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Abstract: Powder technology allows manufacturing complex components with small tolerances,
saving material without subsequent machining. There is a growing trend in using sintered steel
components in the automotive industry. Within 2020, about 2544 million US dollars was invested
for manufacturing sintered components. Not only does this industry uses steel components, but
the gas cooker industry also uses steel in its burners since they are robust and usually demanded
by Americans, with forecasts of 1097 million gas cookers in 2020. Steel gas burners have a ceramic
coating on their surface, which means that the burner is manufactured in two stages (casting and
enameling). This work aims to manufacture the gas burners by powder metallurgy, enameling
and sintering processes in a single step. To achieve this aim, the ASC100.29 iron powder has
been characterized (flow rate, relative density and morphology); subsequently, the most suitable
parameters for its compaction and an adequate sintering temperature were studied. Single-step
sintering and enameling was achieved by compacting iron powder at 500 MPa and sintering at
850 ◦C for 5 min. The necessary porosity for mechanical anchoring of the coating to the substrate
is achieved at this sintering temperature. Bending resistance tests, scratching, degradation under
high temperature and basic solution and scanning electron microscopy were used to characterize
and validate the obtained samples.

Keywords: powder metallurgy; steel; sintering; enameling

1. Introduction

Enameling is an ancient technique used in the arts (jewelry, badges and brooches) [1].
Enamel is a glassy inorganic powder deposited onto a metal substrate; then, it is melted
on it. The molten powder provides a compact coating and gives strength and hardness
to the metal and aesthetics. From 1600 BCE, enameling has been developed to decorate
objects or protect them against corrosion or the environment. It became popular when
it received tremendous interest in improving engineering properties such as wear and
chemical resistance [2]. Furthermore, it is essential to distinguish traditional glazes (for
ceramic materials) from enamels (glazes on metal substrates). Enamels usually have a low
softening point (800–900 ◦C, depending on the specific powder used), rich in cobalt and
titanium, which melt on metals [3].

Silica is the main component of the enamel, but it has a high melting temperature; thus,
it needs fluxes, such as borax (sodium tetraborate in its anhydrous form (Na2B4O7) and
alkaline oxides such as sodium, magnesium, potassium and calcium oxides), to produce
borosilicates. On the other hand, in order to improve the resistance to temperature, chemical
products, abrasive enamels and refractory materials, such as alumina (Al2O3), are used,
providing an amorphous appearance [4]. In addition to these components, enamel needs
to form a metallurgical bond in the interfacial region with the metal; hence, the presence of
Ti, Cu, Cr and Co in enamel compositions can play the role of adhesive agents [5,6]. These
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elements also protect the metal surface from chemical attacks (acids, rust, corrosion, etc.)
and provide the desired color in conjunction with opacifiers and coloring agents such as
titanium dioxide (TiO2). Furthermore, adhesive agents promote the formation of ferrite
spinels on the interface, such as CuFe2O4 and CoFe2O4 [7].

There are some well-known applications for enameled materials, such as odontology
and kitchenware [4]. This is due to their outstanding resistance to heat, thermal shock and
direct flame [8,9]; furthermore, enameling has good resistance to aggressive chemicals and
abrasion. Their surface is easy to clean, especially if they contain TiO2 for photo-catalytic
function since it acts as a virus killer [10,11].

Glazes are thin glassy layers (usually 0.15 to 0.5 mm thick) formed on the ceramic body
that is subsequently fired at a suitable temperature to flow. The evolution of these finishes
makes it possible to differentiate between traditional glazes—that are silicic—and non-
traditional, which are mainly made of polycrystalline systems (oxides, carbides, nitrides,
silicides, etc.) [12].

The enamel composition will be fundamental in its stability and needs to be optimized
so that the working environment does not affect it. If the enamel contains some soluble
components in ambient humidity, they can produce a network of fine cracks; they can lose
gloss or hue or even cause a loss of adhesion that would lead to flaking. Consequently,
substrate corrosion can occur on the metallic component. These soluble components are
alkaline oxides, which are used as fluxes. However, this can be modified with the addition
of alumina and zirconia, or barium and calcium, which can form insoluble silicates [8].
Although enamel presents corrosion protection and high hardness, its resistance to abrasive
wear can be compromised due to the low fracture toughness. Abrasive wear will depend
on the chemical composition of the frit. Rossi et al. [13] tried to improve abrasive wear
resistance by adding hard particles such as quartz, WC or SiC. Quartz particle fillers
improved the abrasion resistance of frit, whereas filler with SiC and WC particles modified
the wear mechanism of the coating. This wear improvement was due to the excellent
interface between the enamel matrix and particles that reduced the crack nucleation.

