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Abstract

The present study aimed to produce and characterize FeNbC coatings deposited on AISI 1020 steel
using flame spray process (FS) evaluating the influence of powder granulometry, standoff distance,
powder feed rate and substrate preheating. FS process parameters variations produce coatings with
different properties. Taguchi experimental design based in the L9 orthogonal array and ANOVA
statistical analysis were performed. Coating morphology was evaluated using scanning electron
microscopy (SEM) and energy dispersive spectroscopy (EDS), the present phases were identified by
x-ray diffraction (XRD). Coatings microhardness was evaluated using Knoop hardness test. The
coatings corrosion resistance was measured through monitoring the open circuit potential and
potenciodynamic polarization in 3.5% NaCl solution. The results indicate that coatings with
microhardness average of 1084 HK|, ; and dispersion of the measured values were associated with
heterogeneity and interlamellar oxides formed in the microstructure. All control factors investigated
showed significant influence on microhardness. Substrate preheating was the most important factor,
followed by the powder granulometry; powder feed rate and standoff distance. The FeNbC coating
presented a reduction in the substrate corrosion rate, but the presence of defects in the microstructure,
such as porosities, voids and cracks compromised the barrier effects of these coatings.

1. Introduction

The recent discovery of petroleum in the deep-sea of Brazilian coast has aroused the scientific interest for the
development of wear-resistant and corrosion-resistant coatings that exhibit environmentally favorable
behavior. In the 1990’s and 2000’s, the availability and price of niobium turned the application prohibitive;
however, the use of this material as a microligant to steels significantly increased its demand. Currently, the use
of ferroniobium alloys in pipe coatings and as a microconstituent in steels for structural applications accounts
for a sales volume of 85000 tons per year [ 1]. Therefore, the use of niobium as protective coating against wear and
corrosion on carbon steel substrate is an economical alternative for several practical situations [2]. The
application of thermal spraying coatings of niobium carbide on the steel substrate has emerged as an alternative
to other coating processes like welding, cold or solid welding [3-5].

The main application of niobium is the ferroniobium alloy covering about 90% of the consumer market [6].
Ferroniobium is widely employed as an additive in the development of high temperature wear resistant alloy
steel with typical additions in the range of 0.04% by weight. These steels are generally used in the construction of
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oil and gas pipelines on offshore oil drilling rigs. In the automotive industry, they are employed in structural
components that require high mechanical strength such as wheels and chassis. In the railway industry, they are
applied in the manufacture of rails in curves and deviation where there is more intense wear [7]. Niobium
carbide precipitation in a metal matrix generates surface hardening and increases corrosion and oxidation
resistance at high temperatures leading to an increase in the useful life of components making them suitable for
industrial applications [8].

Different manufacturing processes can be employed in order to obtain corrosion-resistant coatings based on
niobium carbide, for example CVD, PVD and electrodeposition [9—-11]. However, thermal spraying is an option
that allows advantages such as high production rate, lower investment and operating costs, greater versatility and
lower environmental impact.

The cost of wear and corrosion is estimated to be around 3 to 5 percent of developed nations’ GDP. These
failure mechanisms result in degradation, shortening the life of many components of industrial systems [12].
Thus thermal spraying coating presents technical interest as a barrier to minimize the effect of wear and
corrosion.

Thermal spraying is a deposition process in which molten, semi-solid or solid particles are sprayed onto a
substrate with a certain level of kinetic and thermal energy and are then mechanically anchored forming a
refined multilayer lamellar structure [13]. Spraying processes can be classified into two groups according to the
energy source used to heat and melt the material to be deposited. There are combustion processes: flame [14],
plasma [15], high velocity oxy-fuel (HVOF) [16], cold spraying [ 17] and D-gun [18], and electric arc processes:
atmospheric plasma spraying (APS) [19] plasma transferred arc spraying (PTA) [20, 21] electric spraying
(ES) [22].

