface image of the films after
the polarization tests.
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3. Results and Discussion

3.1 ElSanalysis of the samples

Figure 3 and 4 present the modulus of impedance
vs. frequency curves and phase angle vs. frequency
curves of the plasma-coated and non-coated samples.

As can be seen in Figs 3 and 4, the plasma
deposition process with 78% of Ar increased the
modulus of impedance of type 1 and 2 steel. The
modulus of impedance curve (at 0.1 Hz) indicates that
the two types of non-coated steel showed the same Z
maximum. Some authors report the importance of the
maximum Z value at low frequencies to characterize
the resistance of a coating®®. Z has a maximum value
on type 2 steel with 78% of Ar, indicating greater
resistance of the plasma film with 78% Ar presented
at Fig. 4. According to the Bode diagram illustrated in
Fig. 3, the phase angle of type 1 samples treated with
78% of Ar is practically double that of the sample
with 63% of Ar. This increase in the phase angle
indicates the greater corrosion protection afforded by
the coating. An analysis of the phase angle of the
coating samples deposited on the type 2 commercial
steel saw (see Fig. 4) indicates that this angle did not
undergo as significant a change as that of the type 1
steel sample (see Fig. 3). Figs 5 and 6 show the
Nyquist curves obtained by the technique of
electrochemical impedance spectroscopy.

In Fig. 5, the capacitive arc of the type 2 steel is
larger than the arc of the type 1 steel. The larger
capacitive arc indicates better corrosion resistance
properties in attack solution. Figure 6 shows the
curves of samples non-coated and coated with plasma
film. Curves of coated samples have larger capacitive
arcs compared to the samples of type 1 and 2 steel
without film. The coating of 78% Ar presents the
largest capacitive arc on both types of steel. The most
appropriated circuit for the curves of EIS
measurements was the Randle equivalent circuit. This
circuit involving solution resistance (Ry,), charge
transfer resistance (R.), and double layer capacitance
(Cq) is shown in Fig. 7. This equivalent circuit was
suggested according to other works of plasma on
steel’” .

Rsoi is the solution resistance which appears
between the reference electrode and the sample, Cy is
the double layer capacitance formed between the
sample and the corrosion solution, R is the charge
transfer resistance due to the process of
electrochemical reaction. As greater charge transfer
resistance smaller corrosive process. The roughness
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Fig. 3 — Modulus of Impedance versus Frequency and Phase
Angle versus Frequency curves of the type 1 steel saw samples.
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Fig. 4 — Modulus of Impedance versus Frequency and Phase
Angle versus Frequency curves of the type 2 steel saw samples.
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Fig. 5 — Nyquist curves of type 1 and 2 steel without film.

and heterogeneities of analyzed area make the
capacitor becomes non-ideal, and capacitor changes to
constant phase element (Y,)*.

The impedance of constant phase element is
obtained by: Z=1/[Y(jo)"]
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where Y, is the constant phase element, ® is the
angular frequency, n is a parameter to show whether
CPE is close to ideal capacitor. For n=1, capacitor is

ideal; for n=0 is a resistor; for n=-1 is an inductor™**.

Table 4 lists the value of each element of the
Randle equivalent circuit obtained by adjustment of
the EIS experimental curve.

The R1 values are due mainly to the contribution of
the electrolyte used in the analysis. Note the increase
in R1 after the deposition of the films, which indicates
that the deposited film affords some protection.
The R2 value tends to increase when the saw is coated
with the film. In general, for both types of steel, this
increase is more marked in the film deposited with a
higher proportion of argon in the discharge.

The capacitance was calculated using the equation 1:

1
C=Y,(0,,)" (D)
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Fig. 6 — Nyquist curves of coated and uncoated samples of type 1
and 2 steel.

where Y, is the CPE value of the capacitance of the
plasma film, and @, refers to the maximum value of
the imaginary part of the frequency.

The plasma film thickness was calculated by using
the equation below:

A

=g o)

where C represents the capacitance of the plasma
film, A is the exposed area of the sample, d is the
thickness of the plasma film, ¢, is the dielectric
constant of free space 8.85 x 10'* F/cm, and &
is the mean value of the dielectric constant of plasma
3.00*. Table 5 summaries the results of plasma film
thickness calculated from the equation 2.

