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The automotive industry is one of the largest industrial segments in the world market. The exhaust
system of motor vehicles is responsible for the emission and treatment of toxic gasses released by the
engine. In this sense, the application of titanium on an AISI 1020 steel substrate was carried out by
plasma deposition using a cathode cage. The aim of this research was to evaluate the application of
this material in the exhaust system of motor vehicles. The samples were characterized by scanning
electron microscopy (SEM), confocal microscopy (CM), microhardness tests and corrosion resistance
tests. The samples exhibited a thin film with higher titanium content and hardness than the uncoated
sample. The corrosion potential also increased and the current density was lower than the uncoated
sample. The conclusion is that the deposition of thin titanium films on AISI 1020 steel with CCPD

has the potential to produce thin films.
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1. Introduction

The automotive industry is one of the largest industrial
segments in the world market. It ranges from the industry
that manufactures the vehicles to the mechanical workshops
responsible for the maintenance of cars, motorcycles, busses,
trucks and tractors. Regarding this segment, the importance
and necessity of an exhaust system for exhaust gasses is
highlighted'-.

The exhaust system is the part responsible for the dissipation
and treatment of toxic gasses released by the engine and also
reduces the noise of the vehicle. Although it is not necessarily
thought of when buying a car, it is very important both for
the proper functioning of the vehicle and for the protection
of the environment. It consists of components connected by
exhaust pipes, located between the engine and the exhaust
system for the gasses burned by the vehicle>*’12,

The main function of the exhaust system is to eliminate
the gasses produced after the combustion of the cylinders,
that is, to direct the properly filtered gasses out of the vehicle
and prevent toxic gasses from entering the interior of the
vehicle. Other functions include reducing noise pollution and
maintaining good vehicle performance'*#!>!®, Figure 1 shows
an example of a car exhaust system.

Various materials such as stainless steel, low-carbon
steel, and cast iron are used in automotive exhaust systems
because of their thermal properties. However, they can
corrode because the environment of the car exhaust system
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is very corrosive, as the exhaust gasses and condensation
water contain harmful elements such as CI, SO*, SO?,
HCO*, CO,* and CH,COOH""%1%24,

These harmful elements affect air quality and can lead to
asphyxiation accidents or long-term occupational diseases.
Because they are nearly odorless, it is virtually impossible
to notice the release of exhaust from vehicles within a few
seconds. Therefore, in most cases, workers do not feel the
presence of gasses in the air until pollution is more advanced.
Exhaust gasses from motor vehicles reach highly toxic levels
in a short time, causing symptoms such as nausea, dizziness,
burning eyes, malaise, and unconsciousness. Gasses released
by vehicles during operation are not only harmful to the
respiratory system, but also carcinogenic, especially when
come from of diesel engines®”25-3,

For example, the emission of gasses into the atmosphere
releases thousands of particles (soot) containing toxic
substances such as benzene, arsenic and formaldehyde, which
pollute the air. In addition, the heavy emission of CO, causes
respiratory problems and, in extreme cases, suffocation. Since
people can be exposed to these toxic gasses frequently, the
consequences are numerous’®3!-36,

As mentioned earlier, different types of steels and cast
irons can be used in car exhaust systems. Although low-carbon
steels have low corrosion and wear resistance, they have high
toughness, ductility, weldability, and machinability, making
them widely advantageous due to their low production cost and
market availability, although some properties limit their use in
some automotive component manufacturing processes’!*1337-42,
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Low-carbon steels are used in industry to manufacture
automotive sheet, structural sections, pipes, concrete
reinforcements and bridges. These classes of materials
have a carbon content of up to 0.30%, which means that
their surface properties (tribological properties, oxidation
and corrosion resistance) are worse than those of other
steel grades. To improve the surface properties of steels,
some processes are used, such as heat treatment processes,
carburizing, nitriding, nitrocarburizing, boriding and plasma
spraying*-%.

