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A B S T R A C T

This study investigates the chemical resistance of vitreous enamel coatings applied to cast iron substrates under 
water environments. Two SiO2-Na2O-B2O3-CaO-Al2O3-based frits (ground G1 and G2) were developed to 
investigate the influence of chemical composition, heat-treatment temperature, and titanium glaze top-layer 
application on elemental release behaviour. The coatings were heat-treated at different temperatures (740 ◦C 
and 780 ◦C). They were subjected to distilled water leaching tests to assess their durability through inductively 
coupled plasma (ICP). The results show that the G2 coating exhibited significantly lower elemental release 
compared to G1 due to the incorporation of Li2O and TiO2. Furthermore, the heat-treatment temperature had no 
prominent influence on the performance of G2. For G1 and G2, the application of a glaze top layer effectively 
reduced the release of hazardous elements such as Co, Mn, and Cr. However, incomplete surface coverage of the 
glaze top-layer left localized areas susceptible to leaching and resulted in localized attack. In summary, 
compositional optimization and glaze top-layer proved to be the most effective approach for enhancing the 
chemical resistance of vitreous enamel coatings on cast iron.

1. Introduction

The cost of corrosion in the United States is approximately USD 276 
billion per year, which equals approximately 3% of the nation’s gross 
domestic product (GDP) (1998) [1], thereby corrosion is one of the is
sues that needs to be addressed. Furthermore, the CO2 emissions asso
ciated with steel production to replace corroded steel are estimated to 
account for approximately 4.1% to 9.1% of total emissions by 2030, 
comprising the US and EU regions [2]. Implementing best practices in 
corrosion management methods has the potential to reduce these 
emissions significantly. Among these methods, the utilization of pro
tective coatings is the most effective and economical method [3] such as 
organic coatings [4], metallic coatings [5], composite coatings [6], and 
inorganic coating, including ceramic [7] and enamel coatings. Gener
ally, the application of protective coatings to metallic structures protects 
against atmospheric corrosion and aqueous environments [7]. This 
approach aims to restrain the progression of corrosion processes, 
thereby preserving the structural functionality and extending the service 
life of products. The effective implementation of corrosion control 
technologies could reduce corrosion-related losses by 15–35% [8].

Porcelain enamel is a vitreous, glass-like coating that is employed on 
metal substrates and formed by heat treatment at high temperatures 

between 500 and 900 ◦C [9]. This heat treatment generates a permanent 
bond between the enamel and the metal substrate through chemical and 
physical interactions.

Enamel coatings are utilized in technical and precise engineering in 
various industrial applications. These applications comprise a wide 
range of areas, such as aerospace [10], kitchen utensils [11], automative 
[12], architecture [13], pipelines [14], nuclear industry [15], with 
various types of metallic substrates, including steel [16], cast iron [17], 
aluminium [18], nickel-based alloys [19], titanium alloys [20], and so 
on. Vitreous enamel coatings have come up as significantly efficient 
protective coatings for metallic substrates that are subjected to harsh 
environments, thanks to their mechanical hardness, superior chemical 
and thermal stability, and corrosion resistance [21]. Porcelain enamel 
layers protect the metal substrate from corrosion by acting as a barrier, 
separating it from the aggressive environment. Their durability against 
aggressive media is the key criterion for enamel coatings, as their 
corrosion resistance under exposure to alkaline, acidic, saline, and 
high-temperature conditions [22,23,24].

In the alkaline corrosion, microstructural degradation stages 
responsible for enamel failure arise in a generalized manner, resulting in 
dissolution of the glassy matrix [25].

The resilience of enamel coatings can be tailored through their 
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chemical composition. For example, increasing the SiO2 content while 
reducing the borax concentration improves resistance to hot water and 
alkaline media, resulting in enhanced structural rigidity [26,27].

Refractory oxides such as TiO2, ZrO2, Al2O3, Cr2O3, and MgO are 
incorporated to adjust viscosity, enhance mechanical strength, and 
chemical durability [28,29,30,31]. They delay the leaching of alkali and 
alkaline earth ions and slow network degradation, improving enamel 
durability under oxidative and high-temperature environments [32,33]. 
In addition, ZrO2 or ZrB2-reinforced considerably increases alkali 
resistance with the generation of zirconosilicates and zirconates that 
block mobile alkali ions such as Na+ and reinforce the glass network [28,
32,34,35]. These additives reduce corrosion current density and mass 
loss, improving structural integrity even after long-term exposure in 
saline and alkaline solutions [36].

The corrosion mechanism under acidic conditions typically involves 
the hydrolysis of glass-forming polyhedra such as [SiO4], [BO3], [BO4], 
and [AlO6] due to the leaching of mobile alkali ions, which weakens the 
enamel network [32]. Furthermore, compared to slurry-based enamels, 
powder enamel coatings offer better protection due to their denser 
microstructure [37]. It leads to enhanced corrosion resistance due to 
limiting ion diffusion pathways [38]. Recent studies have also under
lined the performance of low-temperature enamels (e.g., 
aluminophosphate-based systems) that possess durable behavior across 
a pH range of 3 to 10 [39]. Enamel have been investigated for porous 
aluminum foams, obtaining prolonged protection during accelerated 
corrosion testing [40].

In addition to other corrosion media, water corrosion also signifi
cantly influences the durability of the enamel coatings, particularly in 
applications such as water pipelines. Enamel coatings provide pipelines 
operating at higher temperatures up to 400 ◦C with a safety factor of 
approximately 1.25 due to their high glass transition temperatures [41]. 
Nevertheless, corrosion formation within pipelines affects hydraulic 
efficiency and increases energy demand, which may subsequently lead 
to leakage as a result of pitting corrosion [42,43]. Water corrosion of 
enamel coatings typically initiates with an ion-exchange behavior, 
where alkali ions are leached out and hydronium ions (H3O+) and water 
molecules enter the glass, forming a hydrated, alkali-deficient gel layer 
[44].

