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Dear reviewer, 

First of all, we would like to thank you for your time and contributions. 

We all agree with your comments and suggestions. For this reason author´s response is 

described down below in the following Table: 

# Reviewer's comments Author´s answers: 

1 The English must be 

checked throughout the 

text. 

 

The English has been checked by our language experts 

2 It is not clear why EPD is 

a "better" technique than 

other methods to produce 

such coatings, this must 

be made more clear in the 

Introduction 

Among all of them, the electrophoretic deposition 

technique (EPD) is presented as a potential alternative 

to deposit ceramic coatings onto metallic substrates. 

This deposition technique has great versatility and 

significant advantages such as short formation time, 

simple equipment need, little restriction in substrate 

complex geometries being able to be easily modified 

for a specific application (flat, cylindrical or any other 

shaped substrate with only minor change in the 

electrode design and positioning), easy control of the 

thickness and morphology of the deposited film 

through simple adjustment of the deposition conditions 

(time and applied potential). 

The term has been changed in introduction (page 8) 

and it has been included new reference: D. Vélez, J. 

Muñoz, J.A. Díez, Influence of application technology 

in the structural characteristics of ceramic coating with 

advanced anticorrosive and tribological properties, 

Adv. Sci. Tech. 91 (2014) 108-116, 

https://doi.org/10.4028/www.scientific.net/AST.91.108  
 

3 The rationale behind the 

selection of the Black dye 

must be provided more 

clearly 

The selection of a Black dye lies in the fact that a 

blackbody is an ideal surface, which satisfies three 

important conditions. First, it is a perfect emitter as it 

emits more radiant energy than any other surface for a 

specified temperature and wavelength. Second, a 

blackbody is the best absorber of energy as it absorbs 

all energies incident on it from all directions and at all 

wavelengths. And thirdly, a blackbody is a diffuse 

emitter as its radiant energy emitted is only a function 

of temperature and wavelength but is independent of 

direction. On this basis, the addition of a Black dye 

will let improve the emissivity results that are pursued 

in this study. 
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and it has been included a new reference: M. Massoud, 

Engineering Thermofluids: Thermodiynamics, Fluid 

Mechanics, and Heat Transfer, 2005. 

 

4 a) How were the EPD 

parameters selected ? By 

Trial-and-Error"? 

 

b) Why were DC and 

constant voltage 

conditions used?  

 

c) How many samples 

were coated with one 

suspension?  

 

 

d) How was the drying 

process optimised? 

a) The EPD parameters were selected after having done 

an exhausted Design of Experiments study. The 

reference study is [30] M.R. Pérez García, J. Muñoz, 

J.A. Díez, Taguchi experimental design method for 

electrophoretic porcelain enamel (EPE), ECerS 2015 

14th International Conference – European Ceramic 

Society . The tern has been changed in Materials and 

Methods (page 12) 

 

b) The use of DC and constant voltage is the 

recommended way of proceeding as these parameters 

depend directly on the area to be processed. The 

amperage increases as a function of the work area and 

that is the reason why it is a good deposition technique 

for coating complex geometries. 

 

c) 1 sample for each suspension of 100 ml. 6 samples 

for each formulation has been done for a complete 

characterisation.  

 

d) Later, all the samples were dried in an oven (JP 

Selecta Digitronic 2005142). The drying conditions 

were selected through a Design of Experiments study 

with the aim of achieving a slowly and extended 

enough process so that the sublimation progress taking 

place inside the oven does not cause cracks in the 

ceramic layer during such drying process. As the same 

of the 4a review, this parameters are selected bases on 

previous test [30] M.R. Pérez García, J. Muñoz, J.A. 

Díez, Taguchi experimental design method for 

electrophoretic porcelain enamel (EPE), ECerS 2015 

14th International Conference – European Ceramic 

Society . The term has been changed in Materials and 

Methods (page 12) 

 

In addition, you will find the modifications highlighted (in yellow) in the new version of 

the paper. 
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Abstract 

In this study, three different vitreous ceramic coatings have been designed to improve 

radiation heat transfer and thereby increase the thermal efficiency of fired heaters or 

furnaces working at high temperatures. The vitreous ceramic coatings were produced 

through Electrophoretic Deposition technique (EPD) of ceramic suspensions. These 

ceramic formulations were designed based on components which increase emissivity, 

such as SiO2 and a Black dye (based on chromium, copper and iron oxides), added in 25 

wt%. These coatings showed emissivity values around 0.89 at room temperature and 

around 0.82 at 550 ºC in the middle infrared (MIR) spectral range, with slight 

differences between them. The SiO2 and Black dye additions provide an important 

protective effect on the coatings’ thermal stability as it was proved by the absorbance 

level at long times, higher than 85 % in the near infrared (NIR) spectral range. These 

results were also supported by microstructural characterisation, substrate-coatings 

adhesion strength and thermal stability tests. 
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Highlights 

 Homogeneous vitreous ceramic coatings containing 25 wt% SiO2 and 25 wt%. 

Black dye were obtained by electrophoretic deposition. 

 Ceramic coatings exhibited normal emissivity values around 0.89 at room 

temperature and around 0.82 at 550 ºC in the MIR range. 

 Ceramic coatings maintained an absorbance level around 85 % in the NIR range 

after 216 h at 550 ºC. 

 SiO2 and Black dye provide thermal stability to ceramic coatings at 550 ºC after 

long thermal cycles. 
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1. Introduction 

Western Europe is nowadays facing an increasingly growing shortage of energy 

resources. Raw materials, especially those from the petrochemical sector, have more 

limited availability and, therefore, their prices show a growing trend. The price of 

energy from these sources has already become one of the main fixed operating costs in 

the industry and an exponential increase is expected in the short-medium term. That is 

why, increased energy efficiency has been established as a key objective (i.e. the 

European Commission’s target is to increase energy efficiency up to 32.5% by 2030 [1] 

prioritizing a better use of existing energy. 

With this in mind, among the different productive processes there are industries using 

fired heaters or furnaces whose concern is to maximise the efficiency of boilers with the 

aim of reducing fuel consumption. This versatile heat transfer equipment is very 

common in numerous industries such as refineries, petrochemicals, production of 

ceramics, glass and steel [2]. For instance, the iron and steel industry are one of the 

most energy consuming manufactures since energy is consumed during several stages of 

the production process: raw materials preparation, casting, finishing, heat treatment, to 

mention just a few. 