Nitriding is a thermochemical treatment that increases
the surface hardness, fatigue resistance, wear resistance and,
in certain cases, corrosion resistance of steels. Generally,
the nitrided surface can be seen under an optical microscope
as a layer of compounds commonly referred to as a white
layer in the outermost part of the surface, followed by the
diffusion zone. The nitriding processes traditionally used in
industry, which are distinguished by the nitriding medium,
are gas nitriding and salt bath nitriding, but plasma nitriding
has gained importance in the last decade in the processing
of special steels*->4,

The main advantage of plasma nitriding is the possibility
to control the metallurgy of the nitrided layer. For the same
steel, this process can be used to vary the type of nitride
formed in the compound layer and even prevent its formation.
For this purpose, the composition of the gas mixture,
the temperature and the nitriding time must be precisely
controlled. The nitriding depth is controlled by controlling
the temperature and the process time. Nitriding without a
compound layer is performed with a low nitrogen potential
and/or short nitriding times. Increasing the nitrogen potential
and adding methane preferably leads to the formation of a
layer of (3N-Fe,) type nitride compounds. It is very important
to remember that the chemical composition of the substrate
plays an important role in the metallurgy of the nitrided
Surface47,49,55-60.

Plasma nitriding is performed under low-pressure
glow discharge at temperatures ranging from 375 to 560°C
to improve the surface hardness and wear resistance of
steels. Conventional plasma nitriding has a limitation when
components with different shapes or surface-to-mass ratios
are subjected to varying degrees of ion bombardment,
resulting in inhomogeneous hardness and depth of nitrogen
diffusion after plasma nitriding. These limitations have been
reduced with the development of new techniques, post-
discharge nitriding, plasma ion implantation, and active
screen nitriding®152439:61-64,

Ionic plasma nitriding has limitations such as edge effects
and overheating that occur with thermochemical plasma
treatment and are due to the high surface-to-volume ratio,
especially for parts with complex geometry. This limitation
was eliminated using cathode cages, since the plasma was
formed in the cage rather than directly in the samples, and
the treatment temperature was reached by radiating the heat
supplied by the heated cage®>-¢.

Ceramic materials are used to coat metals because of their
properties such as high melting point and high corrosion and
wear resistance compared to metals. Ceramic applications
include stacks of anti-reflective coatings and UV protective
films in glazing for the automotive industry, knock sensors,
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Figure 1. Example of an automotive exhaust system.

oxygen sensors and exhaust catalysts for the automotive
industry, bioceramic films for metal alloys, coatings, thin
films and plasma spray, however it is also used stainless
steels and magnesium alloys whenever corrosion protection
is a determining factor. In this new scenario of Industry
4.0 growth, several authors write about new techniques to
produce steels with higher quality!->-1826.30.32.40.58.69-73

In recent years, the study of plasma nitriding of metals
and non-ferrous alloys such as titanium and aluminum has
intensified. Titanium is a light metal with excellent mechanical
properties. Therefore, the automotive and aerospace industries
have made large investments in the development of titanium
nitriding. Nitriding has enabled an improvement in wear
resistance and expanded the use of this material in these
industry segments. In this context, this paper aims to coat
and characterize AISI 1020 steel with thin films based on
Titanium pure and titanium dioxide deposited by cathode
cage plasma nitriding (CCPD).

2. Experimental Method

2.1. Sample preparation

The following materials were used for this study:
1) commercial AISI 1020 steel, which was used as a
substrate; 2) wires and strips, grade 2, of pure titanium;
and 3) anatase titanium dioxide. The titanium strips were
used to fabricate the cathode cage, while titanium wire and
anatase titanium dioxide were used to coat the samples.
The choice of titanium was based on the literature, as
there are several similar works in which titanium is used
to coat stainless steel and carbon due to its wear and
corrosion resistance.

First, sixteen cylindrical samples with dimensions
?25.4 x 10.0 mm were fabricated from AIST 1020 steel.
Then these samples were ground on paper with grits of
80, 120, 220, 320, 400, 600 and 1200, and then polished
with alumina suspension paste (1 and 0.3 pm) until they
obtained a mirror-smooth surface. The samples were cleaned
in water and ethanol with dry ultrasound at 23°C and then
examined under an optical microscope to ensure that they
were risk-free.
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Figure 2. (a) Types of tubes; (b) cathode cage; (c) tube assembly scheme.

After polishing, the sixteen samples were divided into
four groups of four samples each. In the first group, the
four samples were completely covered with Kapton® brand
thermoresistant polymer tape (sample A). In the second
group, another four samples were partially covered and these
samples were not covered with thin film (sample B). In the
third group, another four samples were partially coated and
for these samples, the addition of a titanium thin film was
planned (sample C). In the fourth and final group, another
four samples were partially coated and for these samples, the
addition of a thin film titanium oxide was planned (sample D).