Despite its importance, the interaction between water and vitreous 
enamels remains insufficiently studied to the best of our knowledge. 
While previous research has examined water corrosion in vitreous 
enamels in various applications [23,27,33], cast iron substrates with 
different enamel coating cycles present unique challenges and oppor
tunities. Cast iron is a material widely used in the field of water trans
portation, such as in pipelines, pumps, and other hydraulic components 
[45]. Although, in many environments, this material shows greater 
resistance to corrosion compared to steel, it is often necessary to 
improve its corrosion behavior in order to prevent contamination of the 
transported fluid. As with steel, enameled porcelain coating can also be 
an excellent solution for cast iron [17].

Substantially, the corrosion resistance of enamel is adjusted by the 
relation between glass composition, microstructure, and processing 
parameters [23,27,33]. Optimal tailoring of the formulation and appli
cation techniques can significantly enhance longevity under various 
harsh environments, including hot water, acidic and alkaline solutions, 
salt spray, and high temperatures. This study aims to comprehensively 
investigate the ion leaching mechanism from enameled cast iron under 
distilled water conditions. Parameters such as temperature and enamel 
chemical composition were analyzed. The goal is to provide a broad 
understanding of how these factors influence the chemical resistance of 
enameled cast iron. A very important aspect when applying porcelain 
enamels to drinking water is assessing the release of certain hazardous 
elements, such as Cr, Co, and Mn. Ground coatings with 
adhesion-promoting oxides ensure strong bonding to cast iron. These 
elements, however, are necessary to achieve a layer with good adhesion. 
A second, transparent layer (glaze) was applied as the final coating to 

assess its ability to limit the release of these hazardous elements. 
Titanium-based enamels are favored for their cost-effectiveness, opacity, 
and performance, and provide durability, chemical resistance, and 
aesthetics [46].

2. Materials and Methods

2.1. Materials

The samples utilized in this study were produced in the industrial 
laboratory of Emaylum Italia (Chignolo d'Isola, BG, Italy). The enameled 
cast iron substrates utilized are standard, measuring 100 mm x 100 mm 
size. Two different frits are used to obtain the first ground layers (G1 and 
G2). A transparent top coat (glaze) was then deposited, starting from a 
titanium white-top coating frit (T1/T2). The chemical composition of 
used frits for producing the ground and top layer is given in Table 1.

The rationale for selecting the chemical compositions of the different 
layers was as follows. G1 exhibits the typical composition of enamel 
used for cast iron substrates. Two main approaches can be adopted to 
improve the chemical resistance of the enamel: the addition of oxides 
that enhance chemical durability by reducing alkali mobility (TiO2), or 
the improvement of enamel fusibility (Li2O), leading to a denser glassy 
structure [46].

A second strategy consists in applying a transparent protective top 
layer acting as a barrier, with a composition free of hazardous species.

Initially, each ground layer was applied to the cast iron substrates, 
and subsequently, a white top layer was employed on the dried ground 
layer. All layers were spray-coated.

In this study, a specific heat-treatment profile was employed, con
sisting of 2 coating applications and 1 firing treatment cycle (2A/1F). 
Employing ground and top coating rather than a single layer, along with 
2 coatings and 1 firing, is commonly used. Although technically chal
lenging and limiting the broader adoption of single-layer coatings, this 
approach allows for the production of high-quality enamel.

The sample codes, heat-treatment profile, and thickness are given in 
Table 2. Two firing temperatures were considered at 740 ◦C and 780 ◦C 
for 12 min to evaluate the temperature effect on the chemical resistance 
of enamels. The G1/40 sample was produced using G1 frit and heat- 
treated at 740 ◦C. The T1/40 sample is composed of the G1 frit as the 
ground coating and a top layer applied above it, also heat-treated at 
740 ◦C. Similarly, G2/40 was produced using only G2 frit and heat- 
treated at 740 ◦C, whereas T2/40 consists of G2 as the ground coating 
along with a top coating. In contrast, G2/80 was produced using only G2 
frit, and T2/80 was prepared with the G2 frit and top coating; however, 
it was subjected to a higher heat treatment at 780 ◦C.

For economic reasons and to minimize residual stresses in the coated 
cast iron component, the lowest possible firing temperatures that still 
allow adequate frit sintering are employed. Accordingly, an initial firing 
temperature of 740 ◦C was selected. However, since higher firing tem
peratures are known to promote sintering, an increased temperature was 
also investigated in order to assess its effect on the chemical resistance of 
the enamel.

2.2. Characterization

Morphology, microstructure, and cross-section of enamel coatings 
were examined using a scanning electron microscope (SEM, Jeol JSM IT 
300, Tokyo, Japan), coupled to an Energy Dispersive X-ray microanal
ysis system (EDS). After mechanical polishing with a 1 μm diamond 
paste, the cross-section of the samples was observed by a microscope. 
EDS analysis was conducted to map the elements before and after 
exposure to distilled water.

The analysis and quantification of released elements were employed 
with Inductively Coupled Plasma (ICP) spectroscopy. Following the 
previously established setup [47], pure distilled water (conductivity: 6 
μS) at room temperature was contacted with enameled cast iron samples 
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for a total duration of 10 days. Distilled water was chosen as the elec
trolyte instead of drinking water because there is no standardized 
composition for drinking water, and, more importantly, distilled water 
is more aggressive toward the enamel, promoting greater element 
extraction due to the larger concentration gradients between the enamel 
and the water.