Flame spraying was chosen because it is a simple process, economically viable considering the production of
asmall number of samples and because it produces thicker coatings using different types of metallic, ceramic,
composite or polymer materials [23, 24]. The flame spraying process is characterized by lower particle
acceleration, lower deposition temperature and poor control of the surrounding atmosphere, which may lead to
the formation of a greater amount of porosity, interlamellar cracking, oxides formation and low cohesion
between the splats. The porosity in the coating depends on factors related to the starting material, such as particle
size and especially the melting temperature. The melting temperature of the niobium carbide (Tm = 3600 °C) is
higher than the iron melting temperature (Tm = 1538 °C), such a difference can influence the formation of
cracks and porosity in the layer. In the deposition of powder material by flame spraying the main process
parameters are related to: particle size, temperature and speed, angle and feed rate, spraying distance and
substrate preheating temperature [25]. The objective of this work is to evaluate a coating based on FeNbC
characterizing the behavior of corrosion resistance, microstructure and microhardness of the cross-section
according to the variation of thermal spraying process operational parameters

2. Materials and methods

The FeNbC powder used was reduced in size by milling (received from the supplier with particle size greater than
1 mm). The procedure for preparation of the spraying powder was carried out in a planetary mill using the
Pulverisette model from Fritsch manufacturer and SAE/AISI 52100 steel balls, the ratio ball/powder used was
3:1, grinding time of 20 min at 300 rpm. In order to avoid oxidation of FeNbC the grinding was carried out in
argon atmosphere with a pressure of 3 kgf mm >,

The material used in the deposition was separated into different volumetric fractions by mechanical sieving
according to ASTM C 136-01, particles smaller than 53 gim (—53 pim), smaller than 75 ym (— 75 pm) and the
grain size range between 53 and 75 (—75 + 53 pm). The particles size used in the spraying were measured by
laser diffraction using a Shimadzu SALD 220 equipment. Chemical composition is shown in table 1. Before
spraying the coating, the powder was kept in a muffle furnace at 120 °C for 30 min to eliminate humidity and
possible contaminants that could impair feedability during the spraying process.

Taguchi’s methodology was used to define the experimental planning, which allows obtaining information
using a smaller number of experiments, thus reducing effort, cost and time. To evaluate the response signal,
triplicates of the samples were used in an orthogonal array L9, in which it was possible to study 4 factors with 3
levels presented in the orthogonal matrix described in table 2.

Oxyacetylene flame spray process was selected because of its high flame temperature. The spray gun was
maintained perpendicular to the substrate during deposition to ensure lowest porosity and interlamellar oxides
intensity in the coating [26]. The thickness of the coating was kept uniform since the samples were held fixed in
the setting device and the spray gun was moved within a predetermined spraying distance and at constant speed.
The coating thickness is dependent on the number of passes performed in the deposition process [27] . Five
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Table 1. FeNbC Chemical composition (wt%).

Nb Fe C Al Ti(ppm) Si Ta Pb N

40.2 43.3 6.51 3.92 489 0.80 <0.10 <0.10 0.03

Table 2. Set of factors and levels used in this study.

Level
Control factor 1 2 3
Granulometry (1im) —53 -75 —75 + 53
Standoff distance (mm) 150 200 250
Powder feed rate (g.min~ h 40 50 60
Substrate preheating (°C) 50 150 250

Table 3. Parameters used in thermal spray

coatings by FS.

Oxygen pressure 0.276 MPa
Oxygen flow 2.260 Nm’>h™!
Acetylene pressure 0.103 MPa
Acetylene flow 1.133Nm’> h™!
Carrier gas pressure (Argon) 0.338 MPa
Carrier gas flow (Argon) 0.283 Nm’ h™!
Air pressure 0.100 Mpa

consecutive passes were taken to ensure that the thickness of the entire surface of the specimen is less than
250 pm, according ASTM C 633-93.