2.2. Cathodic Cage Plasma Deposition (CCPD)

A cylindrical cathode cage with a lid with holes and
side tubes was used. When assembling the cathode cage,
type two tubes were inserted into type 1 tubes and then into
the side holes of the cathode cage. Table 1 shows the basic
dimensions of the cathode cage, while Figure 2 shows the
cathode cage and the tubes used in detail.

The main function of this cathode cage is its versatility,
because depending on the treatment conditions, such as gas,
temperature, dopants and pressure, the material deposition
is improved and the film is more uniform. In this study, two
tubes were used (Figure 2) because this type of configuration
increases the deposition rate, as shown by initial experiments.

Plasma deposition in cathodic cage was performed
in four different steps. In the first stage, the deposition
was performed on four samples completely covered with
Kapton® tape and no additional material was considered.
In the second stage, the deposition was performed on four
samples that were partially covered with Kapton® tape,
and no additional material was considered either. In the
third stage, deposition was performed on four samples
partially covered with Kapton® tape, using solid titanium
wires inserted in tubes (type 2). In the fourth stage, another
four samples were partially covered with Kapton® tape
and then 0.500 g of powdered titanium dioxide was added
to type 2 tubes, which were inserted into type 1 tubes and
mounted on the cathode cage.

The solid titanium wire and the titanium dioxide powder
are not in a buoyancy potential inside the cathode cage,
because a completely different plasma process takes place,
since the tubes enhance the discharge process of the hollow
cathode inside the tubes and the pullout sputtering is high
for titanium wires and even higher for titanium dioxide
powder. The energy required for this propagation depends
on the binding energy of the individual substances.

Table 1. Cathode cage dimensions.

Inner diameter @ 100 mm
Height 50 mm
Number of holes in the lid 37 holes
Number of side holes 04 holes

Dimensions of type 1 side tubes @ 15 mm x 30 mm long

Dimensions of type 2 side tubes © 10 mm x 30 mm long

Table 2. Parameters used for deposition.

T, [ms] 80-120
Working pressure [Pa] 106.66-123.99
Gas Hydrogen
Flow rate [l/min] 8.000
I [A] 0.53-0.69

Deposition time 6 h after parameters stabilization

Coating Pure Ti grade 2 and TiO,
Vv [V] 146-153
Temperature [K] 723

Plasma deposition was performed using a SDS reactor
model SDSFLUX. The deposition process was performed using
the parameters listed in Table 2. Ton represents the period,
the parameter that controls the reactor power, which affects
the temperature, the average current and the opening of the
arcs. The desired pressure is the pressure used in the reactor
to deposit the material (internal vacuum), where Im and Vm
are the average current and voltage in the reactor, respectively.

The main advantage of using the cathodic cage is mainly
the low cost of deposition (both compared to the reactors
already present in most laboratories and industries) and
maintenance costs. Another important point is the possibility
to dope films with different materials. Moreover, the coating
can be performed on parts with different dimensions. From the
smallest to the largest pieces. After assembling the cathode
cage with type 1 and 2 tubes, four samples made of AISI
1020 (Figure 3) were placed in the reactor. They were placed
inside the cage away from the walls so that they would not
be under the tubes, since the distance between the cathode
cage and the sample affects the coating.

Initially, the reactor was connected to hydrogen only
and Ton was equal to 30 ms to remove any oxides present
in the samples or cathode cage (purification process). After
30 minutes, counting of the deposition time was started.
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Figure 3. Sample positioning.

The Ton was gradually increased every 20 ms up to 120 ms as
the rate of temperature rise decreased, i.e., 10 minutes for the
80 ms Ton, 60 minutes for the 100 ms Ton and then for the 120 ms
Ton. This procedure was used for all deposition conditions.

2.3. Surface characterization of samples

The determination of the chemical composition of the AISI
1020 steel was carried out in an Oxford Instruments Foundry-
Master Pro model, while the hardness tests were performed
in a Shimadzu DUH 2118 dynamic ultramicrohardurometer.
In addition, the corrosion test was performed on an Autolab-
Metrohm 302N using Nova® 2.1 software.

