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1. Introduction 
Evolution of the enamelling industry is closely related to the development and 
implementation of principally new enamelling technologies. The latter include the 
technology of coating application in an electric field, particularly electrostatic powder 
application POESTA. It is used in production of steel enamelled parts of household 
appliances, water heater tanks, architectural elements, sanitary wares, etc. 

Large quantities of household electrical and gas appliances, electric water heaters 
(EWH) with enamelled parts are manufactured in Ukraine at the present time. The 
bulk of these products is manufactured by three largest enterprises: Joint Stock 
Company “Greta” (Druzhkovka Gas Apparatus Plant), “Nord” holding (Donetsk) and 
“UkrAtlantic” (Odessa). The primary manufacturer and supplier of vitreous enamel 
frits and powders in Ukraine is Trade-Productive Company “Primex”, and main 
developer of enamel compositions for POESTA is Chair of Technology of Ceramics, 
Refractories, Glass and Enamels, National Technical University “Kharkov 
Polytechnic Institute”[1]. 

Effective cooperation of the manufacturers of enamelled products, enamel frits and 
powders, consolidated by Ukrainian Enamellers Association, makes possible the 
quick respond to changing trends in the global market, legal and regulatory 
framework, the prices of raw materials and metals. 

These trends, in particular, provide: 
• the use of a single frit, and not a few, to obtain the protective vitreous enamel 
coatings by POESTA technology on steel tanks of water heaters, the properties of 
which meet the requirements of DIN 4753; 
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• exclusion of the hazardous components from the frit compositions, in particular 
nickel oxide, in accordance with the REACH regulation (Registration, Evaluation, 
Authorisation and Restriction of Chemical substances); 
• ensuring of antibacterial properties to the coatings in contact with drinking water. 

In this regard, as well as by taking into account the need for energy and resource 
saving at all stages of the production process, the purpose of this work is creation of 
one-frit nickel-free enamel for obtaining of antibacterial chemically and thermally 
resistant single-layer coating applied by POESTA technology for inside steel tanks of 
electric water heaters (EWH). 

2. Results and discussion 
The implementation of POESTA technology involves the use of special vitreous 
enamel frits with a set of properties that provide the possibility of applying fine 
vitreous enamel powders in a high voltage field. These include high electric 
resistivity, well-defined particle size, fluidity of enamel powder, good adhesion to 
steel surface – table 1. 

Table 1 – Requirements for properties of vitreous enamel powders for POESTA 
technology 

 Property  
1 Resistivity of the fine-sized enamel powder ρv ≥ 1011 Ω·m 
2 Proper resistivity of the enamel frit ρv ≥108 Ω·m 
3 Milling dispersity, µm 3 – 100 
4 Limitation for the content of fraction of particles smaller than 

10 µm 
below 5 % 

5 Fluidity of enamel powders, g / 30 sec 70 – 100 
6 Electrostatic adhesion of the enamel powder to steel, % > 70 

The performance characteristics of resulting vitreous enamel coatings are determined 
by properties of the original frit and must meet the requirements for a certain type of 
products. Requirements for the properties of protective vitreous enamel coatings for 
inside steel tanks of electric water heater are regulated by international standards and 
by European norm DIN 4753-3 – table 2. 

Table 2 – Requirements for properties of coatings for electric water heater tanks 

Property Standard Characteristics Comment 
Chemical 
resistance 

DIN 4753-3 minimum 
class А 

10 % hydrochloric or citric 
acid solution, 1 hour 



 3 

Water resistance DIN 4753-3 
maximum loss 

of mass 3,5 
g/m2 

Boiling for 504 hours 

Thermal 
resistance 

DIN 4753 
Without 

destruction of 
the coating 

20 – 200 – 15 °С 
×5 times 

Impact resistance 
DIN 4753; 
ISO 4532 10 N 

Destruction diameter ≤1,5 mm 
after 24 hours 

Physiological 
control 

DIN 4753 Aqueous extract from enamel should not 
contain lead and cadmium 

Coating 
thickness DIN 4753 0,15 – 0,50 mm 

Firing 
temperature 

 
840 – 860 °С 

 

Thus, the complexity of enamel synthesis for the POESTA technology resides in the 
necessity to combine high electric resistivity, chemical and thermal resistance of 
coatings with good fusibility of frits (firing temperature of coatings should not be 
higher than 860 °С). 

According to classical principles of theory and practice of enamelling such chemical 
resistance of coatings is obtained[2, 3]: for POESTA technology – through the use of 
high-silica refractory frit compositions with firing temperature ≥ 860 °С; for wet 
(slip) technology – through introduction of refractory fillers SiO2, ZrO2, ZrSiO4, etc. 
to the milling; for both technologies – through the use of combination of few frits 
with different values of melting interval and other physico-chemical properties. 

