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Abstract: Mineral coal is a fuel that can be used by thermoelectric plants to generate electricity, however, the solid
residues of its combustion, so-called ash, cause erosion and corrosion in the internal components of boilers that operate
at high temperatures, causing failures in the system. This study proposes a metallic coating based on Fe-Cr-Si, obtained
using the electric arc thermal spray technique as an alternative for protecting the most affected parts of boiler tubes by
the ash impact. Optical microscopy (OM), scanning electron microscopy (SEM), semi-quantitative chemical analysis by
Energy Dispersive Spectroscopy (EDS), X-ray diffraction (XRD), roughness measurements, pull-off adhesion tests were
used. Thermal diffusivity measurements and mathematical modelling were elaborated to evaluate the thermal exchange
efficiency impact of the coating in thermoelectric plant boiler tubes. The results showed that the chemical components
of the sprayed wire were well incorporated into a coating with a hardness of 730.54 + 164.28 HV, approximately three
times greater than the hardness of boiler pipes and only 11% less than the hardness of ash. XRD identified the presence
of crystalline phases in the coating and adhesion tests showed that the failures were cohesive without substrate
exposure. The presence of the coating reduced heat exchange of approximately 0.64% / tube length. These results
showed that the proposed coating, which has a lower cost compared to others, be a promising solution to avoid
unscheduled shutdowns in thermoelectric boilers.
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1. Introduction

When pulverized coal is burned to obtain energy in thermoelectric power plants, highly hard residues containing
aluminum, silicon and iron oxides, so-called ash, are generated [1,2].

The ash is responsible for causing erosion and corrosion in the internal boiler components and has a hardness around 825
HV, depending on its composition [3,4]. The impact severity of these particles can cause on the internal boiler components varies
from component to component, with the water wall tubes being one of the most affected elements of the system. These
particles are projected onto the water wall and, eventually, over time, cause the surface to deteriorate, causing the erosion
process associated or not with corrosion, which reduce the tube thickness, causing its rupture [5].

In this sense, the coating technology presents itself as an alternative to provide the longevity of these tubes and avoid
unscheduled stops, which cause damage. Studies carried out identified that coatings based on Ni, WC, Al, or Cr are the most
used to coat tubes in boiler systems [6,7]. One of the deposition techniques for metallic coatings widely used is thermal spraying
(TS) by electric arc (ASP - Arc Spray Process) due to its low application cost, high deposition rate, ease field reproduction, wire
variety that can be used, good coating thickness control and efficiency in its performance [8].

This study metallurgically characterized and model the thermal exchange behavior of a metallic coating obtained using
ASP, aiming at its application in thermoelectric plants boiler tubes, to minimize the damage caused by the ash particle impact
and consequently increase the longevity of the internal components and avoid unscheduled stops.
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2. Materials and Methods

The analyzed coating was applied on a substrate with a chemical composition like that of the tubes used in boilers of
thermoelectric power plants and which are classified ASTM A 178 - grade A [9]. The substrate was subjected to Sa 2% [10] dry
abrasive blast cleaning and surface preparation using G16 / 20 mesh (1.19 / 0.84 mm) angled alumina. After sandblasting, with
the aid of an analog roughness meter model Ry-5, 100 measurements of substrate surface roughness were performed, with an
average value of 116.8 £ 20.33 um.

The wire chemical composition used to spray onto the substrate surface using the TS technique to form the coating is as
shown in Table 1.

The wire used in this research was commercial and the diameter of the wire used was 1.6 mm. The wire commercial name
was not provided by the partner company that carried out the spraying process. This engineering company has expertise in this
field of application and established the spray parameters used here based on their experience with thermal spraying of metallic
coatings like the one studied here. The deposition parameters used were suggested for obtaining a coated layer without great
porosity and with homogeneity in the adhesion force on the substrate surface. The spray was performed manually at an angle
between the gun and the plate of 90 degrees using a specific equipment. The spray parameters are shown in Table 2.

Table 1. Chemical composition of the wire.