The coating was obtained in a flame spray system using 5 MPE powder feed model with 6P-I1 pistol from the
manufacturer Sulzer Metco. The process parameters are shown in table 3.

Oxidizing flame was used with a combustion rate of 2:1 (oxygen:acetylene) assuring the adequate
temperature in the spraying process. This rate guarantees the complete combustion of the acetylene. Inefficient
combustion could generate a greater amount of unmelted particles and inclusions of interlamellar oxides, which
would impair the properties of the coating. According to Tucker [28], the stoichiometry of gases used in the
combustion also exerts influence on the particles thermal energy that reach the substrate, and thus define the
mechanical properties of the coating.

2.1. Substrate preparation

The substrate used in this work was AISI 1020 steel. Prior to deposition, the substrate was submitted to
ultrasonic cleaning and abrasive blasting. Initially they were cleaned in acetone in an ultrasonic bath for 5 min,
followed by abrasive blasting with brown aluminum oxide with R 20 AISI/FEPA grading, with a working
pressure of 0.414 MPa, a spraying distance of 150 mm and a deposition angle of 90°. Thus, the average roughness
Ra obtained was 7.86 pm. The triplicates of the samples used for characterization were obtained from the section
of specimens from a substrate measuring 50 x 25 x 1.25 mm. The wettability between particles and substrate
is an important parameter that allows the mechanical anchoring, and consequently the adhesion of the coating.
One way to change the wettability is to preheat the substrate [29, 30], considering this factor, the influence of
preheating was determined by the evaluation of coating adhesion strength. The literature indicates that
adhesion/cohesion of coatings obtained with preheated substrate is better than the coatings adhesion obtained
without preheating [31].

2.2. Characterization methods
X-ray diffraction (Shimadzu XRD-7000 equipment) identified the phases in FeNbC powder and coated samples.
Cu-Ka target radiation was used with 20 angle ranging from 20 to 120°. The crystalline phases were identified
using PANalytical X’Pert HighScore Plus software, v3.0 and with the JCPDS index database.

Coating cross-section morphology was investigated using scanning electron microscopy (SEM) with a
JEOL-JSM 6107 equipment. Mapping and punctual analysis of semi-quantitative chemical composition was
performed by energy dispersive spectroscopy (EDS).
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The microhardness was measured by 15 indentations in the cross-section of each coating experimental
condition using a Shimadzu HVM-2T microdurometer. A Knoop indenter was used with load of 300 gf for 10 s
and distance between indentations of 3 diagonals.

Electrochemical measurements of polarization resistance were carried out using Autolab potentiostat
(PGSTAT 302 N), in order to evaluate the performance of FeNbC coatings in terms of corrosion protection to
steel. Polarization tests were conducted at room temperature using a classical three-electrode configuration: a
saturated calomel electrode (SCE) as reference electrode, platinum wire as counter electrode and a working
electrode formed by the sample being tested. The potentiodynamic polarization curves were obtained in a 3.5%
NaCl solution, using a scan rate of I mV s~ ' and potential range of —300 to +300 mV in relation to open circuit
potential (OCP). The sample was left at open circuit potentials for 1 h before acquire polarization curves. The
electrochemical parameters were obtained by Tafel extrapolation method using Nova-Autolab software
version 1.0.

3. Results and discussion

3.1. Microstructural analysis of powder and coating

The morphology of the FeNbC powder used in the spraying process is shown in figure 1. Powder underwent an
intense fracture mechanism and welding of particles during the high energy milling process, promoting an
irregular and polygonal shape. The efficiency of the spraying process can be affected by the properties of the
powder, especially the particle size. However, even with a great variability in particle size after milling, as shown
in figure 1, the powder showed fluidity during the spraying process. No clogging was recorded in the hoses
leading the powder from the feeder to the gun. The deficient fluidity would result in a fluctuation of the powder
feed, causing the formation of a heterogeneous microstructure with many defects. Large difference in particle
size may represent a problem in the spraying process. Large particles have high mass, and impair the promotion
of the adequate acceleration in deposition, otherwise powder composed of reduced size particles can cause
clogging in the spraying supply system [32].