The solution was gathered and substituted with fresh distilled water 
at predetermined intervals (2, 4, 6, 8 and, 10 days) to prevent saturation 
influences and maintain leaching conditions. The gathered solutions 
were subsequently analyzed by ICP (PerkinElmer AvioTM 550 Max, 
PerkinElmer, Waltham, US) to quantify the concentrations of released 
specific ions, including titanium, potassium, sodium, and silicon.

The 10-day immersion period adopted in this study was not intended 
to reproduce the full service life of the coating, but to provide an 
accelerated and controlled assessment of early-stage degradation 
mechanisms at the coating–environment interface. Short-term immer
sion tests are commonly used to promote rapid ingress of aggressive 
species and activate physicochemical processes that would otherwise 
occur over much longer timescales. In the case of enamel coatings, the 
most significant changes in surface chemistry and microstructure occur 
during the initial exposure period, justifying the selection of a 10-day 
timeframe as a compromise between experimental feasibility and the 
need for measurable and reproducible degradation data.

The focus was on potentially toxic elements naturally present in the 
enamel, such as cobalt (Co) and manganese (Mn). Heavy metals such as 
lead (Pb), cadmium (Cd), and arsenic (As) are indeed key elements 
regulated by international drinking water standards. These elements 
were not included in the ICP analysis because they are not present in the 
composition of the cast iron substrate or in any of the enamel layers 
applied.

3. Results & Discussion

3.1. Microstructural analysis/investigation of enamel

Figure 1 depicts the microstructural analysis of the cast iron sub
strate using SEM. The chemical composition of the cast iron was 
determined using EDS, which revealed the following percentages: C 
(6.49%), Si (2.40%), Fe (90.05%), P (0.59%), S (0.15%), and Mn 
(0.32%). The cast iron used in this study is composed of fine and uniform 
graphite, pearlite, and ferrite structures (Figure 1). Pearlite, ferrite, and 
graphite phases in cast iron significantly influence the integrity of the 
enamel and its thermal behavior during enameling. Heat-treatment 
below the eutectic temperature (740-780 ◦C) [48] reduces structural 

changes, internal stresses, and dimensional variations. Moreover, 
microstructural features such as graphite distribution influence bonding 
chemistry and quality [49–51]. For gray, thin-walled castings, optimal 
enamel adherence is achieved with fine, uniform ferrite-graphite and 
pearlite-graphite structures, as obtained from used cast iron. Further
more, enameling was considered at 740 ◦C and 780 ◦C to minimize 
dimensional changes and improve adherence.

Cross-section images of G1/40 and T1/40, G2/40 and T2/40, and 
G2/80 and T2/80 are displayed in Figure 2, Figure 3, and Figure 4, 
respectively. All samples possess uniform structure in terms of variations 
of compositional contrast, as shown in Figures 2b-d, Figures 3b-d and, 
Figures 4b-d. All samples generated in this study accomplished adher
ence, since the interface through the cast iron and enamel structure is 
obvious, as can be seen in Figure 2b, Figure 3b and, Figure 4d. Bubble 
formation is one of the inevitable morphological properties of the 
enamel; hence, all samples have their own bubble structure. As shown in 
Figure 2a, G1/40 exhibits larger bubbles, whereas G2/40 (Figure 3a) 
displays a wider distribution, including both larger and smaller bubbles. 
This demonstrates that while G2 enamel is prone to generating smaller 
bubbles along with larger bubbles, larger bubbles are prominent in G1 
enamel morphology. This is likely related to the fact that, at equal 
concentrations of Na2O and K2O, Li2O helps lower the melting 
temperature.

Adhesion between cast iron and enamel occurs due to oxide forma
tion (FeO, Fe3O4, Fe2O3), which encourages chemical bonding at the 
interface [52]. Ion exchange enriches the enamel with metal oxides, 
enabling metal-to-metal bonding and enamel durability during heat 
treatment [53]. However, during either heat treatment or slow cooling, 
the decomposition of cementite (Fe3C) releases hydrogen and carbon. It 
may generate gas voids or react with iron and carbon to form hydrogen, 
water vapor, carbon oxides, and methane, resulting in bubble formation 
[54].

On the other hand, the difference in bubble formation between G2/ 
80 (Figure 4a) and G2/40 (Figure 3a) appears to be less significant. 
Regardless of the process parameters, including the frit used, 

Table 1 
Chemical composition of frits used in the study (%wt).

Layers SiO2 B2O3 Na2O + K2O CaO + Al2O3 CoO MnO2+Fe2O3 CuO TiO2 ZnO LiO2

G1, Ground 40 25 18 7 1 8 1 / / /
G2, Ground 40 18 19 6 1 6 1 8 / 3
Top layer 54 18 17 / / / / 5 6 /

Table 2 
Sample abbreviation and experimental design.

Sample Code Heat-Treatment Coating Cycle Thickness (μm)

G1/40 740 ◦C Ground 1 288±14
T1/40 Ground 1+Top 344±34 (total) 

88 (top, avg)
G2/40 Ground 2 319± 9
T2/40 Ground 2+Top 436 ±10 (total) 

150 (top, avg)

G2/80 780 ◦C Ground 2 364±20
T2/80 Ground 2+Top 383±80 (total) 

111(top, avg)

Figure 1. SEM microstructure of cast iron substrate.
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temperature, and thickness, the number of small bubbles increased, and 
no large bubbles exist in the structures of top-coated-cast irons 
(Figures 2c, 3c and, 4c). In top-layer applications, the enamel fuses more 
extensively with the substrate and facilitates better gas release, resulting 
in more compact, defect-resistant microstructures, as reported in the 
literature [55]. Therefore, increasing the number of coating cycles 
lowers porosity and enhances resultant coating integrity.