Furnaces are also used in reheating processes [3] to heat steel shapes in order to get a 

suitable plastic deformation in the rolling stage. They are continuous processes which 

occur in a furnace where the stock is a charged, heated and discharged while producing 

energy transfers by means of convection and radiation from the hot burner gases and the 

furnace walls [4]. As a result of the high temperature of the combustion gases and the 

furnace walls, most of the heat transfer is carried out by radiation, and subsequently, 

any small improvement in thermal efficiency significantly increases the production 
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yields and even reduces consumption of fuel [4]. Radiance emitted from the surface 

principally depends on two factors: a) the surface temperature, which is an indication of 

the equilibrium thermodynamic state resulting from the energy balance of the fluxes 

between the grey body surface and its surroundings; and b) the surface emissivity, 

which is the efficiency of transmission of radiant energy generated in the surface into its 

surroundings. The surface emissivity, in turn, depends on the temperature, the nature of 

the material (its composition), the surface parameters (roughness, thickness, etc.) and 

the wavelength. In general, solid materials always emit energy over the entire 

wavelength spectrum but for a non-grey surface, the emissivity is a value that depends 

on the wavelength [2,5,6]. It has been previously established that most polar bonding 

oxides show strong efficiency of photon emission thus exhibiting a high emissivity 

value [7]. 

90 % of the heat energy transferred in furnaces with operational temperature 700 to 

1200 ºC is produced in the Near IR ban spectral zone, between 1.5 and 6.4 µm [2,8]. 

In this respect, the application of high emissivity coatings [2,4,7,9,10,11] in these 

furnace components improves heat transfer considerably while producing important 

energy savings without compromising process reliability, operation safety, and 

ultimately increasing thermal efficiency. Over the last years, major development and 

research effort have been carried out to analyse the benefits and advantages of high-

emissivity coatings in order to substantially improve their performance [2].These 

coatings mainly consist of materials capable of absorbing and re-radiating thermal 

energy such as SiC, Si3N4 and Al2O3 [12,13]; Zr-B2-SiC [14]; or SiC/SiO2 [15]. 

However, at the same time, they are coatings designed to perform other important tasks: 

good adhesion strength, high resistance to abrasion, good resistance to thermal shock, 
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thermal expansion coefficient similar to metal substrates to prevent surface defects [2] 

to name a few. 

The definition describes emissivity as the ratio of the thermal radiation from ideal black 

surface (classified with an emissivity value of 1) at the same temperature given by the 

Stefan-Boltzmann law; it is also possible to obtain high emissivity surfaces by 

developing black surfaces [16,17]. 

In summary, high emissivity coatings capable of maximising and stabilising surface 

emissivity over various thermal processes, delivering as a consequence quick and 

efficient heat transfer, uniform heating and even a longer service life [18,19,20]. 

Many techniques for the production of ceramic coatings have been proposed, such as 

conduction and diffusion processes (electrostatic deposition, electrophoretic coating, 

electrolytic deposition…), chemical processes (chemical vapour deposition, plasma…), 

wetting processes (dip coating, spin coating…), spraying processes (flame spray, 

detonation spray…) and physical vapour deposition processes (sputter deposition, ion 

beam deposition…) [21]. Among all of them, the electrophoretic deposition technique 

(EPD) is presented as a potential alternative to the deposition of ceramic coatings onto 

metallic substrates. This deposition technique offers great versatility and significant 

advantages such as short formation time, only simple equipment needed, reduced 

coating costs, little restriction in substrate complex geometries which can be easily 

modified for a specific application (flat, cylindrical or any other shaped substrate with 

only minor change in the electrode design and positioning), easy control of the thickness 

and morphology of deposited films through simple adjustment of the deposition 

conditions (time and applied potential), excellent edge coverage...The EPD technique 

lets deposit ceramic coatings on complex geometry substrates, lets control the layer 
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thickness and morphology in short deposition times using a simple EPD equipment 

[22,23,24,25]. The EPD principle is based on subjecting a stable colloidal suspension in 

a liquid medium to an electric field between two electrodes so that the charged particles 

are attracted to and deposited onto the conductive substrate. The process has to be 

regulated to achieve a homogeneous ceramic layer by stabilizing the suspension 

(particle size distribution, pH, conductivity, viscosity…) and the electrical conditions 

(deposition time and applied voltage) [22]. 

Considering the ease of the deposition technique, it has been selected a good option to 

properly design high emissivity ceramic coatings that could apply layers on metallic 

components placed inside furnaces. Three different ceramic formulations have been 

designed using components which increase the coatings’ emissivity such as SiO2 and a 

Black dye (considering its black nature and the presence of oxides in its composition 

which provide excellent chemical stability) [26], with the aim of obtaining surfaces with 

great advantages in heat transfer, delivering higher energy efficiency in purpose-built 

industrial processes. These emissivity results were also supported by adhesion strength, 

thermal stability, and microstructural tests. 

The selection of a Black dye lies in the fact that a blackbody is an ideal surface, which 

meets three important conditions. First, it is a perfect emitter as it emits more radiant 

energy than any other surface for a specified temperature and wavelength. Second, a 

blackbody is the best absorber of energy as it absorbs all energies approaching it from 

all directions and at all wavelengths. Thirdly, a blackbody is a diffuse emitter since its 

radiant energy emitted is only a function of temperature and wavelength, yet 

independent of direction [27]. Taking the above into account, the addition of a Black 

dye will improve the emissivity results that are pursued in this study. 
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2. Materials and Methods 

Commercial frit VP15/1546 (supplied by Prince Minerals) was used as main raw 

material which set the ceramic matrix to obtain the vitreous ceramic coatings. This frit, 

based on inorganic elements (SiO2, Al2O3, Na2O, CaO, CoO and TiO2) [28] which 

provide good chemical resistance, is widely used in coated heat exchangers. 