Nowadays, anticorrosive coatings play an essential role in protection methods due to
their versatility and acceptable costs [14]. Paints or polymeric, metallic and ceramic coatings
can be applied as a protection layer. Many industrial paints are used currently; however,
they have neither a good chemical resistance [15] nor temperature resistance. However,
paints or polymer coatings can be improved by adding fillers such as silica to increase
wear resistance [16], or Nb2O5 to improve chemical resistance in the acid medium [17], etc.
The ceramic powders can also be used as a coating on metallic components once they are
sintered. This coating protects the metal from corrosion or oxidation, improving wear
resistance and mechanical properties. For example, ceramics such as yttria-stabilized
zirconia are used as a thermal barrier coating on Incone 738 superalloy [18]; they reduce
the thermal oxidation and corrosion rate. Other applications with titanium or magnesium
can make them compatible with implants. Specifically, in magnesium alloys that are very
easily corroded, a coating with modified hydroxyapatite produces a biometric layer that
improves corrosion resistance and biocompatibility [19].

The most common techniques to deposit ceramic protection coatings have been known
for a long time: sol-gel processing, physical or chemical vapor deposition, evaporation,
sputtering, laser-induced deposition, ion implantation, and electrolytic deposition [20,21]
are some important examples. Another advanced common technique to make coatings
is a thermal spray. It is widely used in industrial applications, such as aerospace, auto-
motive, chemical and petrochemical industries. Among the thermal spray techniques, the
flame spray method is the most used one; it is a simple and economical technology that
protects the substrate against corrosion and provides good mechanical properties [22]. In
addition, since flame spray coatings are carried out with metallic alloys [23], they have
good resistance to high temperatures [24].

On the other hand, powder metallurgy (PM) is another production process based on
the compaction and sintering of metal powders to produce high-quality parts with complex
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shapes, very tight tolerances, and relatively inexpensive ways [25]. This technology has
been utilized for ages, and nowadays, many researchers continue to work on this concept
looking for new applications, keeping in mind their advantages and limitations [26].

PM manufactured samples can be coated to improve hardness; Franco et al. [27]
created M2 high-speed steel hardened by niobium carbides or niobium borides and iron
borides. Moreover, they also achieved a good wear resistance by the borinizing process.

PM is a technology applied to many metals, such as steel [28–31], stainless steel [32–34],
aluminium [35,36], copper [37], titanium [38–41], and magnesium [42,43], etc. Metal
powders can be pre-alloyed [44,45] or mechanically alloyed [34,46]; it depends on the
application sought. PM seeks added value for use on an industrial scale, such as biomedical
implants using wear-resistant titanium alloys [47–49] or in the manufacture of hard metals
for cutting tools or coatings [50]. Currently, one of its main applications is in the automotive
industry for the manufacturing of small and complex components. The parts manufactured
from iron powders in the automotive industry in 2020 are estimated at 2544 (millions of
US dollars) [51]. The manufacturing of metal matrix composites (MMC) also employs
PM [52], wherein the reinforcement phase could be ceramics, such as cemented carbide
or cermet [53,54]. MMC materials can improve corrosion, wear and high-temperature
resistance in addition to mechanical properties.

On the one hand, PM technology provides components with open porosity, which
are easily damaged by external agents and can suffer corrosion, not just superficially but
also internally. On the other hand, the surface porosity provides the roughness necessary
for mechanical bonding of the enamel [55], in addition to the chemical bonding related to
the adhesion agents it contains. Industrial steel components coated with this enamel are
manufactured in two steps: casting and grinding of parts, followed by electrophoretic or
sprayed coating and heating. This work aims to sinter steel components and coat them
with a ceramic enamel powder within a single step at a low temperature, thus saving
energy and time. Enamel temperature (850–900 ◦C) is low for steels, which are usually
sintered above 1120 ◦C [56]. The low softening point of enamel is a requirement to avoid
damaging the structure of the metal support.