Due to inability to use these techniques in obtaining one-frit enamel for POESTA we 
have proposed and experimentally implemented following concept. Required 
properties of vitreous coatings can be achieved by ensuring the structural strength of 
base glass matrix for specific temperature conditions through controlling the 
coordination state of boron and aluminum cations, which, in addition to the silicon 
cations, are the main formers of the glass network[4]. 

The base of chemical and thermal resistant enamels is aluminoborosilicate glasses 
which contain B2O3 up to 17 %, as well as oxides of alkaline and alkaline earth 
metals. Aluminum is the element that strengthens the structure while it’s in fourfold 
coordination to oxygen. AlO4 tetrahedra, acting as glass-formers, bind alkaline and 
alkaline earth metal cations, decreasing the breaks of the network. Condition of 
presence of [AlO4] is the certain ratio between the concentration of modificators 
(alkaline and alkaline earth metals oxides) and aluminum oxide. Ability of aluminum 
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to change the coordination in glass is due to the nature of mono- and bivalent 
modificators – large K, Na, Ba, etc. cations, being the suppliers of deficient oxygen. 
The coordination state of cations of aluminum and boron in the glass has been 
expressed by A. Appen [5, p. 270] through the structure factor ψB (table 3), the value of 
which reflects the ratio (1): 

ψв = (Mе2О + MеО – Аl2O3) /В2О3     (1) 

As is known, the glass, in which the boron is in threefold coordination, is not 
chemically resistant[6]. 

 

Table 3. – Structural state of aluminum and boron in glasses and enamels 

ψB Structural state of aluminum Structural state of boron 

> 1 [AlO4] [ВО4] 
1> ψ > 1/3 [AlO4] [ВО4], [ВО3] 
1/3 > ψ > 0 [AlO4] [ВО3] 
ψ < 0 [AlO4], [АlO6] –– 

 

Composition of the glass matrix – base of one-frit vitreous enamel – was synthesized 
so that presence of aluminum only in the fourfold coordination and boron – mainly in 
the fourfold coordination were provided. Thus, the high values of chemical and 
thermal resistance were preset. The effects of neutralization (polyalkaline) and 
suppression (polycationic) have been used in order to obtain not only high electric 
resistivity[1] but also chemical resistance of final coatings. The latter is particularly 
important for the coatings of inside EWH tanks. This was achieved by a certain ratio 
of alkaline and alkaline earth oxides in glass composition. 

Experimental verification of theoretical assumptions has been made on a series of 
model glasses – Table 4, the compositions of which were calculated based on the data 
of Table 3 and the using the equation proposed by A. Appen (2)[5, p. 313]. 

32

32222
В OB

OAlZnO)MgOO0,3(LiPbO)CdOSrO0,7(CaOBaO)OKO(Na −+++++++++
=Ψ  (2) 

According to the table 3 presences of aluminum only in fourfold coordination and 
boron primarily in fourfold coordination are achieved on condition ψB ≥ 1. Therefore, 
in designing of the compositions of model glasses we provided the following: 
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• presence of aluminum only as glass-former, which corresponds to its fourfold 
coordination; 
• ensuring of manifestation of polyalkaline and polycation effects by simultaneous 
presence of a few alkaline and alkaline earth metals cations; 
• the quantity of refractory glass-forming oxides SiO2 and Al2O3 should be similar to 
their content in the actual vitreous frit compositions for the given purpose. 

Series of model glasses was obtained (table 4), each glass comprised of glass-forming 
components: SiO2, B2O3, Al2O3 and two groups of modificators: R2O and RO, where 
R2O = Na2O + K2O and RO = CaO + BaO. 

Melting of model glasses has been carried out in corundum crucibles in laboratory 
electric furnace at temperatures of 1250 – 1390 °С. 

Table 4 – Chemical composition and ψB of model glasses 

Model glass  
labelling 

Oxide content, mol. % 
ψB SiO2 B2O3 R2O RO Al2O3 

MG1 55,0 16,0 18,0 9,0 2,0 1,563 
MG2 55,0 16,0 13,5 9,0 6,5 1,0 
MG3 55,0 19,0 10,5 9,0 6,5 0,684 
MG4 55,0 25,0 8,5 5,0 6,5 0,28 

In order to verify the calculated values of boron and aluminum coordination state in 
model glasses, their IR-spectroscopy has been made. IR spectra have been achieved 
in KBr pellets by IR-spectrophotometer SPECTRUM ONE (PerkinElmer). 
Transmission spectra of model glasses are given on figure 1. 