The chemical composition of the anatase titanium dioxide
was determined using a Shimadzu EDX-720 X-ray fluorescence
(XRF) instrument. Surface characterization of the samples was
performed by scanning electron microscopy (SEM) using a
Zeiss EVO MA10 with an Oxford Instruments X-MaxN energy
dispersive spectrometer for semi-quantitative determination
of'the chemical composition of the samples. Quantification of
the average chemical composition in three different regions
was also performed on all bet groups to check if there were
differences in chemical elements in these regions. Only the
chemical elements iron, oxygen, and titanium were evaluated.

A topographic evaluation of the Kapton® tape coated
sample was performed using a Leica Accurion confocal
microscope. The height difference between the film step and
the Kapton® tape area was measured. The thickness of the
thin film was measured by scanning the sample area with
the microscope to create a three-dimensional model of the
surface. Relief measurement is possible due to the reflection
of light by the irregular topography of the sample in the step
between the thin film and the substrate. A topography plot
was created showing the height profile (y-axis) as a function
of the linear position of the sample (x-axis).

The microhardness tests were performed using a Shimadzu
DUH 2118 dynamic ultramicrodurimeter. The force used
for the test was 50 mN. The substrate hardness and thin
film hardness were measured. To ensure good randomness
of the measurements, seven wells were created in each
sample. To avoid points that could have very different
hardness values and to ensure the reliability of the test, the
measurements were taken in the central area of the sample.
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Table 3. Parameters used for corrosion tests.

Initial potential [V] -0.70
Final potential [V] +0.70
Scanning speed [V/s] 0.001
Step [V] 0.005
Reference electrode Calomel
Counter electrode Platinum

Table 4. Chemical composition of AIST 1020 steel (wt%).

Chemical Chemical
Chemical element composition composition UNS
(Wt%) G10200 (wt%)
C 0.21 0.17-0.23
Mn 0.52 0.30-0.60
P 0.02 <0.040
S 0.02 <0.050
Si 0.11 -
Cr 0.10 -
Mo 0.02 -
Ni 0.06 -
Cu 0.29 -
Ti <0.01 -
Fe Balance Balance

Table 5. Chemical composition of TiO,

Chemical Chemical composition (Wt%)
TiO, 99.03
ALO, 0.41
SiO, 0.28
P,0, 0.28

After a measurement, the instrument microscope was moved
to another area so that the previous measurement could
not be seen, and the next measurement was taken until all
impressions were completed.

Corrosion tests were performed in an Autolab-Metrohm
302N instrument and analyzed in Nova® 2.1 software.
For the potentiodynamic polarization studies, the samples
with and without titanium-based thin films were immersed in
a 3.5% NaCl solution. The analysis of the potentiodynamic
polarization curve was performed with a classical three-
electrode setup and the parameters are listed in Table 3.

3. Results and Discussion

3.1. Materials chemical composition

The chemical composition of the AIST 1020 steel was
compared with that of the UNS G10200 datasheet (Table 4).
It was found that the substrate without deposits had a low
titanium content.

The chemical composition of anatase titanium dioxide
(TiO,) is illustrated in Table 5, which indicates 99% by
weight of TiO, and 1% by weight of impurities.
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3.2. Surface characterization of samples

The result of the deposition is shown in Figure 3.
The samples have changed in their natural color. The samples
have changed from gray (Figure 3a) to a bluish color with
golden areas at the edges (Figure 3¢ and 3d), and as seen in
the area where the Kapton® tape was located, according in
Figure 3b. These changes in the esthetics of the samples to
which the film was applied prove that this effect, as shown
in Figure 3b and 3c, is due to the use of Kapton® tape.

SEM and energy-dispersive X-ray spectroscopy (EDS)
were performed on the samples to determine the chemical
composition of some regions of the sample deposited to
confirm the existence of the thin film. The EDS average
chemical composition is presented in Table 6.

In conditions B, C, and D, the amounts of oxygen and
titanium determined using EDS were higher than in condition
A. However, it is not possible to determine that all of the
measured oxygen came from the formation of titanium
oxide because EDS does not accurately identify oxygen.
However, it is possible that the samples were oxidized during
the deposition process, resulting in low levels of iron oxide
and titanium oxide. The amounts of iron detected in the
samples were low and EDS detected at least 0.1% titanium
in the samples.