According to the EN 10209: 2013 standard [57], the enamelable steels and irons are
cold-rolled ones; thus, they are low carbon steels with ferrite or ferrite with some pearlite;
harder structures by deformation. In addition, based on the EN 10025-2: 2020 [58] and EN
10111: 2009 standards [59], they can be hot-rolled steels such as unalloyed ones for low
carbon steels.

With this aim, low carbon ASC 100.29 iron powder is used, which is characterized
before and after sintering. The main uses of these parts are gas burners in kitchens
(Figure 1). The household cooking market revenue forecast in 2025 is USD 124.8 billion [60],
in which emerging countries such as China, India or Brazil will be the proper drivers of
this growth. The gas cooktop accounts for around 38% of the total household cooking.
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2. Materials and Methods
2.1. Materials

The used iron powder was ASC 100.29 from Höganäs AB (Höganäs, Sweden). It
is water atomized powder with very high purity (+99.9% Fe, <0.01% C, 0.08% O) and
compressibility, making it possible to reach the density of 7.2 g/cm3 with a single pressing.
It is particularly suitable for high-density structural parts and base material for magnetic
applications [62,63].

For coating, MS3325 porcelain enamel powder supplied by Ferro Spain S.A. (Almazora,
Spain) was used. It is a greasy powder with a grey color composed of frit (alkali borosilicate)
and a binder. It has good resistance to acids and alkalis, pyrolytic performance, high hue
and gloss level. It is formulated for electrostatic application in dry form, although it can
be applied by spray or paintbrush with the appropriate diluent. Furthermore, it can be
applied on decarburized iron with a recommended working temperature of 820 ◦C [64].

2.2. Powder Characterization and Green Properties

The characterization of the iron powder was carried out by measurement of the appar-
ent density according to the EN ISO 3923-1: 2011 standard and the flow rate measurement
with a Hall flowmeter or funnel calibrated based on the EN ISO 3923-1: 2011 standard. In
addition, particle size distribution was also measured by a Mastersizer 2000 (Malvern, UK).

The iron powder was compacted in a uniaxial press (Microtest, Madrid, Spain) at
different compaction pressures from 300 to 700 MPa. The dimensional variation and density
of the obtained materials were studied in this stage according to the EN 3927: 2002 standard.
The dimensional variation was made by the difference between the dimensions of green
samples and the compacting die (31.40 mm × 12.60 mm). This elastic expansion is known
as spring-back. Moreover, the die walls were lubricated with zinc stearate (lubricated die).

The mechanical properties of green components were studied by the three points
flexural test according to the EN ISO 3325: 1996 standard. The load cell was 150 N, and the
test was carried out at a speed of 1 mm/min in a universal testing machine by Microtest
(Madrid, Spain).

2.3. Sintering Properties

The properties of sintered components concerning their associated costs give an idea
of the efficiency of the sintering process. Temperature and time are the most critical
parameters to control the sintering process. A stainless-steel furnace with a temperature
controller from 400 to 1250 ◦C was chosen for sintering, supplied by Microtest (Madrid,
Spain). The sintering atmosphere was N2-5H2. Into the oven, there is overpressure since
the gas was bubbled on water constantly. The sintering cycle was heating at 5 ◦C/min from
room temperature to the chosen temperature, which was kept for 30 min, then cooling at
20 ◦C/min until 100 ◦C, to open the furnace.

Sintering was carried out at six different temperatures, 1080 ◦C, 1030 ◦C, and lower
temperatures from 800 to 900 ◦C, that allow sintering and enameling in a single step. It is
worth mentioning that enamel needs porosity to achieve reliable anchoring with the steel.
Thus, high sintering temperatures, which result in full dense enamel, cannot be applied. In
this regard, two higher temperatures were used to study the densification behavior and
compaction pressures. The four lower temperatures were used to balance the mechanical
properties and enameling parameters such as time.

In this regard, 125 specimens with a dimension of 31.5 mm × 13 mm were manufac-
tured. With these specimens, the density, dimensional variation, mechanical resistance to
bending, and elemental chemical analysis of carbon, oxygen and nitrogen were investigated
(LECO TC 500 and CS 200, Leco Instrument, S.L. Madrid, Spain).

