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ABSTRACT

In this paper, the corrosion resistance of steel high pressure boiler steel pipe (ASTM A335) is
studied coated and uncoated of Carbo-Titanium Nitride (TiCN), grown on substrates 316 steels using co-
sputtering r.f. The coatings were studied by potentiodynamic polarization curves Tafel using corrosive
salts (vanadium pentoxide V, Os and Na, SO,4 sodium sulfate). The layers of Ti-C-N were grown varying
the nitrogen flow to study its influence on the high temperature properties of these coatings, in addition to
the bias voltage variation. Through of the technique of X-ray diffraction, it was found formation titanium
carbonitride phases with orientation (200) and (111) and ESD spectroscopy shows an increase in the
content of C and Ti with increasing nitrogen flow decreasing for high flows with -50V Bias. It found a
decrease in the corrosion rate for the three coatings, additionally it decreases with increasing atomic
nitrogen content.
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INTRODUCTION

Ternary coatings as TiCN, which are widely used for their mechanical properties
(high hardness) can increase the life of cutting tools. In the search for materials besides high
hardness, they also exhibit low coefficient of friction, high resistance to the corrosion and
good electrical optical properties. It found that can combine properties of different materials
to produce a single coating with superior properties to metal nitrides'. With nanocomposites,
it has reached above 50 GPa hardness with grain size of the nanoparticles of the order of
10 nm coated with an amorphous phase of only a few atomic monolayers®*. For these size
crystals forming networks of dislocations is inhibited and thus the main mechanism of
deformation is slipping plastic grain within the amorphous matrix’. The titanium Carbo
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Nitride (TiCN) is an inorganic compound formed by the interaction between ions of titanium,
carbon and nitrogen, which form covalent bonds, ionic type requiring dissociation energy
high link contributing to its high hardness®’. The carbon and nitrogen causes an increase of
the hardness of a material compared with the material block. When deposited on steels as
thin film causes an increase in the surface hardness of steel.

Titanium is a transition element such as zirconium, vanadium, chromium, niobium,
molybdenum, among others, which presents structure electronic an incomplete d layer®.
Such electronic structure allows titanium to form substitutional solid solutions with many
elements such as carbon and nitrogen, with a factor of size up to 20%°. Titanium has been
listed as a light metal, although its density. TiN and TiC are similar materials having high
hardness, good wear resistance with a high melting point and good chemical resistance'’.
Also they considered industrially important materials and have many applications in cutting
tools and machine parts, especially as coatings'".

TiCN coatings have not emerged as an important enough PVD coating. It is due to
difficulties in processing, control of stoichiometry, the residual stress and the choice of
suitable hydrocarbon carrier gas, which sometimes is methane and other acetylene'’. The
high temperature corrosion commonly occurs in boilers and furnaces in most cases by the
combustion of coal causing a chemical process, where most steels have its metal surface in
combustion ashes whose composition consists of mixtures of sulphates and chlorides,
generating problems such as decrease in heat transfer, which leads to corrosion in an
accelerated manner'>'*. This is because most low carbon alloys, have restriction because
after the 650°C corrosion occurs at high temperatures causing a decrease in mechanical
properties. The chromium alloyed steels and nickel provide good performance over 1200°C,
due to its austenitic type structure, however after subjecting them to close to 700°C
temperatures in prolonged periods, it is presented to oxidative attack causing corrosion'’.

In this investigation coatings were obtained by mixing carbon, nitrogen and titanium
grown by rf sputtering technique deposited on ASTM A335 steel substrates. As variables, it
is handled the bias voltage applied to the substrate between 0 and -50V. Subsequently the
structural properties shall be characterized by X-ray diffraction and scanning electron
microscopy, the corrosion properties at high temperatures was performed in an oven which
was adapted to a potentiostat.

EXPERIMENTAL

The electrochemical cell consists of an array of 3 electrodes: the working electrode,
the reference electrode and auxiliary electrode. The working electrode was welded to a
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platinum wire, which served as an electrical conductor, this wire was also placed inside a
ceramic tube of mullite industrial grade so only the specimen was exposed to the corrosive
environment. The reference electrode and counter electrode were built with high purity
platinum wire, which were introduced into a mullite tube resistant to high temperatures; the
hollow parts between the specimen and the ceramic tube were sealed with refractory cement
as the spaces of the other electrodes.