The particle size of the FeNbC powder obtained by the high energy milling comprised the range from 53 pm
to 75 pum. The particle size analysis by laser diffraction in the powder in which the largest particle had a diameter
of 53 m demonstrated that D90 of 31.853 pum, whereas the powder which had the largest particle size of 75 ym
was the D90 0f 44.850 pm.

The frequency distribution of the particle size, in figure 2 (a), shows that about 27% of the powder with
particle size —53 pm had a size ranging from 17.222 to 74.008 pm. Although the grinding process using the
ABNT 270 sieve allows the separation of particles with sizes smaller than 53 pm, it is possible that some larger
particle were not retained in the sieve due to a possible deformation of the sieve mesh. However, laser diffraction
analysis showed that only 0.5% of the volume of the sample material had a particle size above 53 pm. Figure 2(b)
indicates that approximately 38% of the particles had a size ranging from 21.210 to 82.131 pm. However, laser
diffraction data indicated that 0.13% of the sample volume had a size greater than 75 ym.

The heterogeneity of the coating microstructure typically found in thermal spraying deposition is shown in
figure 3(a). A higher magnification of coating cross-section indicated by the dashed line is shown in figure 3(b),
where splats are observed parallel to the substrate surface and some porosity regions formed during the cooling
process. In several thermal spraying methods the molten or semi-molten particle of the feedstock is accelerated
against a substrate, they deform during impact and anchor mechanically on the irregular surface, thereafter on
each previously solidified layer, thus giving rise to a multilayer coating with lamellar structure [28, 33].
Unmelted particles and interlamellar cracks are also observed, indicating an inefficient metallurgical bond. The
presence of unmelted particles in the coating possibly influenced the formation of cracks and porosities.

The formation of voids and porosity in the thermal spraying coating inevitably occurs at higher or lower level
according to the process type. The porosity level found in the coating is associated to the process parameters
employed, especially flame temperature, particle velocity, spraying distance [34] and the time interval in which
the particles are exposed to the process temperature. Figure 3(a) shows the presence of voids and porosity near
the substrate/coating interface, according to Mellali et al [35] the first layer deposited in the spraying process is
strongly influenced by the substrate preheating. Substrate shown in figure 3(a) was preheated at 250 °C.

The semi quantitative analysis performed by EDS showed the presence of Fe, Nb and Al atoms, as can be
observed in figure 4. The presence of aluminum is associated with the alumino-carbothermic reduction process
used to obtain FeNbC [36]. Oxygen is also observed, due to the oxidation caused by the particles heating in the
spraying process. Other chemical elements were not detected suggesting that there was no contamination during
the high energy milling to which the material was submitted [37], neither contamination due to the spraying
process.
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Figure 1. FeNbC powder morphology.
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Figure 2. Histogram of frequency distributions of particle size of FeNbC powder. (a) 53 pm, (b) 75 pm.
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Figure 3. Cross section of steel coated with FeNbC. (a) Highlight for the coating/substrate interface. (b) Major magnification of
lamellar and heterogeneous structure of the coating. SEM.
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Figure 4. Microstructural analysis by EDS in the coating obtained by backscattered electron image.
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Figure 5. Steel’s cross-section coated with FeNbC: (a) image obtained by secondary electrons, (b) image obtained by backscattered
electrons, (c) image mapping O element, (d) image mapping Al element, (e) image mapping Nb element, (f) image mapping Fe
element.