In addition, two specimens with the same dimensions were manufactured per con-
dition to study which factors have the most significant influence on enameling and mate-
rial characteristics.
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The powder morphology and topography of sintered samples were analyzed by
scanning electron microscopy (SEM) (Jeol JSM-840 SEM, Tokyo, Japan), which allows
providing elemental identification and quantitative compositional information by energy
dispersive X-ray analysis spectra (EDX or EDS). In this regard, enamel powder was also
characterized by SEM and EDS. Furthermore, X-ray fluorescence (SPECTRO XEPOS III,
Ametek, New Bedford, CA, USA) was also used for the chemical analysis of enamel.

2.4. Enameling

The most crucial thing in this section was achieving fluid enamel that is easy to
apply, which will not leave lumps and is evenly distributed. In the enameling process,
the amount of water or dispersants needs to be optimized to facilitate the application of
enamel. Disperbyk 199 and Disperbyk 154 by B.Y.K. Additives and Instruments (Wesel,
Germany) were used as dispersants. Both have water solvents and should be added before
enamel. Other possibilities are using the dispersants in water with 0.1 wt% NaOH (caustic
soda—sodium hydroxide) or only water.

2.5. Characterization of Coating Adhesion

Two different tests were carried out on coated samples entirely to check the coating
adhesion. One of them was at a high-temperature, and another was in a basic medium. A
high-temperature test was performed with a flame at 900 ◦C with alternate heating and
cooling cycles up to room temperature 100 times. An immersion test was done in a NaOH
solution of 0.5 M for one month.

Results were evaluated after each test by digital microscopic Olympus DSX1000
(Olympus, Barcelona, Spain) with a DSC10-XLOB lens. The main sought-after defects were
polishing, cracking, spoiling, and apparent change in the coating color. In addition, the
coating was tested according to the ISO 1518:2011 standard, in which a fixed load is used
on a hemispheric needle to scratch the surface (Figure 2). This test was carried out with a
Clemen Scratch tester by Neurtek Instruments (Eibar, Guipúzcoa, Spain). This test is much
more aggressive than a wear test since there is 4 kg on a metal punch, so the load is not
distributed. The resulting trace is analyzed to determine the delamination of coating on
the substrate. Tests were conducted on a “go/no go” basis using a single specified load
from 2 to 4 kg.
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3. Results
3.1. Powder Morphology and Properties

According to Figure 3A,B, iron powder ASC 100.29 is irregularly shaped as it is a
powder atomized in water. It has an apparent density of 3.02 g/cm3 and a flow rate
of 26.52 s/50 g (Table 1), allowing easier cavity die filling. The average particle size is
97 µm. According to Figure 4, the size distribution for d (0.1), d (0.5) and d (0.9) is 43, 97
and 193 µm, respectively; being d (0.1), d (0.5) and d (0.9) the 10%, 50% and 90% of the
volume distribution below the indicated value. This distribution allows the powder to be
repositioned, leaving few gaps between the particles, so the density after compaction will
be high.
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The powder morphology of MS3325 enamel powder can be seen in Figure 5A. There
are larger particles around 25 µm, mainly with polygonal form and pronounced edges.
In addition, Figure 5B shows smaller white particles, which can correspond to fluxes
(Figure 5A) or other components added to the frit. Distinguishing the other particles with
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a more amorphous shape is difficult since some cover the other; they are small particles
with a foam appearance. EDS made it possible to know these components through analysis
at different points of the micrograph shown in Figure 5B. In this regard, larger particles
correspond to the silica, and smaller ones (point 5) correspond to the alumina, and other
white particles with a polygonal form are chromium oxide (point 4). Figure 5C shows the
spectrum of spot 1, and Table 2 summarizes all analyses.
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Table 2. Chemical analysis of frit in different points of Figure 5B.