2.1. Preparation of ceramic suspensions 

The ceramic suspensions were prepared by mixing the frit with refractory materials, 

additives and setting agents in order to obtain three different formulations: 

 A (Blank): the frit was ball-milled (MGS Rulli 1P supplied by Heramika 

S.L.) for 3 h with the addition of 4 wt% clay (Al2O3·SiO2·H2O), 0.5 wt% 

bentonite, 0.15 wt% carboxymethyl cellulose and 70 wt% distilled water. 

With the aim of obtaining an optimum milling process, the percentage of 

solids, Al2O3 balls and free space was balanced in volume by mixing a mass 

of 150 g of solid, with the above-mentioned composition with 70 mL of 

distilled water and 160 mL of Al2O3 balls. This formulation served as 

reference. 

 B (Blank + SiO2): it is based on formulation A but with the addition of 25 

wt% of quartz SiO2 (Prince Minerals commercial powder). 

 C (Blank + SiO2 + Black dye): it is based on formulation A but with the 

addition of 25 wt% of quartz SiO2 (Prince Minerals commercial powder) and 

25 wt% of Black dye (Prince Minerals commercial powder based on Cr, Cu, 

Fe oxides). The composition of the Black dye, characterised by SEM-EDX, 
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consist of 46.60 ± 0.95 of O, 26.97 ± 0.67 of Cr, 15.33 ± 0.78 of Cu, and 

11.10 ± 0.52 of Fe (values expressed in wt%). 

After the milling process, the three slurries were controlled in terms of density (1.60 

g/cm
3
) and viscosity (120 s flowing time in Ford cup no. 2). A sieve was used so that it 

would be possible to test the grain size a 44 µm (aperture: 16,900 mesh/cm
2
), and the 

absence of any solid residual above this size was checked in accordance with ISO 

3310/1:2016 [29]. 

The initial pH value was approximately 11 in each formulation. 3 ml of sodium 

aluminate 43 % (ALNA
®

 73, IQE group) per each 100 g of frit was added to obtain a 

final conductivity of 3.11 mS/cm and a pH of 13, which was further decreased to 12 by 

adding HCl 1N (1 mol/solution, Scharlau). Eventually, 0.1 % sodium dodecyl sulphate 

(SDS) anionic surfactant was added to achieve colloidal stability of the slurry. 

2.2. Preparation of ceramic coatings: EPD process 

Ceramic coatings were deposited onto metallic substrate by the electrophoretic 

deposition technique (EPD). Square plates of 310 stainless steel were used as substrate 

(50 mm x 50 mm x 1 mm), which were pre-treated by sandblasting in a Norblast FN - 

30T grit-blasting equipment operated with white corundum GR100, Coniex. This 

previous step allowed the removal of surface impurities as well as provided a specific 

suitable surface area. Subsequently, the substrates were cleaned with deionized water 

and compressed air prior to the EPD process. In the EPD, based in a two-electrode cell, 

the cleaned substrates to be deposited acted as the positive electrode (anode), while 

another stainless steel plate with similar dimensions acted as the negative electrode 

(cathode). Both plates were placed into a glass baker containing the ceramic suspension 
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(100 mL), at a distance of 20 mm. Deposition occurs when the suspended ceramic 

particles adhere to the work piece under an electric field forming a foam-structured 

solid layer while electro-osmotic dewatering takes place. 

All EPD experiments (three formulations: A, B, C) were carried out at room 

temperature by applying a constant voltage of 20 V using a DC power supply 

(Blausonic FA-350), with a deposition time of 20 s, as established after a Design of 

Experiments study [30]. The study, based on a Taguchi experimental design, allows 

obtaining a desirable thickness in the ceramic coating under various conditions 

developed by EPD. An orthogonal array of L16 (2
15

) type at two levels of control factors 

was utilised to determine the significant factors affecting the deposition rate. The 15 

factors studied were divided in four basic stages of the EPD process: substrate 

(including substrate and pre-treatment), formulation (including concentration, pH, 

density and particle size), EPD system (including applied voltage, exposure area, 

deposition time, distance between electrodes, systems temperature and rinsed off) and 

heat treatment (including drying temperature, drying time, sintering temperature and 

sintering time). After the deposition processes, the obtained samples were first rinsed 

out with deionized water to remove all excess non-charged particles and to obtain a 

smooth surface finish. 

Subsequently, all the samples were dried in an oven (JP Selecta Digitronic 2005142). 

The drying conditions were selected through a Design of Experiments study with the 

aim of achieving a slow, sufficiently extended process so that the sublimation inside the 

oven does not develop cracks in the ceramic layer during the drying process. 

The sintering process of the coated samples was carried out in air atmosphere using a 

Hobersal HD230-PAD furnace, in order to consolidate the ceramic coating and boost its 
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adhesion strength to the substrate. The sintering temperature of the different dried 

formulations was determined on the basis of the melting point obtained by heating 

microscopy (Expert System Misura HSML ODLT 1400- 30) from 500 ºC to 1200 ºC at 

a 1 ºC/min heating rate (Table 1). Thus, Samples A, B and C were sintered at 780, 827 

and 914 ºC, respectively. 

2.3. Characterisation of experiments 

Distribution of the particle sizes of the ceramic formulations was analysed using a 

Mastersizer 3000 MAZ 6140 supplied by MALVERN Instruments Ltd, to determine 

DV(10), DV(50) and DV(90) parameters which represent the maximum particle 

diameter below 10 %, 50 % and 90 % of the samples volume respectively. 

Evaluation of sintering behaviour of the dried powder formulations was performed 

using a heating microscope (Expert System Misura HSML ODLT 1400-30) over a wide 

temperature range, from 500 ºC to 1200 ºC at a 1 ºC/min heating rate (Table 1) with a 

temperature accuracy of 0.1 ºC. This characterisation technique provides useful 

information to establish the optimum firing conditions, which let consolidate the 

coatings to the metallic substrate. For this purpose, dried ceramic powder was shaped in 

small cylinders with a height of 3 mm and a diameter of 1 mm and placed over alumina 

slabs inside the furnace of the heating microscope for testing. The software, which 

combines thermal treatment with image analysis, provides five characteristic 

temperatures: a) the first shrinkage with a 5 % dimensional change (Tsintering); b) the 

maximum shrinkage where rounded edges and smooth walls appear (Tsoftening); c) the 

ball point where the first signal of melting appears and the sample looks like a perfect 

theoretic sphere (Tsphere); d) the half ball point where the sample height is half its base 
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(Thalf sphere); and e) the flow point where the sample collapses to a third of its height at 

the hemisphere state (Tmelting) (following DIN 51730 standard) [31]. Thus, the melting 

temperatures obtained by heating microscopy were the ones used as sintering 

temperature of the different dried formulations. 