A similar tendency can be observed in the surfaces of the samples, as 
shown in Figure 5. Top-coated-enamels (Figures 6a, 6c and, 5e) 
demonstrate small-sized defects, whereas ground-coat-enamel has 
larger-sized defects regardless of the process parameters (Figures 5b, 5d 
and, 5f). Achieving a defect-free surface on enameled cast iron remains a 
significant challenge, and variations in cast iron composition aggravate 
the issue of surface continuity [56,57].

All ground-coated samples possess white crystal-like particles due to 
precipitation of Fe, Cr, and Al oxides during the firing treatment of the 
enamels, as can be seen in Figures 5a, 5c and, 5e. Facilitation of top-layer 
coating led to the particled-ground coating being covered, resulting in a 
smooth surface (Figures 5b, 5 d and, 5f). T2/40 has a smoother surface 
among the other samples due to the highest thickness value (150 μm). 
Thicker top-layer enables covering all ground-coating (Figure 5d), while 
T1/40 (88 μm), T2/80 (111 μm) remain uncovered in some areas, hence 
precipitated oxides generated due to ground coating compositions were 
observed (Figures 5b and 5f, lighter circular areas).

The chemical mapping of all samples analyzed in this study is shown 
in Figures 7 to 11. The elemental mappings correlated with the overall 
chemical composition listed in Table 1. The most common oxides, and 
those most likely to be affected by distilled water, are comprised of these 
mappings. From a compositional perspective, the frits used consist of 
three groups of oxides: network formers (e.g., SiO2), network modifiers 
(e.g., Na2O, K2O, CaO), and intermediates (e.g., Al2O3, ZnO, MgO) [58]. 
In addition, adherence oxides (e.g., CuO, CoO, MnO) improve bonding 

at the coating/cast iron interface [59]. These oxide groups are signifi
cant in shaping the microstructure, chemical durability, and overall 
features of enamel coatings [60].

Figure 6 demonstrates the chemical mapping of G1/40. In corre
spondence with the precipitated of the Cr and Fe, and in some areas, Al, 
signals increase.

Figure 7 demonstrates the chemical mapping of T1/40. Due to the 
presence of the titanium white top coating, this element is also detected 
in the mapping. The microstructure appears more inhomogeneous 
compared to G1/40. The coarse compounds observed originate from the 
ground frit and are subsequently covered by the top coating. In certain 
regions (circular areas with light point-like parts) where the ground 
layer is not covered by a glaze coating, a higher signal due the presence 
of Cr- and Fe-rich coarse particles can be clearly identified along with Al- 
rich particles. In this area also the calcium signal, present only in the 
ground layer, is higher.

The thickness of the top layer can be defined so as to avoid the 
presence of ground areas that are not completely covered, which would 
otherwise constitute preferential sites for attack and leaching of poten
tially hazardous elements present in the ground.

Figure 8 shows the chemical mapping of G2/40 produced using the 
ground 2 frit. Surface porosity is evident. Compounds, mainly rich in Cr 
and Fe, along with Al-containing oxides, are also observed.

Figure 9 shows the chemical mapping of T2/40. The titanium-based 
top layer completely covers the ground layer, resulting in a very uniform 
appearance. Unlike other top-coated samples, Fe- and Cr-rich coarse 
structures are rarely observed, along with a few Al-rich particles.

Figure 10 presents the chemical mapping of G2/80, prepared using 
ground 2 frit at a higher firing temperature. Similar to G2/40 (Figure 9), 
coarse Al-rich oxides are clearly visible, together with Cr- and Fe-rich 
particles formed along the surface. Some surface defects are also 
detected, but to a lesser extent, probably because the higher firing 

Figure 2. SEM cross-section images of G1/40 (a) and (b), T1/40 (c) and (d). Images a) and c) were taken in SED mode, whereas b) and d) were taken in BED mode.
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temperature allows for easier release of gas bubbles and improved flow 
of the glass layer.

Figure 11 shows the chemical mapping of T2/80. In this sample, the 
glaze top coating does not completely cover the ground layer. Therefore, 
Cr-, Fe-, and Al-rich particles composed from the ground 2 frit are clearly 
visible in some uncovered areas. Consequently, the surface exhibits a 
relatively heterogeneous structure. This is probably due to the thinner 
glaze layer.

3.2. ICP analysis after exposing the distilled water

Figure 12 illustrates the leaching behavior of elements from the 
enameled samples after exposure to distilled water. The results clearly 
indicate that Ground 1 exhibits significantly lower chemical resistance 
compared to Ground 2, since the release of all the elements at the same 
firing temperature is greater. It is evidenced particularly by measurable 
losses of alkali elements. In G1/40, alkali elements such as Na and K 
(Figures 12g and d), show high initial release, which decreases in the 
mid-phase of testing but rises again towards the end of the exposure 
period. It indicates an initial rapid leaching, followed by partial stabi
lization and subsequent reactivation of the leaching process. Silicon 
(Figure 12h) shows a deterioration trend, with its concentration fluc
tuating but generally increasing over time. This shows a gradual 
network breakdown of the glassy phase. Magnesium (Figure 12e) shows 
a tendency to increase as the exposure continues. This is due to the 
mobilization of alkaline earth elements from the matrix over longer 
durations. Considering the differences in composition between the two 
ground layers, Li2O helps lower the melting temperature, allowing for a 
more compact structure. Furthermore, TiO2 increases chemical resis
tance by tending to strengthen the glass network, reducing the mobility 
of alkalis and therefore their extraction.

Consistent with the EDS analyses, the element release in G2/40 and 

G2/80 is extremely low. No differences are observed due to the higher 
treatment temperature. In particular, Figures 12d, 12g and, 12h show 
that sodium, potassium, and silicon are absent in the leachate, indicating 
that Na has not been released, K and Si remain stable, and the network 
structure has not been disrupted, thus preventing visible corrosion. 
Ground 2 demonstrates excellent stability, exhibiting only minimal 
losses of Mg (Figure 12e) and Ca (Figure 12a) and no detectable Na or K, 
thereby confirming its superior chemical durability.