EDS analysis identified that region 1 in figure 4 presented a high concentration of Nb corresponding to the
NbC phase. The polygonal morphology was typically reported in papers that addressed the topic [4, 38], and the
existence of this phase was also identified by XRD. Region 2 shows the presence of iron rich phase, which was
also identified by XRD. Regions 3 and 4 show a darker gray shade typically observed in coating micrographs
obtained by thermal spraying, chemical analysis identified a high amount of oxygen atoms suggesting that such
phases could be oxides formed during the spraying process. Oxide formation can occur in the heated particle
during the in-flight to the substrate, as well as after impact during splat cooling, and on the surface of the coating
between two sequential deposition passes. The formation of oxides in interlamellar positions depends on the
spraying parameters, the presence of oxygen in the deposition system or in the control atmosphere, particle
temperature, as well as the physicochemical properties of the powder [39]. Region 5 is characterized by smaller
particles of NbC dispersed in the Fe matrix.

The chemical mapping shown in figure 5 identifies oxides regions. The dark gray interlamellar regions in
figure 5(b) are oxides phases generated from the spraying, which can be seen in figure 5(c) and the lighter regions
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Figure 6. X-ray diffractograms of FeNbC powder and coating.

are sites rich in Nb, while the light gray regions are Fe-rich lamellae, which can be observed in figures 5(e) and (f),
respectively. It was also possible to identify porosity regions formed inside the lamellae.

XRD spectrum of FeNbC powder and coating obtained by thermal spraying are shown in figure 6. The
diffraction analysis of the powder indicates the presence of NbC, Fea, Fe;Al, Fe;AlC phases. The last two phases
could be originated during the obtaining of FeNbC by alumino-carbothermic reduction process [36]. Figure 6
does not present other phases suggesting that there was no contamination by the jar material in high energy
milling, so the integrity of chemical composition of the material supplied after milling was maintained.

Phases presented in the powder were maintained in the coating diffractogram, as observed in figure 6. Oxide
phases were also observed, and identified by EDS. In the thermal spraying process, the presence of free oxygen in
the atmosphere associated with the flame temperature makes the formation of oxides in the coating
unavoidable. Incrustation of oxides in interlamellar positions can affect the cohesive behavior of the particles
and consequently affect the coating wear resistance. In some cases, the presence of oxides increases the
microhardness and wear resistance of the layer, but reduces its ductility and impact resistance [40]. The amount
of oxides formed in the coating depends on the process parameters employed and the reactivity of the powder
used in the spraying [39].

3.2. Microhardness

The coating microhardness was high due to the presence of oxides formed in the thermal spraying process, as
shown in figure 6, as well as by the presence of unmelted particles [41], which were observed in the coating
obtained in this study. The dispersion of the coating microhardness measured values is associated with the
presence of defects, such as porosity and interlamellar cracks as reported by Mao et al [42]. Contrary to what was
pointed outin the study Yu et al [43], it is worth mentioning that in this work the presence of cracks around the
indentation region was not observed, as well as at the indentation vicinity, which indicates that the matrix ductile
behavior did not contribute to the nucleation and propagation of cracks. Fact that could influence the result
obtained for the coating microhardness.

Figure 7 shows the results of microhardness measurement. The indentations were performed only in the
cross-section of the coating, in which were observed random differences of microhardness, without the presence
of discrepant points and with constant tendency.

The variance analysis indicated that all control factors influence the microhardness value, considering P
value was below 0.10 for all conditions in a 90% confidence interval. The ANOVA classification determined that
the substrate preheating control factor was the most influent factor on the measured microhardness, followed by
powder particle size and feed rate. The spraying distance has less influence on the coating microhardness.

Figure 8 shows the influence of each parameter, indicating that the lowest level of hardness was reached
when the powder had the smallest particle size. This fact is explained by considering that the smaller the particle
size the greater the interface formation between the splats formed in the coating. On the other hand, the smaller
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Figure 8. Main effects on the mean microhardness.

spraying distance increased the microhardness value, since particles that had alower trajectory until reaching the
substrate would be with a higher energetic level, and in this way would lead to the formation of a smaller amount
of porosity, and consequently better cohesion between splats. It was evidenced that the feed rate had no great
influence on the coating microhardness.