Values of bandwidths and transmission maximum of structural units (figure 1) are the 
evidence of accordance of calculated values of ψB of model glasses and coordination 
state of boron and aluminum in them. Thus, at the values ψB=1,563 and ψB=1.0 in 
MG1 and MG2 glasses boron is primarily in the form of tetrahedra [BO4]. The bands 
at 1400 – 1480 and 670 – 700 cm-1 are characteristic of [BO4]. Insignificant 
concentration of three-coordinated boron in MG1and MG2 glasses is confirmed by 
low intensity of peaks at ω = 1420.7 and ω = 1421.9 cm-1, which belong to [BO3]. 
Intensive fields with transmission peaks at ω = 1030.7 cm-1 and ω = 1030.8 cm-1 for 
this glasses are characteristics of [SiO4], [BO4] and [AlO4]. 

Increase of boron content in MG3 and MG4 compositions and decrease of ψB to 
0.684 and 0.28 respectively indicates the presence of three-coordinated boron ions in 
glass. This leads to appearance of intensive bands with maximums at ω = 142.7, 
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1420.4 and 794.6 cm-1 which are inherent to [BO3]. This is the evidence of significant 
increase of three-coordinated boron concentration. Displacement of peaks inherent to 
four-coordinated complexes of glass-formers to the fields of shorter waves is 
apparently due to significant influence of [BO3] on structurally sensitive properties of 
glasses. 

In order to test chemical resistance of model glasses the coatings were fired on 
specimens of low-carbon steel at the temperature of 860 °C and accordingly to DIN 
4753-3, chemical resistance has been assessed visually after the exposure to 10 % 
citric acid for 1 hour. It has been established that chemical resistance of MG1 and 
MG2 coatings corresponds to the class A, and MG3 and MG4 coatings – class C. 
MG2 composition has been chosen as a base for synthesis of one-frit nickel-free 
vitreous enamel with the purpose of obtaining direct-on chemical and thermal 
resistant coatings for inside tanks of water heaters. 

Series of compositions of vitreous frits with Bn labeling (n – number of frit 
composition) for single-layer enamelling of EWH tanks has been developed – table 
5 [7]. Expensive lithium, strontium and nickel oxides – conventional components of 
vitreous frits of similar purpose – were not used. 

Table 5 – Composition of vitreous enamel frits of Bn series 

Frit components Content, mass. % 
SiO2 + B2O3 63,0 – 68,0 

R2O ΣNa2O+K2O 13,0 – 16,0 
RO ΣCaO+BaO 2,0 – 6,0 

Al2O3 + TiO2 2,5 – 6,0 
Nickel-free adhesion activator 

Fe2O3+MnO2+CoO 3,7 – 4,5 

CaF2 0 – 4,5 

The own resistivity ρ of glass-powder without hydrophobic encapsulants – silicon 
films were determined in heating to 300 °C – cooling to 20 °C mode (figure 2). This 
mode has been used in order to establish the influence of the frit composition on the 
two types of the electric conductivity, viz., surface conductivity (which is an indirect 
characteristic of chemical resistance) and the bulk conductivity of powders. 

The vitreous frit compositions are characterized by high own resistivity ρ20 ≥ 1010 
Ω·∙m, see figure 8. The latter remains sufficiently high even at 300 °C: ρ300 ≥ 106 Ω·∙m. 

The coatings were applied on specimens of low-carbon steel 1.2 mm thick and fired 
at 860 °C. Thickness of resulting coating was 180 – 250 µm. The properties of the Bn 
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series enamel coatings in comparison with chemically resistant direct-on 25C enamel 
used in hot water pipelines, as well as widely used enamel for EWH (with labelling 
En) have been studied in accordance with the above standards. 

Visual inspection of coating samples from B3 and E2 frits has shown no visible 
changes of the surfaces of coatings after treatment in 10 % solution of citric acid for 1 
hour, thus meeting the AA class requirements. Chemical resistance of coatings 
obtained from 25C, E1 and E3 enamels corresponded to C, C and B classes 
respectively (figure 3). Thermal resistance of the coatings has been determined by the 
method of thermal cycles (20 – 200 – 15 °C). Developed B3 coating withstood more 
than 5 thermal cycles (table 7). Thus, chemical and thermal resistance of developed 
single-layer direct-on nickel free vitreous enamel coatings meet the requirements of 
standard DIN 4753-3. 

Table 7 – Thermal resistance of developed enamel coatings of Bn series,E1, E2 and 
E3 

Coating 
labelling 

Number of thermal cycles 20 – 200 – 15 °С 
1 2 3 4 5 

E1 + + + chipping - 
E2 + + + + + 
E3 + + chipping - - 
B3 + + + + + 

 

The contemporary trend for ensuring the antibacterial properties of coatings in 
contact with drinking water was taken into account in the development of vitreous 
enamels for EWH. Certain kinds of pathogenic microorganisms such as Enterobacter 
cloacae and Escherichia coli develop on the surfaces having long-time contact with 
water. They create biofilms which are dangerous for the human health and able to 
withstand the action of conventional disinfecting agents[8]. 