According to the calculation of the plasma layer
thickness, calculated from the equation 2, all the
samples presented thin film. The thickest films were
over type 2 steel, which also has the best qualities of
resistance to corrosion. Table 4 shows the n values of
type 2 steel which are closer to an ideal capacitance
and contributed to a higher film thickness. The same
processes were applied on different substrates, and it
must be considered the very thin layer of plasma over
the substrate may interfere in the results. Indeed, the
differences in the corrosion resistance can be ascribed
to the initial properties of the substrate.

The dielectric constant of the plasma film adopted
here was the mean value found in the work of Louh,
who used a mixture of 100 to 200 sccm of para-
xylene and argon gas for carbon deposition*'. Because
the film thickness is in the nanometric scale,
capacitance of the coatings presented a higher value.

Table 5 — Thicknesses of plasma film obtained from
the equation 2.

R Sample C A Thickness
A & (F .cm’z) (sz) (nm)
Rsor 63% Ar-Type 1 steel 2.65x 10 0.4 0.40
78% Ar-Type 1 steel 458x10™ 0.4 0.23
Ca 63% Ar-Type 2 steel ~ 9.06 x 10° 0.5 1.46
Fig. 7 — Equivalent circuit of plasma film on steel. 78% Ar-Type 2 steel 9.15x 107 0.5 1.45
Table 4 — EIS data obtained from the equivalent circuit.
Sample R1 (Q.cm?) Y, (s".Q " .cm™) Omax (Hz) n R2 (Q.cm?) C (F.cm?) Chi?
Type 1 steel 141.1 5.90x 10 6.310 0.567 154.0 2.66x 10 13.07 x 10™
as received
63% Ar 229.6 4.65x10* 3.981 0.594 241.0 2.65x 10 28.14x 10™
78% Ar 183.1 6.89x 10™ 2.512 0.556 380.0 458x10* 34.81x 107
Type 2 steel 133.4 3.35x 10 6.310 0.758 182.7 2.15x10™ 23.72x 10"
as received
63% Ar 159.0 1.42x10* 10.00 0.805 250.3 9.06 x 107 63.30x 10
78% Ar 187.6 1.32x10* 6.310 0.801 394.9 9.15x 107 33.41x 10
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In the work of Barranco, which involved a study of
the treatment of trimethylsilane plasma, a thickness of
57 nm was obtained. For these samples, capacitances
of the order of 6.40 x 10™® F/cm” were reported*. This
information found in the literature is consistent with
that found in this work, where the high capacitance is
linked to the low thickness, while in the work of
Barranco the lowest capacitance is associated with a
higher film thickness. Lastly, it should be considered
that the corrosion resistance results are compatible
with the polymeric nature of the films, which were
characterized in a previous paper.”

3.2 Analysis of the polarization curves of the steel samples

Figure 8 illustrates the polarization curves of the
non-coated type 1 and type 2 steel samples. Note that
the type 2 steel, which contains higher contents of
some alloying elements, presents a more noble
corrosion potential. Sample type 1 has lower
corrosion potential and higher corrosion density in
anodic branch. Anodic current density is lower on
sample non-coated type 2. This fact shows that
sample type 2 has higher corrosion resistance.

The graph in Fig. 9 shows the polarization curves
of the coated and non-coated type 2 steel saw
samples. Note that the corrosion potential does not
vary significantly, remaining at about - 0.66 V on the
curves, which indicates that the chemical composition
of the plasma has little effect on this parameter. The
cathodic process is approximately between -0,8 to -
0,66V, and anodic process is around -0,66 to -0,33V.

An analysis of the polarization curves of the type 1
steel sample (Fig. 10) indicates that the corrosion
potential remained practically constant. Therefore, the
corrosion potential of both type 1 and type 2 steel did
no change significantly in response to the plasma-
deposited film.

Table 6 lists the parameters obtained from the
polarization curves, which correspond to the corrosion
potential (E.) and the corrosion current density
(icorr)- The corrosion current density or corrosion rate
was determined by the Tafel extrapolation method.