The corrosive agent used in the test is composed of a mixture of pentoxide vanadium
V,0s and sodium sulfate Na,SO4 analytic grade to concentrations (percentage of weigh)
50:50, the mixture were macerated during 45 minutes in mortar for homogenize, then these
were placed in a porcelain crucible of 30 g that was inserted inside on a vertical furnace. The
electrochemical cell was placed in the furnace and the heating starts from room temperature
to 700°C needed to perform the electrochemical tests (Fig. 1). The internal temperature
was monitored by mean of a type k thermocouple connected to a temperature controller.
To resemble a boiler environment was determined the use of a mixture of oxidizing gas
99%0,-1%S0;.
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Fig. 1: Oven used for the electrochemical tests at high temperatures

In order to obtain the polarization curve a potential difference of = 200 mV was
applied at a scan speed of 1 mV/s in potentiodynamic form, rate and potential corrosion
were obtained through Tafel extrapolation using a Gamry Instruments potentiostat. The
potential corrosion values (Ecorr) and the corrosion current density (icorr) is determined
through the extrapolation Tafel method using the software GamryEchem Analyst. The
anodic and cathodic polarization curves were obtained after 3 hours of exposure to corrosive
medium, time in which the corrosion potential stabilized.
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The XRD measurements were perform in Bragg Brentano traditional configuration
on Empyream diffractometer with a 240 mm incident beam radio, the focal line of the
copper tube present K,; 1.540598 A and K, 1.544426 A radiation. The generator settings
were 45kV and 40 mA, 20-90° 26 range, step size 0.0400° and a step time of 2 s. In the
incident beam a nickel attenuator was used, 1° divergent slit, 2° anti-scatter slit and a 0.04
rad soller grid. In the diffracted beam a 0.25° receiving slit, a 0.50° anti-scatter slit and 0.04
rad soller grid was used. The interpretation of the results was developed in High Score
software with ICSD PANanalytical database and the free version COD.

RESULTS AND DISCUSSION
Energy dispersive X-ray spectroscopy

In Fig. 2, the nitrogen content in each of the coatings with respect to the variation of
Bias Potential indicated it generates income metal nitrides this reaction is very important
because due to their income generated in the crystal structure in each case an increase in
properties such as high hardness, corrosion resistance, biocompatibility and thermal
stability'®'®. So the income of an appreciable amount, cause greater protection against
corrosion phenomena at high temperatures, titanium carbo nitrides system are compounds in
which the nitrogen atom occupies the interstices of compact closed structures of metals.
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Fig. 2: Nitrogen content of each of the coatings obtained after Bias voltage variation,
the assay was generated by EDS probe

The analysis by Energy Dispersive X-ray Spectroscopy (EDS) shows that the
coatings are hyper-stoichiometric nature since the properties as in this case the chemical
stability at high temperatures varies with the composition interstitial nitrides achieve
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maximum stability when they reach their stoichiometry, as in the case of -25V and -50V
Bias®. This is generated due to carbide titanium-nitrogen bond found in these compounds.
The nitrogen atom is a very small element, therefore, the interstitial nitrides are formed very
easily, metal carbides possess host structures, which are interstitial forming nitrides®' .

X-ray Diffraction

Fig. 3 shows the diffraction patterns in X-ray corresponding to grazing angle TiCN
layers was observed, thus, a clear progression of intensity in the (111) plane at 26 = 34.55°,
by increasing the bias voltage increased intensity because a greater number of crystallites
that are oriented in said preferential direction is generated also can be seen that this preferred
orientation (111). It is present in all three systems tested the pattern corresponding to 0V
bias diffraction, indicates a preferred orientation corresponding to the peak (220) the link
formed by the metal and carbon®*.