The adherence test was performed using an impact tester (supplied by Neurtek) in 

accordance with UNE-EN-10209 standard [32] where the adherence strength of the 

ceramic coating is measured after a ball impact that generates a deformation in the 

substrate. In this experimental setup, a load of 1.5 kg steel ball is applied from a specific 

height depending on the steel sheet thickness, 750 mm for this case corresponding to 

1.2-3 mm steel sheet thickness. The adherence intensity between the ceramic coating 

and metal substrate was assessed according to the remnants of vitreous ceramic coating 

on the destroyed surface. Accordingly, the strength of coating adherence is classified by 

visual inspection into grades from 1 to 5, with1 being the best (if most of the ceramic 

layer remains on the steel sheet) and 5 the worst (if most of the ceramic layer is 

removed from the steel sheet, and the surface appears silvery bright). 

Thermal stability tests were carried out by cyclic heating up to 550 ºC for 24 h and then 

cooling down to room temperature, reaching 216 h in total. The surfaces of the samples 

were evaluated every 24 h focusing on their optical properties and appearance. 

A Nikon SMZ800N microscope was used to obtain high-resolution images of minute 

surface structures at 16.3x magnifications. 

A scanning electron microscopy (SEM JEOL JSM 5500 LV) equipped with energy-

dispersive X-ray (EDX) microanalysis systems (INCAx-sight 6617, Oxford Instruments 

Analytical, England) was used to characterise the microstructure of the deposited films. 

Coating thickness was calculated as an average of three measurements taken from 
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micrographs at 100x magnification. All the samples were sputtered with gold prior to 

SEM-EDX analyses. Microanalyses were performed using an electron beam 

acceleration voltage of 20 kV and an acquisition time of 5 minutes. The superficial and 

cross-sectional EDX analyses and mapping were performed to evaluate the distribution 

of chemical elements, such as Si, Fe, Cr and Cu, in the ceramic coatings. 

Topographical maps of the surfaces of ceramic coatings were acquired using a confocal 

microscope (Leica Microsystems, DCM 3D), which employs a blue light source (λ=470 

nm) for better resolution, with objective magnification of 20x and 50x for high 

resolution images analysed by LeicaMap software (Leica Microsystems). Each sample 

was scanned over three areas of approximately 1.5 x 1.5 mm size. 

Absorbance and emissivity were analysed at room temperature. Absorbance 

measurements were acquired in a JASCO V-570 UV-VIS-NIR Spectrophotometer fitted 

with a double-beam system with a single monochromator in the wavelength range 

between 280 and 2500 nm, with 0.5 nm resolution, and equipped with a JASCO ILN-

472 Integrating Sphere of 15 cm diameter for diffuse reflectance and transmittance. This 

spectrophotometer was used to measure spectral normal reflectance. 

An indirect emissivity measurement method [33] was used for analysis of samples at 

room temperature (25°C). Spectral normal hemispherical reflectance was measured by a 

Nicolet 6700 FTIR spectrometer equipped with a IntegratIR
TM

 commercial integrating 

sphere system from PIKE Technologies with an incidence angle of 12° in the spectral 

range from 2 to 20 m. 

The measured values of reflectance were used for calculation of spectral normal 

absorbance and emissivity, assuming the total transmittance as zero for opaque surfaces 

according to Kirchhoff’s law [34]. 
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For emissivity analysis of samples at high temperature, a direct emissivity measurement 

method was used [35]. The method is based on a comparison of black body and sample 

radiation at the same temperature, under the same spectral and geometric conditions. 

The exact temperature of the sample surface was determined using a FLIR A320 

infrared camera and a reference coating with a known effective emissivity applied on 

one half of each sample. By this method, spectral normal emissivity was analysed at a 

temperature of 550°C in the spectral range from 2 to 26 m. 

Band normal emissivity with the weight of radiation intensity at the sample radiation 

temperature according to Planck's law [36] was calculated from spectral quantities. The 

band from 5 to 20 m was selected for room temperature and the band from 2 to 9 m 

was selected for the sample temperature of 550 °C. In these spectral zones, over 75 % of 

the heat energy is transferred for examined temperatures. 
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3. Results and Discussion 

3.1. Characterisation of ceramic formulations 

3.1.1. Particle size distribution 

The ceramic formulations have a particle size distribution slightly changed by the 

addition of SiO2 and Black dye. As shown in Figure 1, the blank formulation, without 

any additions, has a multimodal distribution (black line) with a mean DV(90) of around 

46 µm but with four outstanding maximums (0.9, 3.0, 20.0, and 180 µm). When this 

blank formulation is mixed with SiO2 (red line), the mean DV(90) is barely modified to 

higher values with two outlined maximums (0.9 and 15.0 µm), achieving a more 

homogeneous distribution. The addition of the Black dye (blue line) reduces more 

notably the mean DV(90) value to approximately 38 µm generating one main defined 

maximum, delivering the most homogeneous size distribution. In any case, the three 

ceramic formulations have a suitable and homogeneous particle size distribution [37] to 

be applied by the EPD technique. 

3.1.2. Sintering and melting behaviour 

The evaluation of sintering and melting behaviour allows establishing the characteristic 

temperatures of the three dried powder formulations (Table 1). In these data, the melting 

temperature is the most important parameter in the firing process, as the ceramic 

formulation is completely fluidized, thus enabling the reaction gases to exit and 

strengthening the chemical bond with the metallic substrate. 