Most often the antibacterial effect in vitreous enamel coatings is provided by 
specially introduced compounds of silver, which can have bactericide properties even 
at relatively low concentrations[9]. However, introduction of silver substantially 
increases the cost of product with this coating. 

Some investigations confirm the presence of antibacterial properties in oxides of 
variable valency metals, particularly towards E. coli and S. aureus bacteria[10]. Their 
antibacterial action is based on processes of transition of antibacterial factors (in form 
of Men+ cations) to the solution containing bacteria, as well as on oxidative action 
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against organic structural components of bacteria. This allows their use in vitreous 
enamel coatings as bactericidal agent which is less expensive than silver compounds. 
We have synthesized vitreous enamels on the base of B3 composition. Their 
antibacterial properties are provided by complex bactericidal agent, which contains 
ZnO, CuO, MnO2 and CoO. This agent was introduced directly to the batch. 

We have investigated antibacterial action of developed vitreous enamel coatings B3 
against Enterobacter Cloacae and Escherichia Coli bacteria. Typical enamel for 
protection of inside tanks of water heaters was also used with the purpose of 
comparison. Enamels were applied to steel samples of low-carbon steel 50×50 mm. 
Coatings have been fired in laboratory electric furnace at the temperature of 840 – 
860 °C. The thickness of resulting coatings was 150 – 200 µm. Antibacterial action of 
the coatings was assessed accordingly to international technical norms of the standard 
ISO 22196:2007. This standard describes the method of assessment of antibacterial 
activity, but does not specify its value. Results of fit or misfit of the coatings by 
antibacterial action are decided by the agreement between produces and consumer. 

According to the test technique the bacterial suspension was applied to test and 
control specimens, which were placed into Petri dishes. Inoculum of E. Cloacae and 
E. Coli cultures with concentration of 106 CFU/ml were used. Specimens were 
incubated for 24 hours at the temperature of 37 °C. Determinations were carried out 
more than 5 times for each type of coatings. Rate of bacterial growth after 
thermostating has been assessed visually under the inoculation into “Endo” medium 
by the quantity of colony-forming units (CFU) after 6, 12, 24, 48 and 72 hours of a 
thermostatic exposure. Pattern of bacterial growth for samples of coatings without 
and with CBA compared with the control sample (pure inoculum) is shown on figures 
4 and 5. 

As it can be seen from the pictures, drain (rapid) growth of both types of bacteria was 
observed in the control sample. For the sample with typical water heaters enamel 
after thermostatic exposure significant decrease of initial concentration of bacteria E. 
Coli and insignificant decrease of E. Cloacae bacteria concentration were observed. 
For the sample of B3 coating with CBA sharp decrease in initial concentration of 
bacteria (fig. 5a) was observed in both cases. Results of bacterial growth research at 
long-time thermostatic exposure are presented on fig. 6. 

Pronounced bactericidal activity is established for coating of Bn series with CBA at 
thermostatic exposure in 24 hours. It is caused by activity of the bactericidal agent 
components, which act by oxidation of structural proteins and enzymes, and thus are 
toxic for bacteria cells.  
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Results of the given work allow to draw a conclusion about the efficiency of 
antibacterial action of the coatings containing the complex bactericidal agent to 
enterobacteries. 

Conclusion. 
By the method of regulation of structural strength of glass-matrix in system R2O – 
RO – B2O3 – Al2O3 – SiO2, provision of polyalkaline and polycationic effect and with 
the use of special complex bactericidal agent, the one-frit direct-on nickel free 
vitreous enamel was developed. On its base the single-layer chemical and thermal 
resistant coating with antibacterial effect applied by POESTA technology was 
obtained. This coating composition meets the requirements of international standards 
to coatings for protection of inside steel tanks of electric water heaters and can be 
used in their production. 
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Figure 1. IR transmission spectra of model glasses 
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Figure 2. Temperature dependence of lg(ρ, Ω·m) of vitreous enamel 
powders in the heating to 300 °С – cooling to 20 °С mode 
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Figure 3. Exterior of the coatings after chemical 
resistance determination 
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Figure 4 – Bacteria E. Cloacae and E. Coli growth after 24 hours of thermostating 
a) on typical vitreous enamel coating  b) on control medium 
 
 
 

  
 

Figure 5 – Bacteria E. Cloacae and E. Coli growth after 24 hours of thermostating 
a) on vitreous enamel coating B3 
containing complex bactericidal 
agent 

b) on control medium 
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Figure 6 – Growing curve for E. Cloacae and E. Coli at thermostatic exposure 

 
 