Elements

(% Weight) Silicon Chromium Manganese Boron Iron
Wire 1.6 29 1.65 3.75 Balance
Table 2. Electric arc sprayed parameters.

Voltage (V) 30
Current (A) 100
Atomizing air pressure (kPa) 480
Projection distance (mm) 100
Deposition rate (kg/h) 5

To fabricate the specimens, three substrate plates measuring 150 x 100 mm were coated and 17 samples were taken from
them for the characterization techniques used in this study: 1 for coating roughness measurements, 1 for optical microscopy
(OM) and macrographs, 1 for Vickers microhardness measurements (HV), 1 for scanning electron microscopy (SEM) and semi-
guantitative chemical analysis by Energy Dispersive Spectroscopy (EDS), 8 for pull-off adhesion assays, 4 for thermal diffusivity
measurements and 1 for X-ray diffraction (XRD). The coating was deposited on a flat surface substrate (and not on tubes) to
allow compliance with the standards for adhesion tests, obtaining thermal diffusivity measurements and the DR-X technique,
since the lack of flatness of samples would impair the use of such techniques.

The roughness of the sprayed coating was obtained using a digital rugosimeter with a measuring range of 0 — 1000 um and
a resolution of 1 um. To calculate the coating average roughness (Ra), 100 measurements were considered.

Samples for OM, microhardness, analysis by SEM, EDS and XRD were cut with the aid of an metallographic cutter, model
Arocor 80. The samples for MO, microhardness, analysis by SEM, were embedded in bakelite and sanded manually with water
sandpaper in the granulometric sequence of 220, 440, 600, 800, and 1200 mesh. After sanding, the samples were submitted to
polishing with diamond paste in the granulometric sequence of 6 um, 3 um, and 1 um.

OM images were obtained using a optical microscope model Axio Imager M1m, with a digital image acquisition system and
controlled by the Carl Zeiss AxioVision 40 V 4.8.2.0 software.

Macrographic aspects were obtained using an stereoscope model SZX7.

SEM analyses used a Schottky Field Emission Gun (FEG-MEV) model MIRA operating at 10 keV and equipped with an EDS
detector with a 30 mm? SisN; window and a resolution lower than 129 eV in Mn Ka. Analysis were also performed using TM3000
equipment, with a EDS detector system operating at 15 keV, low vacuum, working distance of 7.7 mm and scanning at intervals
of 10 minutes each. The results obtained were analyzed by the program Quantax and PYMAC.

Vickers microhardness (HV) measurements were performed on the substrate, at the interface between the substrate and
coating and on the coating itself. Three measurement grids were performed with 18 indentation points each, in each region of
interest. The spacing between measurements was 100 mu. A microhardness tester model MV-1000A was used, load of 100
grams (0.9807 N), time of 15 seconds of load application and according to the ABNT NBR NM ISO 6507-1 standard [11].

Measurements of the thermal diffusivity of the coating / substrate system were performed according to the Standard Test
Method for Thermal Diffusivity (Flash Method) according to ASTM E1461 [12] and a LFA 447 model equipment was used. The
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specimens with dimensions of 12.7 x 12.7 mm and thicknesses between 1 and 2 mm were cleaned by means of ultrasound in an
analytically pure acetone bath for 10 minutes. A thin layer of Farnell type Graphit 33 graphite was placed on them. The samples thermal
diffusivity was measured in four different temperatures (252C, 502C, 1002C and 2002C), then an average value was calculated.

Heat transfer analysis in boiler tubes has been widely studied by several authors [13,14]. In this study, to analyze the impact
of the coating on the efficiency of heat transfer in the boiler water wall, a one-dimensional model was developed considering
the steady-state radial heat conduction through cylindrical walls and the thermal conductivity of the coating [15].