Although the chemical compositions were similar, the
microscopic images were different. For sample A, there was
almost no difference in the coloration of the samples, but
for the deposited samples B, C, and D, a gradual increase in
lighter spots and holes was observed on the surface of the
samples, probably related to the relief of the sample from
the deposited film of sample A.

A higher percentage of titanium was observed in the area
of the samples that contained only the film than in Sample A
(without Ti content), as well as compared to the percentages
of this element in the area that contained Kapton® tape.
Since there was no indication of the presence of Ti in the
areas with Kapton® tape, the presence of this element in
the deposition areas of the film suggests that this element

Table 6. Results of EDS measurements of Samples.

(}:gl;:::;il Sample A Sample B Sample C Sample D
Fe 99.6+02 95.0+02 950+0.2 964+02
O 04+02 47+02 47+02 35+02
Ti - 0.3+0.1 0.3+0.1 0.1£0.1

Sample A = 100% Kapton® tape and no thin film; Sample B = Partial Kapton®
tape and no thin film; Sample C = Partial Kapton® tape and titanium thin
film; Sample D = Partial Kapton® tape and titanium dioxide thin film.

Table 7. Film thickness results.

is only from the cathodic cage and deposition processes.
It is noteworthy that the percentage amount of oxygen in
the areas containing the titanium film is much greater than
the amount of this element measured in the Kapton® tape
covered area of the sample, indicating the formation of at
least partial TiO, on the deposited titanium.

3.3. Topographical evaluation

The thickness of the deposited layers was measured
as height difference (Dz) using a confocal microscope.
Table 7 summarizes the results of the layer thicknesses for
samples B, C and D. It is worth noting that the generated
layer for sample B is quite heterogeneous, as the standard
deviation corresponds to about 5% (standard deviation
divided by the mean) of found layer thickness. The layer
thickness values found for sample C are close to those of
sample B, but with a much lower standard deviation than
those of samples B and D. It can be seen that sample D has
an average layer thickness that is 2.5 times greater than that
of samples B and C.

The measurements presented in Table 7 show that the
thin film was indeed deposited, as evidenced by the height
difference between the planes, indicating that titanium
deposition did indeed occur in the area without Kapton® tape,
and confirmed by the results from EDS. Figure 4 shows a
topographic view of sample B with Kapton® tape. Figure 5a
shows the difference between the regions with and without
deposition, while Figure 5b shows the step created by the
Kapton® tape, where differences in relief and topography
can be observed.

Figure 5 shows some differences between the regions
with the film applied (left region) and the region covered
with Kapton® tape (right). The region covered with the film
has a more pronounced relief, possibly due to the cathodic
spraying to which the sample was exposed during deposition.
In addition to the step, the relief of the sample increases
when the Kapton® tape is removed, as shown in Figure 4b.
In all techniques, whether magnetron sputtering or filtered
cathodic arc deposition, which are deposition techniques
praised by the quality of the films, heterogeneities occur in
the films. In this technique, the heterogeneity of the films is
much more pronounced, mainly because the materials used
in the production of the cathodic cages and the dopants are
not of high purity. Moreover, since the pressures are very
high compared to other techniques, homogeneous layers
cannot be obtained. It is important to point out that this
technique is not intended to replace other processes such as
magnetron sputtering and filtered cathodic arc deposition,
but is an option for many laboratories and industries that
need to coat parts with different dimensions.

Sample B Sample C Sample D
Sample
Dz (nm) Dz (nm) Dz (nm)
1 138.27 119.33 316.62
2 101.65 116.18 304.23
3 149.12 129.53 291.68
4 126.30 117.61 300.66
Average + standard deviation 128.84 +20.38 120.66 + 6.05 303.30 = 10.33
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Figure 6. Polarization curves.
3.4. Hardness tests Table 8. Hardness tests.

‘When looking at the hardness values of the substrate, it can Sample Load (mN) Hardness (HV)
be seen that the standard deviation of the hardness values at all A 50.79 £ 0.17 148.13+£03.94
measuring points was low. This was to be expected since the AISI B 50.82+0.16 326.93 +37.30
1020 steel has a low tendency to form hard carbides. A total of C 50.95 +0.01 319.88 + 15.05
one hundred and twelve measurements were performed. For each D 50.80 £0.15 315.47 £ 44.64
sample, seven measurements were performed. Table 8 shows the
result of the measurements considering the mean and standard
deviation of seven measurements. cathode cage method. Other authors”!124365% also reported

It was observed that the value of standard deviation in
samples B and D and some of the reasons that can explain the
high standard deviation are the density of the applied film,
the thickness of the film at the measurement point and the
porosity. However, samples B, C, and D had higher hardness
values compared to sample A, with the hardness being two
times higher than sample A. The increase in hardness was
also observed in the study by other authors®22338:4665 jp
which the authors used aluminum powder deposited by the

an increase in the hardness of materials coated with a film.