Elements
Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6

Weight%

O K 47.98 50.72 35.18 8.59 35.48 29.65
Si K 19.13 17.15 36.72 1.54 3.77 2.85

Na K 13.05 11.86 5.22 - 4.41 4.95
K K 0.09 - 2.08 - - -

Mg K 7.93 7.41 1.41 - 1.27 1.29
Ca K 1.6 1.39 8.58 1.33 0.36 0.34
Al K - - - - 10.89 -
Mn K - - - 7.33 2.97 5.87
Ti K 3.18 2.91 5.33 - - -
Cr K 0.16 - - 18.36 14.05 14.44
Fe K 0.49 0.34 - 28.51 9.02 17.79
Cu K 0.21 0.52 1.04 2.25 - 1.11
Co K - - 1.84 20.4 11.24 17.5
Ni K - - 3.23 9.91 2.76 3.67

Chemical analysis (Table 2) shows the presence of silicon, sodium, potassium, mag-
nesium, calcium, aluminum, titanium, manganese, iron, chromium, cobalt, nickel, and
copper, with oxygen as main elements, in addition to fluorine (4 wt %), carbon (2 wt %),
chlorine (0.5 wt %), and sulfur (0.2 wt %) in some spots, which can also be contra ions.

It is consistent with what has explained in the introduction that the components of
the frit are mainly silica with additives such as alumina (refractory material), flux and
metals (Ti, Mn, Cr, Co, Ni and Fe as adhesive agents) to provide chemical anchoring in the
interphase between enamel and steel.

X-ray fluorescence analysis also gave information on present oxides in the frit. This
technique makes it possible to have a total vision of the composition since EDX is punctual
and qualitative but never quantitative. In this regard, silica is the majority element with
60 wt %, fluxes in total are 27 wt % (Na2O and MgO with 16 and 7 wt %, respectively, the
most abundant). Refractory material (Al2O3) is present at 5 wt %; the rest are the adhesive
agents present at 8 wt %. The three most important adhesive agents are TiO2, NiO and
CoO with 3.5, 1.8 and 0.9 wt %, respectively; MnO, FeO, and CuO are in less proportion.

3.2. Compressibility Curves and Green Properties

ASC 100.29 iron powder was compacted at different pressures, from 400 to 700 MPa.
As expected, the density increased with increasing the compaction pressure to a maximum
at 700 MPa (Figure 6A). The density is affected by the stress created within the powders by
the pressure. The green sample is expanded after removing the die to reduce this internal
stress (Figure 6B). This expansion in the longitudinal direction is less than 0.25% and lower
than 0.5% in the width direction. In addition, the green bending strength also increases
with the compaction pressure (Figure 6C); it achieves 55 at 700 MPa. This value is very high
compared to 38 MPa of Höganäs [59] for compaction pressure of 600 MPa. Both cases were
done with a lubricated die. Relative density provides an idea of the porosity of the samples
(Figure 6D). It is evident that low compaction pressures have a lower relative density and
therefore higher porosity, thus at 500 MPa, the samples present 12% porosity; however, at
400 MPa, 17%.
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Figure 6. Variation of green properties with compaction pressure: (A) density, (B) dimensional variation, (C) bending
strength, and (D) relative green density.

3.3. Properties of Sintered Specimens

The densification behavior is shown in Figure 7. As expected, the density decreased
with the temperature and pressure of compaction. Figure 7A indicates that the decrease in
compaction pressure seems more important than the temperature. For example, at 700 MPa,
the density changes from 7.63 to 7.34 g/cm3 when temperature decreases from 1080 to
820 ◦C. However, for 1080 ◦C, the density changes from 7.63 to 6.89 g/cm3 if compaction
decreases. Figure 7B exhibits the relative density, which is related to the porosity of samples.
The compaction pressures at 700 and 600 MPa show relative density over 90%; thus, the
porosity is less than 10%, independent of sintering temperature.

On the other hand, in the densification, both compaction pressure and sintering
temperature play the same role (Figure 7C). In general, densification is more significant
for high compaction pressure and high sintering temperature than low pressures and
temperatures. For example, at 500 MPa, the effect of sintering temperature is weak.

By considering the longitudinal dimension variation (Figure 7D), contractions are
constantly observed, although they are small and not very important since they are below
0.5%. This value is accepted in PM because it is less than the permitted tolerance.

As a result of the sinterability study, low sintering temperatures (835 or 820 ◦C)
together with high compacting pressures (700 or 600 MPa) may work well for subse-
quent enameling.

Low-temperature sintered specimens were prepared to calculate the bending strength
and elongation, as shown in Figure 8.