The thermal conductivity (k) can be expressed from the thermal diffusivity (a), the density (p) and the volumetric heat
capacity of the material (Cp), according to Equation 1. The coating density was provided by the manufacturer and for Cp, the
average value of this property for iron-based alloys was considered.

k =apCp (1)

Considering the general expression of heat flux and the Fourier equation for radial heat conduction, we have the Equation

1d

rdr

dr dr dr
(kr)=0-4q, = kAT = —k(2nrL) S 2)
where A=2mrL is the area normal to the heat transfer and q; is the heat transfer rate in the radial direction, r is the inner radius,
L is the longitudinal length transverse to the heat flow and T is the temperature.

For a cylindrical shell subjected to a temperature difference between the inner surface and the outer surface of T; — T,
where the inner surface temperature is constant and equal to T;, while the outer surface temperature remains constant and
equal to T,, heat transfer by conduction is in the steady state, which is the case with boilers in thermoelectric plants.

The solution of Equation 2 for generic boundary conditions, that is, for temperature Ts; at radial position r; and
temperature Ts; at radial position r:

T(ry) = Ty, > T, = C Inm + G, (3)
T(r,) = Ty, > T, = C Inm, + G, (4)

Solving C1 e C2, we have:

T(r) = Tsa-Tso In( %) + T, (5)

InG:h)
Thus, thermal resistance (R) of Equation 5 will have the form:

InG2)

2mLk

(6)

R t,cond =

Figure 1 schematizes the cross-section formed by the system present in the boiler tubes, which is formed by thermal
resistances in series of the convective film of water inside the tubes, the wall of the tube, the external coating and the external
convective film of gas. Neglecting the contact resistances, the heat transfer rate by conduction (g, — KW) in the system formed
by thermal resistances in series will be given by the Equation 7:

q. = Too,1—Too2 _ T T2
= - — =
r . +ln(%)+ln(%) Reot (7)
2nrqiLhy 2mkyL  2mkpglL
Where:

h; = average value of the convection heat transfer coefficient for the environment 1 — W/(m?K).
hs = average value of the convection heat transfer coefficient for the environment 3 — W/(m?K).
Ka = thermal conductivity for material A — steel pipe — W/(mK).
Kg = thermal conductivity for material B — coating — W/(mK).
Rror = total system resistance — W/(m?K).
The conduction heat transfer rate can also be expressed in terms of the global heat transfer coefficient (U — W/(m?K) by
the Equation 8 [15]:
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2ﬂr1Lh1+2nkAL+2nkBL

If the overall heat transfer coefficient (U) is defined in terms of the inner surface area, A;=2mnr;L, then we have Equation 9:
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Figure 1. Schematic of the temperature distribution in a cylindrical wall system composed of thermal resistances in series. Image adapted
from [15].

To predict the effect of coating application on the heat exchange between the hot gases generated by the burner and
water flowing inside the tubes, the heat transfer rate efficiency (n) was calculated (Equations 10 - 12). The calculations were
performed for the following considerations:
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a) Without the presence of the coating (not isolated);

b) Considering the presence of the coating (isolated), the thermal diffusivity was obtained experimentally.

_ Qisolated _ UAATisolated
= i T UAATnon: (10)
dnon-isolated non isolated
ATisolated = ATmm isolated (11)
n= disolated  _ Udisolated (12)
Anonisolated UAnon isolated

The heat transfer area for all cases was defined by A=2mrL, varying as a function of the internal and external radii (0.0225
m and 0.0295 m respectively) and the useful length of the tube (1 m). Average values were adopted for the convection heat
transfer coefficients for condensation / vaporization 51250 W/m2K and 137.5 W/m2K respectively [15] and a conductivity
coefficient for the boiler tubes of 81 W/m 2K.

The adhesion test that evaluated the mechanical/metallurgical interaction of the coating with the substrate was performed
according to the Cohesion Strength of Coatings by Thermal Spray of the ASTM C633 [16] standard. Eight samples with a diameter
of 20 mm were tested, arranged and fixed using 3M Scotch Weld DP-460 adhesive. The spools were arranged on two plates
measuring 150 x 100 mm each, coupled to a universal testing machine, EMIC model DL-30000, and pulled by a load of 50 kN at
a speed of 1 mm/minute.