Clays, silica and set-up salts are inorganic components added to the slip to adjust the 

rheological parameters and stabilize the suspension. Some of the components are 
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refractories, such as silica and, as a result, more resistant to firing process that can be 

checked by the increase in the characteristic temperatures. In general, a temperature 

increase is shown with the additions, a more pronounced increase for Sample C which is 

seen in the whole temperature range compared to Sample B which is only noticeable in 

the Tsphere, Thalf sphere and Tmelting. This behaviour is due to the greater refractory character 

of the Sample C. Therefore, the SiO2 addition (Sample B) transposes these temperatures 

to upper ranges (more than 40 ºC in the melting temperature), as SiO2 is a thermally 

stable component to high temperatures. On the other hand, the addition of metallic 

oxides present in the Black dye composition also improves the sintering and melting 

behaviour, as metallic oxides are known to prepare pigments resistant to extreme 

working conditions because of their excellent chemical stability [26]. In this case, the 

Black dye is based on Fe, Cr and Cu oxides, which are metallic oxides with high 

melting points; they do increase the characteristic temperatures by more than 130 ºC in 

the melting temperature. 

3.2.  Characterisation of ceramic formulations 

3.2.1. Adherence strength test 

The degree of adherence has been assessed by an impact test according to UNE-EN-

10209 standard [32]. The results of the three samples show that most of the ceramic 

layer remaining on the steel sheet (Figure 2) generated an excellent adherence strength 

of Grade 1 (defined as the impact surface being completely covered by ceramic coating 

although the coating is broken, and metallic substrate is not appreciated) on a 1 to 5 

grade scale (where Grade 5 defined as an impact surface showing a complete 

delamination of the ceramic coating-substrate interface). This is supported by true 
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images where no significant changes can be detected after the addition of SiO2 and 

Black dye. 

The excellent adherence strength of coatings is caused by the formation of dendritic 

structures established between the steel and the vitreous ceramic coating [38,39,40]. The 

firing process ensures the consolidation of the ceramic coating to the metallic substrate 

by a chemical bonding, thanks to several complex chemical reactions taking place in the 

interface. During the heating process of the initial stage, metallic substrate surface 

undergoes oxidation processes which create a thin oxide layer that is entirely dissolved 

by the molten ceramic coating at temperatures above 600 ºC. As a result, iron oxides 

penetrate into the ceramic layer and cobalt ions are simultaneously reduced at the metal-

ceramic phase boundary to dendritic crystals of metallic cobalt, they alloy with iron and 

promote the oxidation of the base metal [41]. As a consequence, the metallic surface 

increases its roughness generating many mechanical anchor points to which the ceramic 

coating can adhere [42,43]. 

A reaction scheme of the chemical processes taking place during thermal treatment is 

shown in Table 2. According to the scheme, the chemical bond between the steel and 

the ceramic coating mainly depends on the concentration of cobalt in the coating, the 

redox condition at the metal-ceramic coating phase boundary is strongly influenced by 

the carbon dioxide release from steel and the partial pressure of oxygen and thermal 

treatment parameters such as time and temperature [44,45]. This chemical bond is 

responsible for the strong adherence between the ceramic coating and the steel 

substrate. 
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3.2.2. Thermal Stability 

Thermal stability of vitreous coatings was evaluated according to the behaviour of the 

coatings before and after the thermal load. Visual changes at microscopic and 

macroscopic level along with changes in the roughness and thickness of the coatings 

provide basic information about thermal stability of the coatings. The microstructure of 

ceramic coating, especially the distribution of porosity and bubbles, the elemental 

composition of coatings and SiO2 content on surface of coatings give more detailed 

information. 

Images analysis on both a macroscopic and microscopic level was performed over the 

cycles of thermal stability test (Table 3) for the three ceramic coatings. Minor changes 

in the colour tone are observed at macroscopic level while in a greater detail, at 

microscopic level, a bigger loss of tone is shown. This indicates that the samples have 

undergone a certain visual degradation that may have been caused by the increased 

roughness of the coating after thermal load. 

Three different morphologies are shown by 3D mapping (Table 4). In general, with the 

increased addition of SiO2 and Black dye, the surface roughness (Ra) increases (Table 

5) by approximately 10 % for Samples B and C in comparison to Sample A. 

On the other hand, it has been seen that thermal stability test promotes higher surface 

roughness in all cases; this holds especially for Sample A in terms of the initial 

morphology that increases by one order of magnitude. As expected, the additions, both 

SiO2 and Black dye, increase the initial roughness and the increment appears sharper for 

Sample C as a consequence of having the two additions in the same coating. After the 

thermal stability test, both Sample B and C experience an increase in roughness, which 
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is more pronounced in the sample having SiO2 and Black dye additions as there are 

more components not embedded in the vitreous net. 

Output data from the SEM-EDX characterisation is used for identification and 

distribution of certain inorganic elements present in the ceramic coatings via the 

mapping analysis and their semi-quantitative determination. The three ceramic coatings 

show a homogeneous distribution of silicon, iron, chromium and copper (Table 6). 

The silicon content (the green points homogeneously distributed throughout the coating 

layer) is present in the three formulations; however, it must be noted that Sample A 

shows Si content as a consequence of the element being present in the frit composition, 

as explained in detail above in Section 2. The Fe content is prevalent in the interface as 

a result of chemical bonding between the vitreous ceramic coating and the steel 

substrate. Furthermore, a certain level of Fe has also been recorded throughout the layer 

of the coating (blue points) for Sample C due to the addition of Black dye, which is 

based on Cr, Cu, Fe. In this situation, chromium acts as iron because it also has a role in 

the chemical bonding. Chromium comes from the steel substrate and takes part in the 

redox reactions and therefore appears in the Black dye composition (purple points). 

Copper is subtly present both in the ceramic coating (Sample A and B); its levels are 

higher in Sample C due to the composition of the Black dye (pink points). 

The SEM-EDX mappings taken after the thermal stability tests follow the same trend, 

supporting the idea of coatings being thermally stable. 

Furthermore, the ceramic coating microstructure provides very valuable information to 

predict the final properties of the coating. In this sense, the porosity and bubbles 

formation do play an important part. Porosity is the result of gas formation during the 

heating process as a consequence of the high temperature chemical reactions taking 
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place between the metallic substrate and the ceramic coating. Indeed, the generated 

gases are N2, CO2, water vapour, H2 and CH4 [46,47]. In the specific case of water 

vapour, this is formed at about 500 ºC when the clay, a component of the ceramic 

formulation, decomposes. Part of this steam is remains trapped as fine bubbles in the 

continuous vitreous ceramic layer once the melting ceramic coating cools. This 

microstructure is known as bubble structure or close porosity. It is a typical feature of 

the ceramic coating and the phenomenon responsible for providing flexibility to 

vitreous coating. In the formation process of this microstructure [38], the size and 

distribution of the bubbles are important; they highly depend on the conditions of the 

thermal treatment, on viscosity of ceramic coating, and on surface tension [47]. 