As the observed attack mainly affects the outermost layers of the 
coating, thickness does not appear to be a determining factor for element 
release from ground layers.

Thickness becomes more relevant when considering the top layer. In 
fact, a greater thickness reduces the likelihood of exposed ground areas 
and, consequently, the release of potentially hazardous elements.

The application of the top layer (Sample T1/40) provides partial 
protection. Effectively reduces the release of hazardous metal oxides 
such as Cr (Figure 12c), but does not inhibit the leaching of Co and Mn 
(Figure 12b and 12f).

This incomplete protection may be attributed to microstructural 
features observed in the surface micrographs and EDS analyses. It re
veals that the top layer does not fully cover the ground coating, leaving 
localized “islands” enriched in Fe, Mn, and Cr that act as weak points for 
leaching. While Cr release is strongly suppressed, Na and K still 
demonstrate extensive leaching throughout the exposure. The highest 
release occurs during the initial stages and then gradually decreases, 
although it does not disappear completely. When the top layer is applied 
to Ground 2 (T2/40), a prominent increase in alkali element release is 
observed during the first days of exposure.

Figures 12d, 12g and, 12h show that Na, K, and Si decrease over time 
but remain significantly higher than in the uncoated G2/40 sample. It 
shows that the top layer introduces alkali leaching despite blocking 
hazardous elements, including Co, Mn, and Cr (Figure 12b, 12f and, 

Figure 3. Cross-section images of the G2/40 a) and b), T2/40 c) and d). Images a) and c) were taken in SED mode, whereas b) and d) were taken in BED mode.
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12c). For Sample T2/40, the release of Co (Figure 12b) and Mn (Figure 12f) is reduced compared to T1/40. It is due to the full coverage 

Figure 4. Cross-section images of the G2/80 a) and b), T2/80 c) and d). Images a) and c) were taken in SED mode, whereas b) and d) were taken in BED mode.

Figure 5. Surface images of the a) G1/40, b) T1/40, c) G2/40, d) T2/40, e) G2/80, and f) T2/80 using SEM/BED mode. Images were taken in BED mode.
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of the ground layer, consistent with SEM results. This indicates that the 
top layer effectively limits the release of hazardous transition elements. 
However, it facilitates structural degradation of the network since Na 

and Si also leached after exposure (Figures 12g and 12h). At the higher 
firing temperature (Samples G2/80 and T2/80), the G2/80 maintains its 
stability with almost no alkali leaching. The application of the top layer 

Figure 6. SEM image and associated EDS element mapping of G1/40.

Figure 7. SEM image and associated EDS element mapping of T1/40.
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(T2/80) causes a sharp release of Na and K (Figures 12g and 12d) within 
the first 2 days. However, a beneficial effect of the firing temperature is 

observed, since the release of these elements is lower than in the layer 
treated at a lower temperature. This rapidly decreases to much lower 

Figure 8. SEM image and associated EDS element mapping of G2/40.

Figure 9. SEM image and associated EDS element mapping of T2/40.
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levels as exposure time increases, suggesting that the microstructure 
developed at higher firing temperatures enhances the enamel’s barrier 
effect and reduces long-term leaching. The higher temperature during 

the thermal treatment results in increased fluidity and enhanced 
spreading of the layer, which promotes more uniform and complete 
surface coverage. When examining Zn (Figure 12i) leaching, the highest 

Figure 10. SEM image and associated EDS element mapping of G2/80.

Figure 11. SEM image and associated EDS element mapping of T2/80.
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leaching occurs in T2/40, followed by T2/80, and then T1/40. This 
indicates that both temperature and coverage of the top layer on the 

ground coating are significant factors influencing the leaching process.

Figure 12. Trends of elements released (μg/L) over time a) Ca, b) Co, c) Cr, d) K, e) Mg, f) Mn, g) Na, h) Si, i) Zn, j) Li for all samples.
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3.3. Roughness analysis after exposing the distilled water

The surface roughness parameters (Ra and Rz) of the enamel coatings 
before and after exposure to distilled water are shown in Figure 13. For 
G1/40, both Ra and Rz slightly increase during exposure, indicating 
surface deterioration. T1/40 maintains a constant Ra after exposure and 
shows a small increase in Rz, likely due to localized degradation in some 
areas. Similarly, G2/40 displays only a slight increase in both parame
ters, demonstrating good chemical stability. However, for the T2/40 
sample, the initial Ra is very low, and it increases significantly after 
exposure, with Rz rising sharply as well. This suggests that, despite its 
initially smooth surface, the coating becomes significantly rougher after 
leaching, indicating surface degradation. At the higher temperature 
(780 ◦C), G2/80 shows a slight reduction in Ra and Rz after exposure, 
implying that the coating retains its smoothness. The microstructure at 
this temperature was already rougher before testing, and the exposed 
area was rougher than the unexposed area. In contrast, T2/80 experi
ences a marked increase in both Ra and Rz, indicating severe surface 
roughening. This suggests that at higher temperatures, while the ground 
coating itself becomes more resistant, the top layer may lose its 
smoothness.