Substrate and coating samples were analyzed for present phases by X-ray diffraction (XRD) using a Rigaku Ultima IV
diffractometer with a 285 mm radius goniometer. The measurements used a tube with a copper anode, incidence slit of 2/3, 10
mm mask, 0.6 mm diffracted beam slit, power 40 keV and 40 mA, Bragg Brentano scan of 26 (5 - 100) °, 0.05° step, 10 - seconds
time per step.

3. Results and Discussion

Figures 2 and 3 present the aspect of the cross-section of the substrate/coating system in the OM, where the coating
presented superimposed metallic layers of flattened lamellae, typically associated with metallic coatings obtained by ASP. A
series of heterogeneities is inherent in the thermal spraying process. Discontinuities in the coating microstructure (pores, oxides,
and cracks) obtained by thermal spraying are common and their quantity and distribution can considerably limit their useful life
and performance in service. The presence of pores and cracks in the coating can generate permeability with harmful effects for
the substrate, such as loss of adhesion at the substrate-coating interface, failure to protect against corrosion and decrease in
the coating thermal conductivity. The presence of oxide networks, in turn, can reduce the adhesion between lamellae and
substantially increase the coating hardness, making it brittle. Controlling the parameters of thermal spray coating processes
mitigates and minimize the presence of these defects.

Some percentage of porosity in metallic coatings is part of the characteristic of materials sprayed using the electric arc
process, and it is recommended that this porosity be as low as possible due to the damaging effect on the coating cohesion.
Furthermore, when these void regions form in an interconnected manner, the presence of direct paths from the ambient
atmosphere to the substrate can become preferential sites for corrosion processes Lacerda et al. [17]. Some typical defects (such
as cracks and pores) can be observed in Figures 2 and 3. Similar aspects were found by Vaz et al. [18], Sulcova et al. [19],
Lacerda et al. [17], Gomes [3], Zhang et al. [20], Azarmi and Sevostianov [21] for coatings obtained using the same technique,
some of them with a wire chemical composition similar to that used in this study. Cracks and pores appeared as dark regions in
the OM images, the particles unfused during spraying as light and spherical regions.
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Figure 3. Cross-section of the substrate/coating system.
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The coating had a thickness of 337.40 + 52.89 myu and an average roughness (Ra) of 247.84 + 63.46 my. In the metallic coating
obtained by ASP proposed by Kant et al. [20], the Ra found was 2.986 um. Arif et al. [22] obtained Ra = 6 um. Cossenza [23] obtained
Ra = 51 um for metallic coating and using electric arc spray parameters similar to those used in this study.

The deposited thickness and surface roughness are values that are strongly dependent on the TS parameters used and affect not
only the effectiveness of the system's heat exchanges, but also the resistance to wear by the impact of particles in the boiler environment
[24,25]. TS parameters influence the surface finish and its morphological appearance [22]. Erodent particles tend to act more aggressively
on surfaces with high roughness, thus reducing their useful life. One of the possible reasons for the high roughness found here have been
the spraying distance adopted, which made the particles collide with the substrate in a less molten state, producing peaks and valleys on
the surface of the coating, generating a more irregular surface, and thus increasing the surface roughness.

3.1. Chemical analysis

Table 3 presents the chemical composition of the coating was obtained by EDS from the analysis of a small area of the
sample. The EDS is a semi-quantitative method, so this analysis mainly returns to the principal components of the material. To
analyze more specific the materials quantity components, other techniques must be used.

Table 3. Chemical composition of the coating.

Elements - .
(%Weight) Silicon Chromium Manganese Boron Iron
Coating 1.02 29.69 5.90 - 68.17

The concentrations of silicon, chromium and iron in the coating were similar to those in the wire (Tab. 1). The presence of
boron was not evaluated because it is a light element, that is, with an atomic number equal to 5, and it cannot be identified by
EDS, which only detects elements with an atomic number greater than 11 [26,27]. The results obtained by EDS showed that the
elements present in the wire were incorporated in the coating and in the same proportions.