Therefore, small bubbles present in under-fired ceramic coatings have very poor 

adherence strength while over-fired coatings form bubbles of too large size or either no 

bubble structure at all. In result, the coating becomes very brittle and prone to cracking 

under low impact or stress. When the ceramic coating is subjected to the optimum firing 

process, its microstructure is based on a structure of medium-size bubbles 

homogeneously distributed. 

In this study, SEM micrographs (Table 7) show some differences in bubble structure 

between samples but it is evident that the bubbles are not interconnected in any of the 

cases and remain confined in the coating layer, thus guaranteeing good protection of the 

metallic substrate against corrosion [45]. Quite homogeneous distribution of two types 

of bubble size all along the coating thickness (see Table 6) could be seen from the 

ceramic coating micrograph without additions (Sample A). 

The addition of 25 % quartz to the ceramic formulation (Sample B) causes a reduction 

in the quantity of small and large bubbles, and generates SiO2 aggregates (black 
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shadows) homogeneously distributed throughout the coating layer, as confirmed by 

EDX (Table 7). Although SiO2 is an inorganic component that is also present in the frit 

composition, when it is added to the ceramic formulation, it does not completely 

integrate in the vitreous network, which is why a part of SiO2 remains in an aggregated 

form. 

On the other hand, a new addition uniformly distributed in the ceramic formulation 

originates a noticeable decrease in the number of bubbles, specially of small size; and 

generates small dye aggregates (small white areas) homogeneously distributed along the 

coating layer, as confirmed by EDX (O, Cr, Fe and Cu in more quantity). In this case 

too, the Black dye has not fully integrated in the vitreous network. 

These conclusions are valid for states both before and after the thermal stability test 

(TT). 

The SEM-EDX analyses obtained before and after the thermal stability test show 

similar values in thickness as well as macroscopic and microscopic analysis, this leads 

to a conclusion that these samples have good heat stability at thermal cycles of 550 ºC 

as expected, taking into account that thermal stability tests were performed at a 

temperature lower than sintering temperatures, which were 780, 827 and 914 ºC. 

The SiO2 content on the coating surface was also analysed by SEM-EDX in a semi-

quantitative way. The results are summarised in Table 8. Sample B shows a slight 

growth in SiO2 content compared to Sample A (lower than expected in a semi-

quantitative assessment) as a consequence of the quartz addition in the ceramic 

formulation. Therefore, Sample C shows lower SiO2 content than Samples A and B 

because Black dye addition decreases the overall proportionality. 
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3.2.3. Influence of coating additions on optical properties 

In order to determine the optical properties of the ceramic coatings, absorbance and 

emissivity were measured. Absorbance was analysed in the wavelength range between 

780 and 2500 nm (NIR label) and emissivity in the spectral range from 2 to 20 m 

(MIR label), both at room temperature (Figure 3). 

In nearly all NIR spectral range the three samples have absorbance percentages higher 

than 85 %. Emissivity values are around 0.9 in the MIR spectral range. These 

absorbance and emissivity data are comparable to other absorbers, such as a silicone-

based high-temperature commercial paint (Pyromark 2500) [48]. 

In general, the comparison between the three ceramic coatings shows a higher 

absorbance percentage for Sample C at wavelengths up to 1750 nm. Above this 

threshold, the absorbance and emissivity of Sample C are lower than for other coatings, 

with the exception of a narrow wavelength band of about 9 m. Thus, the coating 

having Black dye in its composition shows spectral waveform that is different from the 

other coatings in the NIR region. Furthermore, Samples A and B without the Black dye 

component are characterised by the similar spectral curves of absorbance. The 

absorbance of coating with the SiO2 additive is higher than for the base formulation. In 

the MIR region, the emissivity curves of all samples are similar. 

The differences in absolute values of absorbance for Samples A and B are caused by the 

different roughness levels in both samples [49] rather than by the addition of SiO2 

component to the base formulation of coating. As known, a greater roughness results in 

a larger surface where absorption can occur. The spectral waveform in which Sample C 

differs from the other coatings in the spectral region up to 3 m is probably caused by 

the addition of the Black dye component. The differences are too wide and could be 
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attributed to the effect of coating roughness. The effect of the coating composition 

rather than the roughness level is also reflected at a wavelength of about 9 m. The 

difference in roughness levels of the individual samples is too low to have any effect on 

the emissivity values [49,50]. 

In Figure 4, emissivity results are shown in the wavelength range from 2 to 26 m at a 

temperature of 550 °C. The emissivity spectra of all coatings are similar to the 

emissivity curves measured at room temperature. There is a slight difference in 

emissivity Sample C at wavelengths up to 3 m, the emissivity is higher and the shape 

of the spectral curve of this coating is therefore identical to the other coatings. At room 

temperature, the differences in emissivity values of individual coatings are caused by 

the individual composition of the coatings rather than their roughness. All spectra are 

influenced by atmospheric absorption in the bands of 2.5 to 2.95 m, 4.17 to 4.5 m, 

4.8 to 7.9 m and from 13.2 to 17.2 m. 

The absolute emissivity values are lower than at room temperature. The reason could 

potentially lie in the use of different measurement methods. Therefore, it can be said 

that the coatings do not exhibit temperature dependence and that they are temperature 

stable. This is also supported by the results of thermal stability tests. 

As mentioned above, the many factors that affect heat transfer in power units include 

the emissivity values of the device walls at its operating temperatures, wherein the 

thermal process is supported in particular by high emissivity values of the walls. 

Emissivity for room temperatures plays an important role in the initial stages of furnace 

heating. Emissivity at high temperatures consequently contributes to the long-term 

thermal process at the operating temperature of furnace. The band emissivity related to 

the maximum radiated energy at the actual furnace temperature is a variable that fits the 
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purpose of characterising this issue. Therefore, band normal emissivity of the coatings 

analysed for high temperature furnace applications was calculated from spectral 

quantities (Table 9) in the spectral band from 5 m to 20 m for room temperature and 

in the band from 2 m to 9 m for 550 °C. 