These data (Figure 8) help to choose the appropriate compaction pressure and sintering
temperature. The sintering temperature of 820 ◦C is too low for enameling (as it will be
seen later). Moreover, high compacting pressure (700 MPa) provides porosity around 14%
(Figure 7C) at 835 ◦C. Nevertheless, at 500 MPa, porosity drops a bit, 10% at 835 ◦C and up
to 5% at 820 ◦C. Accordingly, 500 MPa is chosen as the compaction pressure. On the other
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hand, bending strength and elongation need to be considered. If 500 MPa is applied, the
sintering temperature may be increased to improve the mechanical properties.
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Once the bending strength of samples was tested, the fracture surfaces were observed
by SEM (Figure 9). Ductile fractures are evident in the micrographs due to dimple formation.
The cohesion between the grains is higher (Figure 9A–C) when the sintering temperature
is 835 ◦C compared to Figure 9D sintered at 820 ◦C. Nevertheless, there is practically no
difference among Figure 9A–C, so the compaction pressure at this temperature has very
little influence.

To control possible problems with a sintered atmosphere, the percentages of carbon,
oxygen and nitrogen were analyzed in the samples compacted at 500 MPa and sintered at
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835 ◦C (Figure 10). The oxygen content is minimal, with the highest quantity of 0.1%, equiv-
alent to the powder’s oxygen. The amount of carbon is even lower, between 2.5 × 10−3

and 6 × 10−3%, within the equipment’s error percentage (<0.01%). Since the amount of
nitrogen is low as well, the sintering atmosphere has not affected the powder composition.
Therefore, it can be said that there is no oxidation during sintering, and it is ferritic steel.
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3.4. Enameling Properties

The dispersants and NaOH solution resulted in shrinkage and rust of the enamel.
Thus, after many tests, the best condition was water as the solvent, high viscosity for
application with a spatula (around 8000 mPas at 22 ◦C) and thickness around 100 µm. First,
samples at 500 MPa were compacted, then were sintered at 835 ◦C for 30 min (Figure 11A).
The final appearance of the specimens is lumpy. This effect might be because the enamel
was thick, and it does not disperse nicely in the water, or because the water evaporates
inside the oven all at once. An attempt was made to apply the enamel in a thin layer less
viscous, and the processing time was reduced to 5 min. It is also necessary to stop the
heating process for one minute at 100 ◦C to evaporate the water more slowly. As a result,
the enameling sample (Figure 11B) has a better appearance than Figure 11A. However, at
this temperature, the bending strength is lower than the sample sintered without enamel,
around 12%. This is the reason for employing two new temperatures of 850 and 900 ◦C for
enameling and sintering in a single step.
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Figure 11. Macrographics of sintered and enameled samples in one step at 835 ◦C and different times: (A) 30 min and (B) 5 min.

Figure 12 shows the bending strengths and elongations for different temperatures and
times. The samples sintered and enameled at 850 and 900 ◦C for five minutes improved 8%
and 9% in terms of the bending strength and 57% and 66% for elongation, with respect to
sample sintered at 835 ◦C.

Metals 2021, 11, x FOR PEER REVIEW 13 of 20 
 

 

  
(A) (B) 

Figure 11. Macrographics of sintered and enameled samples in one step at 835 °C and different times: (A) 30 min and (B) 

5 min. 

Figure 12 shows the bending strengths and elongations for different temperatures 

and times. The samples sintered and enameled at 850 and 900 °C for five minutes im-

proved 8% and 9% in terms of the bending strength and 57% and 66% for elongation, with 

respect to sample sintered at 835 °C. 

  
(A) (B) 

Figure 12. Samples sintered and enameled in one step at different temperatures and times: (A) bending strength and (B) 

elongation (compaction pressure 500 MPa). 

Optical micrographs (Figure 13) show the microstructure of used steel. It is ferritic 

steel that bonded to the enamel. In Figure 13A, the grains of steel are observed together 

with the porosity. Furthermore, the enamel is introduced by open porosity and surface 

irregularities, which resulted in an excellent mechanical anchoring of the enamel. In Fig-

ure 13B, bonding details are shown, including the adhesive agents such as chromium, 

cobalt, nickel, and copper forming compounds on the surface, providing a chemical an-

chor. 