The use of compressed air as a propulsion gas proved to be reliable for the incorporation of the elements present in the
wire, although studies indicate that the use of argon as a propulsion gas is better, since it generates an inert arc and consequently
coatings free of oxides and other contaminants [28-30].

3.2. Modeling the heat exchange yield

The heat transfer model presented a flow of 1,252.91 Watts / meter of tube, considering as substrate (uncoated) steel
tubes typically used in boilers of thermoelectric plants.

The coating showed a thermal diffusivity of 2.42 + 0.39 mm?/s and its presence caused the heat flux to be 1,244.93 Watts / meter
of coated tube.

The results obtained through the mathematical model developed showed that the coating presence represented 0.64% of
losses for heat transfer in the system. According to Armstrong, one should consider the use of coatings in boiler tubes causes
reduce in thermal efficiency of less than 1% [31].

3.3. Microhardness

Figure 4 shows one of the Vickers microhardness (HV) measurement grids made on the coating. The same procedure was
performed to determine the microhardness of the substrate and the region of interface between substrate / coating.

Figure 4. Grid of microhardness measurements in the coating.
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Table 4 presents the results for each region analyzed.

Table 4. Vickers microhardness values (HV).

Average (HV)

Coating 730.54 £ 164.28
Interface Substrate/Coating 21.79 £ 28.27
Substrate 179.26 £+ 6.72

The coating microhardness was approximately 3 times higher than that of the substrate and 11% lower than the hardness
of coal ash used in a Brazilian thermoelectric power plant, which is 825 HV [32]. The high hardness of coatings is a contributing
factor to the longevity of the pipeline. The greater dispersion of measurements for the coating can be attributed to the presence
of oxides, cracks and pores [33,34]. The adhesion tests performed according to ASTM C633, showed an average bond strength
of 12.06 £ 2.5 MPa [16]. The value is in accordance with that determined by the Petrobras standard N-2568 [35] applied to the
Brazilian oil industry and which sets minimum requirements for depositing coatings by TS electric arc applied to tubes and
metallic equipment, among which must have a minimum adhesion of 10 MPa.

The Electric Power Research Institute — EPRI establishes that for wire arc thermally sprayed coatings with chemical
composition Fe-27Cr-3B-1.5Mn-Si adhesion strength is 40 MPa, but this result will depend on the spray parameters used, the
coating surface roughness, the type of adhesive used and its curing time and the adhesion test standard considered [36].

The factors that affect the adhesion strength of the coating are mainly determined by the interfacial phenomena between
the coating and the substrate and the microstructure formed, in addition to the residual stresses in the coating. Typically, a
coating with a high value of residual stresses will have a lower average adhesion value compared to another coating that does
not have high values of residual stress. At elevated temperature levels during deposition, diffusion occurs at the
substrate/coating interface layer, which results in mixing of the materials. Depending on the type of interface formed, strong
metallurgical bonding can occur, resulting in high values of adhesive strength. Considering TS methods, the substrate surface is
generally rough, and the coatings are sprayed at a lower temperature, which reduces atomic diffusion at the substrate/coating
interface, generally resulting in lower adhesion. However, greater adhesion forces can be obtained by adjusting the spray
parameters and the propulsion gas [36,37].

The percentage of exposed coating area, that is, the fraction of tested area in which the fracture occurred within the
coating, presented an average value of 37.91 + 19.80%. Regarding adhesion tests, the greater the coating area exposed in the
test, the greater the adhesion strength and the greater the protection of the coated part in terms of its resistance. The larger
the substrate area exposed after the pull-off test, the lower the protection [38].

Figure 5 shows an aspect of the coating surface region after the pull-off test.

Figure 5. Circular region where the spool was glued in the pull-off test.