It is important to point out that the substrate always has
an influence on the result of a hardness test. On the other
hand, although this influence must be taken into account, the
work is not mischaracterized because it takes into account
the variation of the hardness of the samples compared to the
untreated sample, just as the variation of the hardness of the
material was observed. As for the hardness tests, it is known
that there were four samples for each group.
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Table 9. Corrosion potential.

Sample Corrosion potential (V)
A -0.55+0.01
B -0.51£0.01
C -0.52+0.01
D —0.51+£0.01

3.5. Corrosion resistance tests

The corrosion potential of sample A is about -0.55 VSCE
(Figure 6a), while that of sample B is about -0.51 VSCE
(Figure 6b), showing that the surface treatment causes a
slight increase in the corrosion potential. To illustrate, at a
potential of -0.40 VSCE, the current density of sample B is
about 5.10* A/cm?, while the current density of sample A is
about 1.102 A/em?, i.e., the current density of sample B is
about twenty times lower than that of sample A.

The same behavior with small differences can be seen
in Figures 6b and 6¢. Xu et al.*! and Russo et al.* have
shown that the corrosion potential increases when TiO, is
used for coating. According to these authors, the deposition
that occurred can be interpreted in terms of a two-layer
oxide film model, where the innermost layer is dense
and compact and has high corrosion resistance (anatase).
The outermost layer has low resistivity, indicating that
the material has more defects, is less compact, and has
lower corrosion resistance. The polarization curves of
the titanium-based treated samples were compared with
those of the untreated sample (Sample A) and shown in
Figure 6 and then the estimated results are summarized
in Table 9

Several authors®!® explain that the possible reason
for this behavior is the difference between nucleation and
growth processes. Such behavior of the passive layer was
also cited by other authors® in their study. The typical
result of titanium in corrosive media is the formation of a
protective oxide, but when the electrolyte contains NaOH,
the observed behavior is somewhat different. After the initial
formation of the oxide film, there is an abrupt decrease in
film formation and later a decrease in thickness. This is due
to the instability of the film formed on the surface, which
causes the potential to become less noble with time and
the film becomes thinner!®.

In the depositions performed in the present study, slightly
higher corrosion potentials and lower current densities
were obtained in the polarization curves, indicating that the
coatings slightly improved the corrosion resistance of the
coated samples compared to the AISI 1020 steel in the 3.5%
NaCl medium; however, the depositions performed did not
show similar results to those of the authors®!64.

One explanation for the difference in results is related
to the medium used, which may have favored the decrease
in the thickness of the passive layer mentioned by other
authors®!4>. Another reason that could have contributed to
this difference in the result was the deposited film, which
may not have been as dense and compact as the film layers
mentioned by the above authors, which could be due to the
deposition process used and the results of the deposition
parameters.

4. Conclusions

In the present study, the deposition of titanium thin
film coatings on an AISI 1020 steel substrate by plasma
deposition using a cathode cage was evaluated, and it can
be concluded that:

e The coated samples exhibited differences in several
properties compared to the standard uncoated samples,
from their optical appearance to their mechanical
and electrochemical properties.

e The chemical composition of the metallic substrate
showed a residual content of titanium and the EDS
test showed a content of 0.1% titanium and 1.4%
oxygen after deposition, which can be attributed
to the deposition of the film.

e The deposition of titanium thin films promoted an
increase in the hardness values of AISI 1020 steel,
from 148 HV to values above 315 HV.

e Titanium-based samples slightly increased the
corrosion potential, but this increase did not imply
a significant change from a thermodynamic point
of view. However, the current densities of the
titanium-based samples were significantly reduced
compared to the samples without coating, and the
results presented in Table 8 confirm that coated
titanium-based materials have better corrosion
resistance.

*  Itwas possible to observe an increase in thickness
between the uncoated region and the titanium
coating, ranging from 120 to 310 nm.
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