3.4. Microstructural analysis/investigation of enamel after exposure to 
distilled water

Figure 14 shows the microstructural images of the samples after 
exposure to distilled water. Figures 14a, 14c and, 14e correspond to the 
ground coatings of G1 and G2, respectively. Considering G1/40 surface, 
localized attacks are observed, and it indicates that the fracture is mainly 
constrained to certain surface areas (Figure 14a). However, when the 
titanium-based enamel top layer is applied (T1/40), the crack density 
increases significantly. It becomes more widespread across the entire 
surface. Moreover, as shown in Figure 14b, the crack formation is more 
confıned in regions where coarse Fe/Cr-rich particles are present, which 
are derived from the not totally covered ground layer. This behavior 
may be attributed to the local mismatches in thermal expansion. These 
uncovered areas act as stress concentrators and weak points during 
exposure to distilled water. By extracting some elements during contact 
with water, tensions can be created, which can lead to the nucleation of 
cracks. In G2/40, no visible cracks are detected (Figure 14c), confirming 
that G2 coating demonstrates superior chemical resistance to distilled 
water. When the titanium enamel top layer is applied (T2/40, 
Figure 14d), crack initiation and propagation occur. This is similar to 
what was observed in T1/40, with fractures spreading across the whole 
surface. Compared to T1/40, the surface of T2/40 is more extensively 
covered by the titanium enamel layer, as also shown in Figure 5. 

Figure 12. (continued).
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Therefore, the cracks are more widespread across the whole surface 
rather than local cracks. At the higher processing temperature of 780 ◦C, 
G2/80 surface (Figure 14e) remains without crack formation, pro
nouncing the improved stability of G2. When the enamel top layer is 
applied (T2/80, Figure 14f), cracks reappear. Although the damage is 
less severe and less widespread, it is still observable compared to sam
ples processed at 740 ◦C. Increasing the processing temperature from 
740 ◦C to 780 ◦C significantly improves the resistance of the system to 
distilled water. The crack formation behavior was investigated in more 
detail through EDS analysis, and the corresponding images are provided 

below (Figures 15 to 20). This provides a comparative evaluation of the 
influence of different ground coatings, top layer application, and pro
cessing temperatures on the chemical resistance of enameled cast irons.

Figure 15 presents the EDS analysis of G1/40 after exposure to 
distilled water. The microstructural image shows a defect due to gas 
formation and its subsequent escape from the enamel structure. In 
addition to this defect, localized attacks are examined, confirming the 
susceptibility of the coating to aqueous attack. Pores are initiation sites 
that facilitate the degradation of the enamel layer, enhancing the 
propagation of the attack. The EDS analysis indicates a significant 
depletion of alkali elements in several areas, with Na showing the 
highest degree of leaching, followed by K. Leaching of Na significantly 
disrupts the local chemical stability of the glassy matrix. The removal of 
network modifiers reduces structural integrity and encourages the for
mation of cracks. The crack initiated by the selective attack on Na-rich 
regions and was accelerated by crack propagation under exposure to 
distilled water.

Figure 16 shows the EDS analysis of T1/40. The top coating exhibits 
Na leaching, followed by K, consistent with the observations in G1/40. 
The EDS results also indicate that Na leaching is widespread across the 
entire surface. However, the cracks are pronounced in the uncovered 
area, which consist of the Fe-Cr compounds along with Al. The leaching 
of K and Na becomes more pronounced in this zone.

Figure 17 shows the EDS analysis of G2/40. The EDS results also 
indicate that G2/40 remains unchanged after exposure to distilled 
water. Compared to G1, G2, the presence of Li2O might enhance the 
chemical resistance of the coating. This improvement is attributed to the 
smaller ionic radius of lithium, which also reinforces the overall network 
structure. In addition, the existence of TiO2 contributes to the stability 
and durability of the coating by network polymerization through Ti-O-Si 
bonds.

Figure 18 shows the EDS analysis of T2/40 after exposure to distilled 
water. The results demonstrate that Na is the most intensively leached 
element. Coarse Fe and Cr particles are observed less, and only minor 
traces of Al are identified. The absence of Fe-Cr compounds reduces the 
thermal mismatch effects, hence they do not act as localized stress 

Figure 13. Results of surface Ra and Rz roughness before and after 
water exposure.

Figure 14. Surface images of the G1/40 (a), T1/40 (b), G2/40 (c), T2/40 (d), G2/80 (e) and, T2/80 (f) using SEM/BED mode after exposure to distilled water.
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concentrators. Therefore, fracture propagation is not limited to local 
areas, as observed in the ground coating.

Figure 19 presents the EDS mapping of G2/80 after exposure to 
water. Similar to G2/40, the structure remains unaffected by the 

Figure 15. SEM image and associated EDS element mapping of G1/40 after exposure to distilled water.

Figure 16. SEM image and associated EDS element mapping of T1/40 after exposure to distilled water.
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distilled water. The observed defects are associated with gas formation 
and its subsequent release from the enamel structure. Additionally, 

regions with Al-containing particles are also observed. This behavior is 
due to the enhanced chemical resistance of the G2 composition, as 

Figure 17. SEM image and associated EDS element mapping of G2/40 after exposure to distilled water.

Figure 18. SEM image and associated EDS elemental mapping of T2/40 after exposure to distilled water.
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previously commented.
Figure 20 shows the EDS analysis of T2/80 after exposure to distilled 

water with the top layer applied. The coating is affected by the dıstılled 

water, as cracks appear on the surface. These cracks primarily result 
from the leaching of Na and K, which act as network modifiers and 
weaken the glassy structure. In addition, regions of discoloration are 

Figure 19. SEM image and associated EDS element mapping of G2/80 after exposure to distilled water.

Figure 20. SEM image and associated EDS element mapping of T2/80 after exposure to distilled water.
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observed. Within these regions, Si is also depleted. This indicates that 
once Na and K are sufficient leached, the silica network itself susceptible 
vulnerable to dissolution. Interestingly, in the highly discolored zones, 
crack propagation tends to stop, suggesting a local stress relief associ
ated with the breakdown of the glass network. Near the defective re
gions caused by gas release, Fe-rich compounds are detected, while Ti is 
largely absent.