  
(A) (B) 

Figure 12. Samples sintered and enameled in one step at different temperatures and times: (A) bending strength and (B)
elongation (compaction pressure 500 MPa).

Optical micrographs (Figure 13) show the microstructure of used steel. It is ferritic
steel that bonded to the enamel. In Figure 13A, the grains of steel are observed together
with the porosity. Furthermore, the enamel is introduced by open porosity and surface
irregularities, which resulted in an excellent mechanical anchoring of the enamel. In
Figure 13B, bonding details are shown, including the adhesive agents such as chromium,
cobalt, nickel, and copper forming compounds on the surface, providing a chemical anchor.
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Figure 13. Optical micrographs of sample sintered and enameled in one step at 835 ◦C: (A) general overview, (B) detail of
edge with the enamel after surface attack with 3 v/v% nital (mixture of nitric acid and ethanol).

SEM micrographs of Figure 14 were also taken to observe the influence of temperature
on the coating with enamel. Figure 14A,B corresponds to sintering at 835 and 850 ◦C,
respectively, and they show a proper joining between steel and enamel with a mechanical
anchor and penetration of enamel into open surface porosity. This effect can be seen more
precisely in Figure 14C due to the different compositions that resulted in different grey
shades. Furthermore, at 900 ◦C (Figure 14D), the adhesion is weak; a crack between the
steel and the enamel is seen, along with a cracking of the enamel layer.
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3.5. Characterization of Coating Adhesion

As-received samples are shown in Figure 15A. It has the same appearance as the
samples after fire exposure and immersed samples in NaOH solution (Figure 15B,C, re-
spectively). Their color and gloss did not experience any change. The immersed samples
also did not gain weight during the test. After the scratch test, 2 kg load did not produce
any damage to the enamels. However, the 3 kg load made a shallow mark by lifting
the enamel slightly (Figure 15D). The scratch with the 4 kg load was more profound
and more continuous (Figure 15E), but the enamel did not detach, indicating excellent
enamel adhesion.
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with 3 kg and (E) tested with 4 kg (magnification yellow bars are 400 µm).

4. Discussion

The iron powder chosen for this study provided easy compaction and good sinterabil-
ity since its shape and distribution size is adequate (Figures 2 and 3). In addition, it has a
low carbon content that can facilitate bonding with enamel.

The challenge of this study is to enamel non-laminated powder metallurgical steels,
taking advantage of their low carbon content and porosity.

The green samples exhibited lower density for the compaction pressures of 400 and
500 MPa (Figure 6A,D). The pressure of 500 MPa was chosen for this study since it did not
show significant differences in density, densification behavior and dimensional variation
with higher pressures once the samples were sintered at low temperatures (Figure 7). This
effect is due to the tensions created between the powder grains during compaction at high
pressures of 700 and 600 MPa, which are then released during sintering.
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Regarding the sintering temperature, initially, temperatures close to the one recom-
mended by the supplier of 1150 ◦C were chosen, although always lower, in this case, 1080
and 1030 ◦C. The study at these temperatures reported data quite close to those found in
the literature; however, these temperatures are high to achieve the main aim of sintering
and enameling in a single step. This makes it necessary to sinter first at those tempera-
tures that provide around 12% porosity if the compaction is at 500 MPa (Figure 7B), with
subsequent enameling at temperatures between 820 and 900 ◦C depending on the enamel.
Consequently, the two lowest temperatures were studied since the porosity of the pieces at
835 and 820 ◦C was not significantly different from the highest.

The bending strength (Figure 8A) decreases by 17% at these low temperatures with
compacting pressure of 700 MPa at 835 ◦C to 500 MPa at 820 ◦C. In addition, according to
Figure 9, micrographs at 835 ◦C are more favorable than 820 ◦C in terms of more necking
zones between iron grains and less breaking. Although elongation at 500 MPa is 6% for
both temperatures (Figure 8), it is adequate since after enameling, elongation declines due
to the brittle enamel. Consequently, the study was performed on sintered and enameled
samples at 500 MPa and 835 ◦C for 30 min as a reference.

On the other hand, the sintering atmosphere N2-5H2 can be maintained, since accord-
ing to the elemental analysis of C, O and N (Figure 10), neither nitriding nor oxidation of
the steel has occurred, and the carbon content has not increased. Nevertheless, all of them
may be dangerous for enamel adhesion.