3.3. Electrochemical characterization

Corrosion resistance is an important characteristic for coatings. Interface plays a very important role; this region
must have galvanic compatibility, adhesion and high density to prevent the contact of the substrate to the
corrosive media. On the other hand, the minimum thickness of the coating is a fundamental requirement to
ensure the corrosion resistance, since such a premise would prevent corrosive agents from penetrating the
coating towards the substrate through the interconnected porosity [44].

The open circuit potential (OCP) measurements are shown in figure 9. It can be observed in the OCP curves
that the FeNbC coatings shift the OCP to less active potentials when compared with the uncoated steel,
demonstrating a better behavior of the coated systems compared to the steel without coating, in terms of
protection to the substrate against corrosion. Additionally, it can be seen that the process parameters have
influence on the coatings corrosion behavior related to the different compositions and microstructure
produced. The existence of punctual defects on the coating promotes a corrosion intensification due to the
formation of electrolytic cells between the small anode areas constituted by the discontinuities present in the
coating and a large cathode area formed by the coating itself.
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Table 4. Electrochemical parameters in 3.5% NaCl solution for FeNbC
coating and non-coated steel obtained by Tafel linear extrapolation method.

Experimental Ecorr

condition icore (MA cm™?) (mV) R, (©2 cm™?)
C1 1.14 —573 2197
C2 2.64 —591 1800
C3 1.36 —502 3036
C4 1.65 —512 2505
C5 2.21 —502 1925
C6 2.47 —506 1886
C7 1.36 —533 3036
C8 1.22 —504 2723
C9 1.80 —590 2702
Substrate 1.88 —545 1534

Figure 10 shows the polarization curves for the FeNbC coatings deposited on the SAE/AISI 1020 substrate
and its corrosion potential, polarization results for the uncoated substrate are also included for comparison

purposes.

An apparent displacement of the cathodic and anodic branches was observed as a function of the coating
composition when compared to the same curve of the uncoated sample. In addition, the cathodic curve
exhibited a passivation region. The results obtained in the polarization tests indicate that the FeNbC coating in
most cases improved electrochemical behavior compared to the uncoated sample, however this performance of
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corrosion resistance could be differentiated. It is suggested that this behavior may be affected by low compaction
and the presence of porosity and other defects such as voids and cracks in the coating, this condition was also
related by other authors [45].

The table 4 presents the electrochemical parameters obtained by Tafel linear extrapolation method. The
results indicate that FeNbC coatings, in general, tended to improve corrosion resistance of steel, since corrosion
potential (E.,,,) presented a less active potential values and a higher polarization resistance compared to
uncoated steel, with the exception of experimental conditions 1, 2 and 9 that presented higher potential for
active corrosion. These experimental conditions were those that presented higher levels of interlamellar oxides
formed in the coating. Thus suggesting that the presence of oxides would induce regions of discontinuities in the
microstructure of the coating and consequently affect the corrosion resistance.

4, Conclusion

The results obtained from XRD indicate that the FeNbC powder used to obtain thermal spraying coating was
mainly composed of Fe and NbC rich phase, which were maintained after deposition.

The coating microstructure analysis by SEM images characterized the heterogeneity, by the presence of
regions with visible porosity and voids, as well as interlamellar oxides, confirmed by chemical mapping analysis
of EDS and XRD of the coating.

Coating microhardness presented an average value of 1084 HK, about 5 times higher than the value observed
for SAE/AISI 1020 steel. This behavior could be associated to the presence of the niobium carbide in the matrix
of iron and aluminum, as well as due to the coexistence of oxides originated in the flame spraying process.

In terms of corrosion resistance, the coating obtained in this study can promoted the reduction of the
substrate corrosion rate, but this was not as significant due to the presence of porosity and voids, which
compromised the corrosion barrier effect of the coating. The results obtained by potentiodynamic polarization
curves and open circuit potential measurement also indicated the presence of discontinuities in FeNbC coating.
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