In all samples, however, the very small size of the porosity in the top 
layer reduces the likelihood of forming preferential pathways for water 
to reach the substrate and leach potentially hazardous elements. 
Furthermore, the importance of the top layer thickness in achieving 
complete coverage of the ground layer was emphasized. The thicker T2/ 
40 sample showed no exposed ground areas, thereby preventing water 
contact and reducing the extraction of Me and Co compared to the T1/40 
sample.

Figure 21 shows cross-sectional images of the samples after water 
exposure. By comparing these microstructures with those of the samples 
before exposure, no significant reduction in coating thickness is 
observed. The extraction of elements and the associated degradation 
processes mainly affect the outermost layers of the coating. No defects, 
cracks, or open porosity are detected that could allow direct contact 
between the external environment and the substrate, which is crucial for 
maintaining corrosion protection. Therefore, for samples consisting only 
of ground layers, the coating thickness does not appear to be a deter
mining factor. In contrast, for samples with an additional top layer, the 
thickness of the outer layer is critical not in terms of corrosion protec
tion, but due to the difficulty of achieving complete coverage of the 
underlying ground layer. As shown in Figures 14b and 16, water- 
induced degradation is evident in the areas where the ground layer re
mains exposed. This effect is also clearly visible in Figure 21b.

Conclusions

This study examined the durability of enameled coatings on cast 
iron, made from a SiO2-Na2O-B2O3-CaO-Al2O3-based frit, after 10 days 

of exposure to distilled water, focusing on their compositional stability 
and microstructural changes. The results indicate that both the ground 
composition and the glaze top layer play crucial roles in determining the 
enamel’s chemical durability, morphology, and overall performance. 
G2-based coatings demonstrated superior chemical resistance than G1- 
based coatings, mainly because of the addition of Li2O and TiO2, 
which increase the structural density. This enhancement resulted in 
improved resistance to distilled water and reduced alkali leaching. 
Conversely, G1 coatings experienced localized surface attacks and sig
nificant Na and K leaching, resulting in microcracks and gradual dete
rioration of the glassy matrix. The application of a titanium white top 
layer significantly improved surface smoothness and decreased the 
release of harmful transition elements like Cr, Mn, and Co. However, 
SEM observations showed limited surface dissolution and localized 
leaching, mostly around pores and areas with incomplete glaze 
coverage. ICP analysis confirmed that the G2-based samples (G2/40 and 
G2/80) remained highly stable, with almost no Na, K, or Si released. In 
contrast, applying the top layer induced initial alkali leaching, which 
stabilized over time. Surface roughness analysis showed that while 
roughness decreased after initial exposure, it increased after prolonged 
immersion due to localized attacks.

The presence of small-sized porosity in the top layer limits the for
mation of preferential pathways that could allow contact between the 
electrolyte and the underlying ground layers.

Future research could investigate long-term immersion tests and the 
relationship between chemical composition and leaching to further 
improve performance under specific environmental conditions.

The thickness of the top layer plays a fundamental role in ensuring 
complete coverage of the ground layer. Samples with a thickness greater 
than T2/40 showed no exposed ground. One possible approach, there
fore, would be to adjust the top layer application parameters to increase 
the coating thickness and reduce or eliminate areas of exposed ground.

Figure 21. Cross section images of the G1/40 (a), T1/40 (b), G2/40 (c), T2/40 (d), G2/80 (e) and, T2/80 (f) using SEM/SE mode after exposure to distilled water. 
The samples were slightly tilted (5◦) in order to allow observation of both the cross-section and the surface.
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B. Karakaş et al.                                                                                                                                                                                                                                Ceramics International 52 (2026) 17714–17731 

17730 

https://doi.org/10.1038/S41597-021-00840-Y
https://doi.org/10.1038/S41529-022-00318-1
https://doi.org/10.1061/(Asce)Mt.1943-5533.0003334
https://doi.org/10.1061/(Asce)Mt.1943-5533.0003334
https://doi.org/10.1007/S13399-022-02363-X
https://doi.org/10.1007/S13399-022-02363-X
https://doi.org/10.1016/J.Surfcoat.2022.128884
https://doi.org/10.1016/J.Surfcoat.2022.128884
https://doi.org/10.1016/J.Porgcoat.2022.107208
https://doi.org/10.1016/J.Ceramint.2025.02.258
https://doi.org/10.3390/Coatings13020216
https://doi.org/10.32545/Encyclopedia202007.0019.V1
https://doi.org/10.32545/Encyclopedia202007.0019.V1
https://doi.org/10.1063/5.0185084/3266879
https://doi.org/10.1063/5.0185084/3266879
https://doi.org/10.13103/Jfhs.2014.29.4.334
https://doi.org/10.13103/Jfhs.2014.29.4.334
https://doi.org/10.1016/J.Jeurceramsoc.2024.117106
https://doi.org/10.3390/App13179952
https://doi.org/10.1016/J.Matpr.2020.08.135
https://doi.org/10.1016/J.Matpr.2020.08.135
https://doi.org/10.3390/Coatings12101540/S1
https://doi.org/10.3390/Coatings12101540/S1
https://doi.org/10.1007/S10717-023-00600-X
https://doi.org/10.1007/S10717-023-00600-X
https://doi.org/10.3390/Ma11112183
https://doi.org/10.3390/Ma11112183
https://doi.org/10.1016/J.Surfcoat.2013.04.065
https://doi.org/10.1016/J.Ceramint.2022.05.222
https://doi.org/10.1016/J.Ceramint.2022.05.222
https://doi.org/10.1016/J.Surfcoat.2004.09.005
https://doi.org/10.1016/J.Surfcoat.2004.09.005
https://doi.org/10.1016/J.Corsci.2021.109747
https://doi.org/10.1016/J.Conbuildmat.2012.07.066
https://doi.org/10.1134/S1023193520120265
https://doi.org/10.1016/J.Surfcoat.2014.09.027
https://doi.org/10.1016/J.Matdes.2013.10.059
https://doi.org/10.1016/J.Matdes.2013.10.059
https://doi.org/10.3390/Cryst11040346
https://doi.org/10.3390/Cryst11040346
https://doi.org/10.1002/Maco.200805230
https://doi.org/10.1002/Maco.200805230
https://doi.org/10.1007/S10717-018-0062-1
https://doi.org/10.1134/S1087659619010085
https://doi.org/10.1134/S1087659619010085
https://doi.org/10.1111/Ijac.14538
https://doi.org/10.1061/Jmcee7.Mteng-17288
https://doi.org/10.1080/17436753.2023.2231699
https://doi.org/10.3390/Coatings13020342
https://doi.org/10.1016/J.Ceramint.2019.04.232
https://doi.org/10.1111/ijac.15170
https://doi.org/10.1201/9781003323020-354
https://doi.org/10.1201/9781003323020-354
https://doi.org/10.1007/S11665-018-3656-4
https://doi.org/10.1142/S0218625x18500944
https://doi.org/10.1142/S0218625x18500944
https://doi.org/10.1016/J.Ceramint.2024.03.095
https://doi.org/10.1016/J.Ceramint.2024.03.095
https://doi.org/10.1080/02670844.2016.1276700
https://doi.org/10.1080/02670844.2016.1276700
https://doi.org/10.3390/Coatings8050185
https://doi.org/10.1038/S41545-023-00275-5
https://doi.org/10.1016/J.Jwpe.2025.107975
https://doi.org/10.1016/J.Jwpe.2025.107975