The enamel was characterized to know its components. This type of enamel contains
adhesive agents such as cobalt, chromium, nickel, copper, and iron in the form of oxides
(Table 2 and Figure 5C) to react with the iron on the samples’ surface to obtain a chemical
bond [4,8]. Furthermore, the enamel application had to be optimized, so it was necessary
to do tests with dispersants, diluted caustic soda and water. The utilized dispersants did
not work as the enamel lost adherence (Figure 2) or rapidly oxidized the sample’s surface.
In some cases, the enamel itself rusts, for example, with caustic soda. The best results were
obtained with water as a dispersant, and it was applied by spatula in the ratio of 0.2, which
means 100 g of enamel in 20 mL of water.

During the enameling process, different stages take place. First, the water needs to
evaporate. To prevent rapid evaporation, the heating stops around 100 ◦C for 1 min, at
about 500 ◦C, enamel degassing also occurs, and iron oxidation begins. At the same time,
possible organic contaminants on the surface of the sample are removed. In the third
stage, the temperature of which depends on the added fluxes (borax and sodium, calcium,
magnesium and potassium oxides (Table 2)), the enamel softens and begins to wet the steel;
in this case, it occurred around 750 ◦C. At the same time, during the sintering process,
there is diffusion between enamel and substrate. They create a transient layer with the Fe
of substrate and Co and other adhesion agents. According to Bodaghi and Davarpanah [5],
adhesive agents significantly improved the adherence index and reduced spraying time.
In addition, the effectiveness of bonding agents to promote bonding is associated with a
galvanic attack. Then at 750 to 860 ◦C, there is saturation at the interface of iron oxides
and the possibility of oxygen anions penetration in the enamel that would create bubbles
in it. In the case of steel, spinels are formed on the interface. These spinels are typically
formed at 1000 ◦C [65,66], but the presence of fluxes can reduce this temperature. Those
spinels form in the interface, and the roughness of the substrate provided good enamel
adhesion, as shown in Figures 13 and 14. Therefore, there are three adhesion mechanisms:
mechanical, chemical and diffusion, since during the enameling process, the adhesion
agents diffuse across enamel and form spinels at the interface of steel and enamel.

The bending strength was studied in Figure 12. Two new temperatures were tested to
achieve high bending strength and good enameling. According to the results, the chosen
temperature was 850 ◦C. In addition, time also plays an important role; a longer time
(30 min) produces bubbles and inhomogeneous properties, and a shorter time (5 min) gives
enameling with better properties (appearance, adhesion, etc.), as Figure 11A showed. This
might be due to a lack of time for saturation to occur at the interface.
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According to Scrinzi and Rossi [67], degradation of the enamel depends on the thick-
ness and the color. In this case, the applied thickness and the enamel type did not damage
the material aesthetically during fire and immersion tests. These tests tried to simulate the
service life of the final product. The scratch test showed acceptable enamel adhesion since
enamel did not detach with a load of 4 kg.

5. Conclusions

The main aim of this work was enameling and sintering in a single step. To accomplish
this, both the iron powder and the enamel were characterized.

Following the powder metallurgy procedure, the compressibility and sinterability of
ASC100.29 were studied. As a result, it was found that low sintering temperatures, 835 ◦C,
and low compaction pressures, 500 MPa, were sufficient to obtain enameled parts with
high resistance.

The sintering atmosphere of N2-5H2 protected the samples during the process by
preventing the oxidation of the iron substrate.

Short sintering times, 5 min, also gave better results in enameling since the presence
of adhesion agents shortened the firing times and produced a spinel interface favoring
chemical anchoring. Furthermore, diffusion is also present since fluxes decrease the
temperature, allowing the formation of these spinels. The surface porosity of the substrate
also improves the adhesion of enamel by mechanical anchoring.

In summary, the proper parameters to get enameling and sintering samples were
500 MPa of compaction pressure, 850 ◦C of sintering temperature for 5 min in an N2-5H2
atmosphere.

The enamel applied under this condition showed good adhesion with the pow-
der metallurgical steel, representing significant energy saving in the manufacture of gas
cooker burners.
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