In the diffraction pattern of the layer with a voltage of -50V, some contributions
associated with the reflections of the bonds formed by carbon, nitrogen and titanium are
observed, but with greater intensity regarding exhibit by the system without potential Bias, it
is possible to observe that the experimental pattern for the different intensities in relation to
0V and -25V systems this is due to the mismatch attributed network due to tensile stress and
compression presented by the layers as a result of deposition parameters specifically the
negative bias voltage applied to the substrate (bias voltage)*’.
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Fig. 3: XRD for different coatings for different crystal structures depending

on the voltage of Bias



2152 W. Aperador et al.: Oving High Temperature Corrosion of....

Polarization curves Tafel

In Fig. 4, the polarization curves where the three coatings are analyzed at a constant
temperature of 700°C are analyzed increasing negative potential Bias. It generates a
significant improvement against the corrosion rate as is the decrease. This is because at 0 V
bias increased diffusion is generated, produce a greater thickness of the oxidized, bring
about layer by isothermal oxidation, a suitable characteristic of the evaluated coatings is
their performance against the change in volume due to increased temperature wherein a
volumetric expansion, which is caused by various reasons including corrosion and the
increased temperature. Because ionic bonds and covalent into coatings behavior resembles a
ceramic material so they generally do not support a change in volume are formed. In this
case, the coatings are not at high increased protection against corrosion and improvement of
mechanical properties of ceramic materials.
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Fig. 4: Polarization curves assessed at high temperatures using corrosive salts as
vanadium pentoxide and sodium sulfate

Regarding the study of the fracture of the coating, it was found that occurs when the
material during operation undergoes transformation of crystal structure when subjected to
temperature changes in a medium such as corrosive salts. In materials such as titanium
carbide it has been identified that this phase transformation occurs at higher rates in the
interfaces where metal oxidation reaction develops therefore nitrogen has been added in the
coating in order to minimize the oxidation reaction to other materials selected according to
the application of the material and because the bias voltage by reducing the entry of nitrogen
in the coating is greater an increase in protection is generated®®. Thermodynamically, the
TiCN coatings behave differently due to the crystal structures found in all three systems
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tested; therefore the compound that helps stabilize the crystal structure is to - 50V as
observed in XRD.

In Fig. 4, Tafel polarization curves are observed the potential created buffer zones to
700°C, corrosion potentials projection cathode areas are related to coatings and Bias -25 and
-50 V, the difference is 200 mV with respect system that has no voltage Bias®. The
polarization curve of TiCN presents a general dissolution in the anode zone, since there is an
increased oxidation and subsequent potential to 220 mV in the anode zone. There is a small
increase in the area generating a density increase corrosion Bias samples with potential
generate a stabilizing region generating a constant potential degradation. This corrosion
resistance at high temperatures creates a layer whose stability is not adequate as it gradually
increasing current density is observed. The importance of this region is that it behaves as a
diffusion barrier of reaction products treated as a general dissolution®”.

In Table 1, we obtained, the values of current density and corrosion rate, it is evident
that the system has less protection corresponds to the system that has no variation of bias
potential, generating a high current value this corroborates corrosion in the polarization
curves, where the curve has the largest displacement to the right, which implies an increased
flow of dissolution and therefore in the corrosion rate, since they are directly proportional®'.
Mixtures with potential -25Vand -50V, presented the lower value of corrosion rate, which
means that are more resistant to corrosion in the presence of Na,SO4 and V,0s. Regarding
these mixtures, it is observed that increased sulfur diffusion alloy/oxide interface is yield
generating fracture in the coating, because of the difference in thermal expansion
coefficients between the substrate and the oxide layer.

Table 1: Parameters corrosion potential, corrosion current density and corrosion rate
of the three systems evaluate, the potential Bias difference applied is observed
and its electrochemical response

oV 25V 50V
Potential (V) vs Pt -0.21 -0.044 -0.020
Current density (A/cm?) 1.18 x 107 3.26 x 107 2.59 x 107
Corrosionrate (Lmy) 4.76 x 107 1.28 x 10°® 1.09 x 10
CONCLUSION

In this study, the corrosion behavior of hot-Titanium Carbo Nitride was observed
deposited by the technique of reactive sputtering evaluated in contact corrosive salts and



2154 W. Aperador et al.: Oving High Temperature Corrosion of....

using Tafel polarization curves, the values obtained using this technique allow to find a
behavior for each of the coatings, generally is obtained that the corrosion potential is higher
for specimens that have Bias and current density and corrosion rate decreases due to
application of potential Bias no a difference between -25V and -50V, since the decrease of
these parameters versus 0 V is similar. Structural change was examined generating coatings
and determined that the change in the corrosive properties it is due to the nitrogen content in
the composite mixture.
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