The results shown in Table 9 indicate band emissivity of all samples to be high, above 

the value of 0.82. For room temperature, the emissivity values oscillate around 0.89. 

The differences in emissivity between samples fall within the measurement uncertainty. 

The results of spectral and band emissivity clearly indicate that the coatings deposited 

by the electrophoretic deposition technique are suitable for high temperature furnace 

applications in terms of emissivity. 

3.2.4. Thermal stability of optical properties 

Absorbance was analysed in the NIR region at 1486 nm with the time after the thermal 

stability cycles. The selected wavelength corresponds to the maximum absorbance 

values in the NIR spectral range for all coatings. This depicts high absorbance values, 

higher than 85 % for the three ceramic coatings (Figure 5). 

The addition of SiO2 to the ceramic formulation improves the absorbance level; this 

behaviour is even more prominent with the addition of Black dye. The explanation of 

this behaviour resides, on the one hand, in the roughness of the samples, as it was 

mentioned above and, on the other, in the presence of the Black dye as it absorbs more 

due to its black nature. 

The cycled tests for thermal stability reduce the long-term absorbance level of the 

ceramic coating, especially after more than 120 hours of testing (Sample A). However, 

the additions provide a protective effect in thermal stability (Samples B and C), which 
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aids in keeping the long-term absorbance level more stable for the studied range of 

wavelengths.  

4. Conclusions 

High emissivity ceramic coatings obtained by EPD were designed to use in the inner 

walls or superheaters and metallic structures of furnaces with the aim of considerably 

improving heat transfer, to deliver important energy savings, and to maximise the 

efficiency of such equipment. . The characterisation tests performed have provided the 

conclusions below: 

1. The ceramic formulations have a suitable and homogeneous particle size 

distribution to be applied by EPD technique. 

2. The SiO2 addition moves the characteristic temperatures to upper ranges (by 

more than 40 ºC) as SiO2 is a component that remains stable at high 

temperatures. The Black dye, which is based on metallic oxides with high 

melting points (Fe, Cr and Cu), allows to increase the characteristic temperatures 

by more than 130 ºC as a consequence of the excellent chemical stability of such 

metallic oxides. 

3. No significant changes can be detected with the SiO2 and Black dye addition in 

terms of adherence due to the good quality of chemical bonding established in 

the steel-ceramic coating interface. 

4. Thermal stability test indicates more surfaces with a higher roughness for all 

cases. The additions, SiO2 and Black dye, provide a greater protective effect due 

to their refractory nature and their not being embedded in the vitreous net, which 

contributes to increasing the surface roughness. 
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5. Coating thickness is not affected by the thermal stability test and the bubble 

structure remains confined in the coating thickness showing slight differences 

between the three samples. The addition of SiO2 reduces the number of bubbles 

and generates SiO2 aggregates homogeneously distributed throughout the 

coating layer. An additional introduction of Black dye considerably decreases 

the number of small bubbles and generates small dye aggregates which are 

homogeneously distributed as well. 

6. In nearly all NIR spectral ranges, the three samples show absorbance 

percentages higher than 85 %. The addition of SiO2 improves the absorbance 

level due to increased roughness; the effect becomes more pronounced with the 

addition of Black dye owing to its black nature. Besides, the additions provide a 

protective effect in the thermal stability of the coatings while maintaining the 

absorbance level more stable in the long term. 

7. In the MIR spectral range, emissivity values oscillate around 0.89 at room 

temperature; the slight differences between the three samples derive from the 

coating composition rather than the roughness level. There is a slight reduction 

of emissivity result at 550 ºC, around 0.82 for all coatings. 

The vitreous ceramic coatings obtained by the electrophoretic deposition technique meet 

the requirements of high thermal stability and high emissivity. Therefore, the EPD 

technique is suitable for preparing coatings intended for metallic components placed 

inside furnaces. 
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Figure 1. Particle size of ceramic formulations: A (Blank), B (Blank + SiO2), C (Blank 

+ SiO2 + Black dye). 
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Figure 2. Adherence test results of the coatings: A) Blank; B) Blank + SiO2; and C) 

Blank + SiO2 + Black dye. 
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Figure 3. (a) Absorption spectra of the coatings. (b) Spectral emissivity of the coatings 

at room temperature. 

(a) 

 

(b) 
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Figure 4. Spectral emissivity of the coatings at temperature of 550 °C. 
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Figure 5. Absorbance vs. thermal cycles’ time at 1486 nm (NIR) wavelength of the 

coatings. 
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Table 1. Heating microscope characterisation of formulations. 

Sample 

Sintering 

 

Softening 

 

Sphere 

 

Half Sphere 

 

Melting Point 

 

A 

Blank 
590 ºC 668 ºC 712 ºC 753 ºC 780 ºC 

B 

Blank + SiO2 
589 ºC 658 ºC 770 ºC 797 ºC 827 ºC 

C 

Blank + SiO2 + Black dye 595 ºC 704 ºC 823 ºC 864 ºC 914 ºC 
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Table 2. Reactions during firing of first layer of ceramic coatings on steel [44]. 

STEEL CERAMIC COATING 

Oxidation Fe  Fe
2+

/Fe
3+ 

Degassing of biscuit H2O 

Degassing / decomposition of oil residues, 

H2, CO, CO2 
Decomposition of mill additions 

Wetting by vitreous ceramic coating 

favoured by Fe, Co, Cu 

“Melting” of vitreous ceramic coating – 

depending on glass structure 

Formation of Fe-oxidation Diffusion of alkali ions, F
-
, Co

2+
 and Fe

2+ 

Changes of metallurgical structure (grains, 

phases) 

Saturation of FeO / Fe3O4 at the ceramic 

coating steel interface, O2-penetration 

Formation of FexCoy dendrites (anchor points between ceramic coating and substrate) 

 

  



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 
 

36 

 

Table 3. Coatings surface after thermal stability tests, macroscopic (36 mm x 50 mm x 1 

mm) and microscopic analysis (16.3 x magnification). 