[44] G.A. Cox, B.A. Ford, The long-term corrosion of glass by ground-water, J. Mater. 
Sci. 28 (1993) 5637–5647, https://doi.org/10.1007/Bf00367840.

[45] J. Hu, et al., Impacts of water quality on the corrosion of cast iron pipes for water 
distribution and proposed source water switch strategy, Water Research 129 
(2018) 428–435, https://doi.org/10.1016/j.watres.2017.10.065.

[46] Holger Evele, Peter Vodak, William D. Faust, Cast Iron Process Control in a 
developing Market, 69th Porcelain Enamel Institute Technical Forum: Ceramic 
Engineering And Science Proceedings 28 (10) (2007) 19–22, https://doi.org/ 
10.1002/9780470614488.Ch4.

[47] N. Mattei, L. Benedetti, S. Rossi, Corrosion behavior of porcelain enamels in water 
tank storage, Coatings 15 (2025) 934, https://doi.org/10.3390/ 
Coatings15080934.

[48] P.G. Pauksh, Some problems with enamelling cast-iron articles, Glass Ceram. 49 
(1992) 241–248, https://doi.org/10.1007/Bf00676942/Metrics.

[49] S. Papavinasam, Materials, in: Corrosion Control in the Oil and Gas Industry, 
Elsevier, Amsterdam NL, 2014, pp. 133–177, https://doi.org/10.1016/B978-0-12- 
397022-0.00003-0.

[50] Y.A. Dudnik, Metallographic inspection of The Metal-Enamel contact Zone, Met. 
Sci. Heat Treat. 25 (1983) 472–475, https://doi.org/10.1007/Bf00802317/ 
Metrics.

[51] N.I. Min’ko, T.A. Matveeva, Glass enamels for steel and cast-iron articles, Glass 
Ceram. 56 (1999) 358–363, https://doi.org/10.1007/Bf02681342/Metrics.

[52] B.W. King, H.P. Tripp, W.H. Duckworth, Nature of adherence of porcelain enamels 
to metals, J. Am. Ceram. Soc. 42 (1959) 504–525, https://doi.org/10.1111/ 
J.1151-2916.1959.Tb13567.X.

[53] Y.A. Dudnik, Distribution of the chemical elements of cast iron in the iron-namel 
contact Zone, Chem. Pet. Eng. 15 (1979) 790–795, https://doi.org/10.1007/ 
Bf01176235/Metrics.

[54] C.A. Zapffe, Cause of defects in Enamel fired on cast iron at temperatures above 
725 ◦C, I, J. Am. Cer. Soc. 25 (7) (1942) 175–180, https://doi.org/10.1111/ 
J.1151-2916.1942.Tb14197.X.

[55] D. Yan, et al., Study of lower temperature–sintered enamel coating on steel bars: 
effect of coating cycles, J. Mat. Civ. Eng. 32 (2020) 04020262, https://doi.org/ 
10.1061/(Asce)Mt.1943-5533.0003346.

[56] A.A. Zaitsev, V.S. Mogil’chenko, Enamel coatability of decarburized iron, Chem. 
Pet. Eng. 3 (4) (1967) 307–309, https://doi.org/10.1007/Bf01136435/Metrics.

[57] A.A. Zaitsev, V.S. Mogil’chenko, Improving the enamelling properties And quality 
of cast iron equipment”, Glass Ceram 25 (1968) 93–96, https://doi.org/10.1007/ 
BF00675989.

[58] W. Vogel, Glass Chemistry, second ed., Springer, Berlin Heidelberg, 1994 https:// 
doi.org/10.1007/978-3-642-78723-2.

[59] F. Russo, S. Rossi, A.M. Compagnoni, Porcelain enamel coatings, Encyclopedia 1 
(2021) 388–400, https://doi.org/10.3390/Encyclopedia1020032.

[60] M.S. Shekhawat, A review paper on glass-ceramics, Int. J. Mater. Phys. 6 (1) (2015) 
1–6.
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