The brightest region of the tested area belonged to the region covered with adhesive and the region with the darkest
shade belonged to the exposed coating.
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EDS performed in the sample area of Figure 5 showed that the brightest regions had energy peaks characteristic
of the coating elements and carbon (belonging to the adhesive). Regions of lower brightness (darker hue) showed the
significant presence of the elements present in the coating (essentially iron and chromium). The presence of aluminium
in this region was attributed to the alumina blasting of the spools. Figure 6a presents a map of false colours assigned
to the elements identified over the area of darker shade of Figure 5. Figure 6b presents the spectrum of characteristic
energies for the area of Figure 6a.

The results showed that failures of a cohesive nature occurred, that is, the pull-out occurred essentially in the coating and
not in the substrate [39]. This fact can be considered promising for the protection activity to be performed by the coating, since
the exposure of the substrate is not desired.

) Pulses/eV

KeV

Figure 6. (a) Pull-out surface in the region of darker shade of the spool of Figure 5 with the identification of the significant presence of the
coating elements (iron and chromium); (b) Spectrum of characteristic energies associated with the mapping of the region of (a).

Figure 7 shows the trend of variation between exposed areas of pullout or fracture within the coated layer with measured
adhesion stress.
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Figure 7. Variation of adhesion tension with the percentage of exposed areas in the adhesion test.

According to Cossenza [23] the precise value of the tension for the test would be determined in the case of total rupture
of cohesive nature of the coating, that is, the correct rupture tension for the test would be the one where 100% of rupture of
the coating occurred, which it did not occur, although the adhesive used had an average tension of 25 + 4.1 MPa [23], a value
above the maximum obtained in the tests performed with the samples for the present study.

3.4. X-Ray Diffraction

Figure 8 presents the diffractograms obtained for the coating and the substrate.

Countsis
Substrate
500
) ,
i . S\ N
1001 Coating

Wl i o

i} - T T
20 30 T0 80

40 20 B0
Pasition [*2Theta] (Copper (Cu))

Figure 8. XRD diffractograms of the substrate (above) and the coating.

The results obtained by XRD corroborate the results obtained by EDS, confirming that it is a coating mainly made of Fe-Cr-
Si. In the coating diffractogram, the appearance of crystallographic planes referring to the substrate (angles 442- 462 and 6429-
662) and diffraction planes at 29-319, 50-512, and 77-799, indicating crystalline phases with characteristic orthorhombic and
hexagonal. This way, it be concluded that the process could not amorphized the deposited coating. Although coating
amorphization is generally a consequence of the electric arc TS process for iron-based alloys [40-42] and that amorphous
coatings are considered more suitable due to their high mechanical strength, high hardness, large elastic deformation limits,
hydrophobicity, magnetic properties, good corrosion and wear resistance and thermal stability [43,44], the literature shows that
coating metals with crystalline phases have already obtained good durability in service [45-47].
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4, Conclusion

The technique and parameters of TS by ASP used promoted the obtaining of a metallic coating with the same chemical
composition of the wires originally used, that is, the chemical elements present were incorporated in the coating and in the
same proportions. This transfer stability of the wire components to the coating counts positively for the manufacturing process
of the coating chosen to be carried out in the field.

The proposed coating presented typical characteristics of metallic coatings sprayed by an electric arc, such as pores and
cracks. It was observed that it was deposited homogeneously on the substrate and with an average roughness (Ra) of 247.84 +
63.46 my. This characteristic is associated with the spray parameters used and affect its wear resistance.

In the mathematical model developed to evaluate the impact of the presence of the coating on the heat transfer in the
boiler tube, it implied a reduction of the heat exchange of approximately 0.64%, a value considered within the acceptable range.

The average hardness for the proposed coating was 730.54 + 164.28 HV, only 11% lower than the erosive agent (ash)
present in boilers powered by pulverized coal in Brazil (825 HV).

The average adhesion strength of the coating was 12.06 + 2.5 MPa and with failures of a cohesive nature without exposure
of the substrate, a result considered promising in terms of protecting the substrate when in service.

The XRD test confirmed that even after the electric arc TS procedure, the coating maintained its crystalline characteristic,
although iron-based alloys tend to amorphized.
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