An analysis of the data in Table 5 indicates that
both type 1 and type 2 steel samples decreased
slightly in corrosion current density after the
deposition of the films.

The results of the films deposited on the two types
of steel do not show a noticeable difference in
corrosion current density under the two conditions of
film deposition. The corrosion rate of the plasma film
of 78% of argon showed lower value on the two types
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Fig. 8 — Polarization curves of non-coated steel saws.
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Fig. 9 — Polarization curves of type 2 steel samples with and
without film coatings deposited in mixed acetylene and argon
plasmas containing different proportions of the compound in the
mixture.
=0,1 =
1 ——Type 1 steel - 63% Ar
0,2 4 —— Type 1 steel - 78% Ar

1 —— Mon-coated type 1 steel
-0,3 4

.04

-0,5 <

E vs SCE (V)

=06 <
-0,7 4

-0,8 o

=09 4

T T T v 1
7 6 -5 -4
log (l/area)

Fig. 10 — Polarization curves of the type 1 steel with and without
plasma treatment.

of steel, probably due to the fact that the argon
content varied by only 15% from one sample to the
other. However, the effectiveness of E,,, of the type 2
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Table 6 — Corrosion parameters obtained in the polarization tests.

Sample Econ’ icorr
(mV X SCE) (nA/cm?)

Type 1 steel saw

Without coating film -0.71 29.00 x 10°®
63% Ar -0.72 15.00 x 10
78% Ar -0.71 9.00x 10°
Type 2 steel saw

Without coating film -0.68 15.00 x 10
63% Ar -0.66 9.00x 10°
78% Ar -0.66 5.00x 10

Fig. 11 — SEM micrograph of type 1 steel without plasma
coating.

Fig. 12 — SEM micrograph of type 1 steel plasma coated under
condition 1 (63% Ar).

steel samples was greater, since these samples
contained higher contents of alloying elements.

3.3 SEM analysis of the steel saw samples

Commercial type 1 and type 2 steel saws as-
received were not immersed in corrosion solution.
After the corrosion tests in attack solution, the
commercial type 1 and type 2 steel saws, plasma film-
coated, were analyzed by scanning electron
microscopy (SEM); Figs 9-14 shows the results of
these analyses.

The non-coated samples (Figures 11 and 14) show
the surface characteristics resulting from the steel
machining process. In samples of type 2 steel can be
seen cavity regions. The images of figures coated with
plasma (Figs 12, 13, 15, 16) indicate the absence of

Fig. 13 — SEM micrograph of type 1 steel plasma coated under
condition 2 (78% Ar).

.-_."".- e e300 pmy,

Fig. 14 — SEM micrograph of type 2 steel without plasma coating.

Fig. 15 — SEM micrograph of type 2 steel plasma coated under
condition 1 (63% Ar).

Fig. 16 — SEM micrograph of type 2 steel plasma coated under
condition 2 (78% Ar).
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localized corrosion. The images corroborate with
the corrosion tests where there is no significative
corrosive attack on coated samples.

4 Conclusions

The impedance spectroscopy results led to the
conclusion that the plasma-deposited film increased
the corrosion resistance of the samples of both type 1
and type 2 steel. The polarization curves indicate that
the plasma treatment of the two types of steel reduced
the corrosion current density of the coated saws.
The SEM micrographs did not exhibit corrosion
typical of a polarization test in the plasma-coated
samples because the thickness of plasma-deposited
film was very thin.

Lastly, it can be stated that the deposition of the
polymeric film yielded benefits in terms of protecting
the carbon steel. Moreover, the response of the system
to corrosion attack depends not only on the chemical
composition of the plasma but also on the base
material of the cutting tool.

The change in the corrosion resistance of the
plasma film, based on the high capacitance values, is
due to the following factors: The small thickness of
the plasma layer, which allows for the passage of
ionic species (due to its more permeable porous
structure), the film’s chemical inertness decreases
over time in the corrosive environment, and the film’s
roughness accelerates the corrosion process, making
the layer less protective.
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