 

A 

Blank 
B 

Blank +SiO2 
C 

Blank + SiO2 + Black dye 

Time 
Macroscopic 

level 

Microscopic 

level 

Macroscopic 

level 

Microscopic 

level 

Macroscopic 

level 

Microscopic 

level 

0h 

 

 

 

 

 

 

120h 

 

 

 

 

 

 

216h 
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Table 4. 3D surface roughness morphology of the coatings. 

 A 

Blank 

B 

Blank + SiO2 

C 

Blank + SiO2 + Black dye 

Before 

 

 

 

 

 

 
After 
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Table 5. Surface roughness, Ra (µm) of the coatings. 

A 

Blank 

B 

Blank + SiO2 

C 

Blank + SiO2 + Black dye 

Before After Before After Before After 

0.021 ± 0.003 0.168 ± 0.086 0.141 ± 0.027 0.207 ± 0.079 0.214 ± 0.042 0.355 ± 0.125 
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Table 6. SEM/EDX mapping analysis and semi-quantitative determination of silicon 

(Si), iron (Fe), chromium (Cr) and copper (Cu) of the coatings. 

 SEM Si Fe Cr Cu 

Before A 

 

    
B 

 

    
C 

 

    
After A 

 

    
B 

 

    
C 
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Table 7. Cross-sectional SEM micrographs of B and C coatings and EDX of shadows: 

black for Sample B and white for Sample C. 

B 

(Blank + SiO2) 

C 

(Blank + SiO2 + Black dye) 

 

Before TT: thickness 117 ± 2 µm 

 

Before TT: thickness 114 ± 3 µm 

 

After TT: thickness 113 ± 2 µm 

 

After TT: thickness 119 ± 3 µm 

 

Black shadows 

 

White small areas 

 

  

** 

* 

** 

* 
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Table 8. Semi-quantitative assessment of SiO2 content on surface by EDX 

microanalysis technique before and after thermal stability tests of the coatings. 

Nominal SiO2 

(wt%) 

A 

Blank 

B 

Blank + SiO2 

C 

Blank + SiO2 + Black dye 

Before After Before After Before After 

SiO2 on surface 72.41 ± 1.75 73.20 ± 1.75 75.40 ± 1.08 76.99 ± 1.49 62.78 ± 1.00 62.16 ± 1.42 
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Table 9. Band normal emissivity at room temperature in spectral band from 5 m to 20 

m and at temperature of 550 °C in spectral band from 2 m to 9 m. 

T (°C) A 

Blank 

B 

Blank + SiO2 

C 

Blank + SiO2 + Black dye 

Troom 

 5 – 20 m 
0.892 ± 0.027 0.889 ± 0.027 0.890 ± 0.027 

550 ºC 

 2 – 9 m 
0.835 ± 0.029 0.838 ± 0.029 0.820 ± 0.029 
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Sample 

Sintering 

 

Softening 

 

Sphere 

 

Half Sphere 

 

Melting Point 

 

A 

Blank 
590 ºC 668 ºC 712 ºC 753 ºC 780 ºC 

B 

Blank + SiO2 
589 ºC 658 ºC 770 ºC 797 ºC 827 ºC 

C 

Blank + SiO2 + Black dye 595 ºC 704 ºC 823 ºC 864 ºC 914 ºC 

 

 

Table



STEEL CERAMIC COATING 

Oxidation Fe  Fe
2+

/Fe
3+ 

Degassing of biscuit H2O 

Degassing / decomposition of oil residues, 

H2, CO, CO2 
Decomposition of mill additions 

Wetting by vitreous ceramic coating 

favoured by Fe, Co, Cu 

“Melting” of vitreous ceramic coating – 

depending on glass structure 

Formation of Fe-oxidation Diffusion of alkali ions, F
-
, Co

2+
 and Fe

2+ 

Changes of metallurgical structure (grains, 

phases) 

Saturation of FeO / Fe3O4 at the ceramic 

coating steel interface, O2-penetration 

Formation of FexCoy dendrites (anchor points between ceramic coating and substrate) 

 

 

Table



 

A 

Blank 
B 

Blank +SiO2 
C 

Blank + SiO2 + Black dye 

Time 
Macroscopic 

level 

Microscopic 

level 

Macroscopic 

level 

Microscopic 

level 

Macroscopic 

level 

Microscopic 

level 

0h 

 

 

 

 

 

 

120h 

 

 

 

 

 

 

216h 

 

 

 

 

 

 

 

Table



 A 

Blank 

B 

Blank + SiO2 

C 

Blank + SiO2 + Black dye 

Before 

 

 

 

 

 

 
After 

 

 

 

 

 

 

 

Table



A 

Blank 

B 

Blank + SiO2 

C 

Blank + SiO2 + Black dye 

Before After Before After Before After 

0.021 ± 0.003 0.168 ± 0.086 0.141 ± 0.027 0.207 ± 0.079 0.214 ± 0.042 0.355 ± 0.125 

 

 

Table



 SEM Si Fe Cr Cu 

Before A 

 

    
B 

 

    
C 

 

    
After A 

 

    
B 

 

    
C 

 

    
 

 

Table



B 

(Blank + SiO2) 

C 

(Blank + SiO2 + Black dye) 

 

Before TT: thickness 117 ± 2 µm 

 

Before TT: thickness 114 ± 3 µm 

 

After TT: thickness 113 ± 2 µm 

 

After TT: thickness 119 ± 3 µm 

 

Black shadows 

 

White small areas 

 

 

** 

* 

** 

* 

Table



Nominal SiO2 

(wt%) 

A 

Blank 

B 

Blank + SiO2 

C 

Blank + SiO2 + Black dye 

Before After Before After Before After 

SiO2 on surface 72.41 ± 1.75 73.20 ± 1.75 75.40 ± 1.08 76.99 ± 1.49 62.78 ± 1.00 62.16 ± 1.42 

 

 

Table



T (°C) A 

Blank 

B 

Blank + SiO2 

C 

Blank + SiO2 + Black dye 

Troom 

 5 – 20 m 
0.892 ± 0.027 0.889 ± 0.027 0.890 ± 0.027 

550 ºC 

 2 – 9 m 
0.835 ± 0.029 0.838 ± 0.029 0.820 ± 0.029 

 

 

Table


