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Introduction 

Cast-iron fittings for untreated and potable water 
supply have been enamelled for years. 

  

 

The operation of the valve (most frequently gate or flap valve) can be 
performed by hand or motor. Motor-powered fittings are mostly used in civil 
engineering underground and later contolled from a signal box. These fittings 
require a very high degree of reliability and safeguarding against failure. 

Enamel is thereby a necessary requirement to prevent imminent incrustations. 
On the one hand such incrustations reduce the usable cross section of the 
component and on the other they also restrict the mechanical function  - the 
gate valve or flap valve can become blocked. Microfouling1 can effectively 
be prevented in enamelled fittings. Macrofouling2 is likewise actively 
combated. Some types of mussels and algae however are able to 
accumulate in conditions which are ideal for them. Enamel supports the fitting 
with its Gel-Mechanism3 so that it, when needed,  functions reliably and 
immediately even after years of disuse. 

 

1  Microfouling is to be understood as the formation of deposits of sand and mud as well as 
crystallised salts. 

2  Macrofouling is to be understood as the accumulation of algae, mussels and polyps. 

3  The gel-mechanism will be described later. 
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Basic Principles 

The interior enamelling of fittings with blue enamel G3394/SB has been known now 
for decades. Over the last few years we have developed new enamels which now 
enable the application of fittings in highly corrosive soil. These have been 
enamelled inside and outside at the same time. The committee NA 062-01-63AA of 
DIN has established the new norm DIN 51178 `Vitreous and porcelain enamels – 
inside and outside enamelled valves and pressure pipe fittings for untreated and 
potable water supply – Quality requirements and testing´ [1]. This norm takes into 
consideration both applications: the interior enamelling and the complete 
enamelling of the component. The standards provide the end-user with a high 
degree of reliability for components certified in this way. The norm replaces the 
former DIN 3475 which was withdrawn in May 2011. 

Most frequently the practical demands on components concern a combined 
chemical and mechanical attack [2]. A mechanical hardness which is too low can 
be the cause of rapid failure of a component even with excellent chemical 
resistance. Enamel has a similar degree of hardness as steel and guarantees very 
good abrasion-resistance properties. 

The complete enamelling of components has huge application advantages. The 
component is completely glazed-in and offers corrosion no possibility of attack 
whatsoever. Previously components had an enamelled interior and a painted 
exterior. Transition sections occur here between the paint and the enamel which 
were frequently the cause of the first signs of corrosion or impeded the sealing 
function.  

Besides blue enamelling, components can also be enamelled on the outside in 
other colours (red, yellow, green, grey, white or black). 

More and more often 
countries with very high 
ambient temperatures 
desire cast iron which can 
be used for years with 
permanently high water 
temperatures. 
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Chemical Resistance to Water 

Glass is not thermodynamically stable with regard to water. For this reason it is not 
possible in principle to prevent a reaction with water. One can slow down the 
attack so that one achieves excellent durability. 

When enamel comes into contact with water an ion exchange of alkali ions for H+ 
ions takes place first of all. A gel coat with a constant composition is formed which 
includes the residual alkali content in addition to H2O molecules. The transition 
between the gel coat and the enamel is S-shaped and high-sloped [3]. The 
leaching of the enamel’s alkali ions can be described in the following equation: 

   (1) 

H+ ions do not lie in water as protons but are always hydrated. For this reason one 
can write H3O+ also – the actual hydration is even higher corresponding 
approximately to the compound H9O4+, that is to say each proton is tetrahedrally 
surrounded by H2O molecules. It is thus understandable that also H2O molecules 
can migrate into the glass with the H+ ions. It can also be the case however that 
the H2O molecules are created in the enamel due to condensation of adjacent Si-
OH groups. 

    (2) 

An examination of a soda-lime glass shows that each Na+ ion was replaced by a 
H+ ion and a 0.46 H2O molecule [3]. The most important thing about this 
mechanism is the formation of the gel coat on the enamel. This gel coat slows 
down the continuing attack and leads for the most part to the creation of a 
protective layer of low-solubility hydroxides and oxidehydrates of alkaline and 
amphoteric elements [4]. 

 

This gel coat is also the reason however why incrustations cannot form on the 
enamel. Deposits on enamelled components are easily torn away from the gel 
coat protecting the enamel by the flow of water or carried away together with 
the gel coat. The gel coat is regenerated immediately. The enamel is not depleted 
by this process as the necessary quantities of material are extremely small. 

It is also a big advantage that enamel undergoes a reaction with water. Thus the 
beneficial gel coat forms which actively protects the fittings against deposits and 
against mussel growth. 
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Even on contact with acids predominantly an ion exchange takes place on 
the enamel surface. The release of silicon dioxide is therefore slight. In an acid 
environment the attacking solutions are saturated with solute silicon dioxide 
and then only leach out on the surface. The acid attack is inhibited and the 
corrosion is significantly reduced. 

Due to the leaching out of Na+ ions desribed above (equation 1) the water 
becomes impoverished in H3O+ ions which leads to an increase in the pH value. 
In an alkaline environment the network bonds of the glass are fractured. 

The alkaline attack can be presented as follows: 

     (3) 

The solute quantities of SiO2 increases arithmetically over the exposure time. 
Different solute silicates are created from the glass – or from the enamel. 

SiO2 + 2OH- à SiO32- + H2O 

SiO2 + 4 OH- à SiO44- + 2 H2O  

2 SiO2 + 2 OH- à Si2O32- + H2O 

2 SiO2 + 6 OH- à Si2O76- + 3 H2O 

Solute quantities of silicates can inhibit the attack of alkalis [5]. These facts are 
considered in the norm DIN EN ISO 28706/5 [6] by utilisation of a greater 
volume/surface ratio. Whether the different structure of the silicates has an 
impact is unexplained. 

The water attack represents a combined attack. Whichever attack 
mechanism prevails is above all dependant on the temperature. It is expected 
that at low temperatures and over short periods of time the ion exchange is 
predominant [7]. 

With the ion exchange the rate-determining step is not the migration of the 
cation but the mobility of the H+ ion in the network [8]. The temporal law for the 
attack conforms to the Kohlrausch law [5]: 

            (4) 
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In the equation, Δm denotes the total loss in mass per unit area, t time and the 
factor k1 is a material-specific constant of proportionality4. Since the splitting of 
the network during the alkaline attack is mainly dependant on the mass 
action, this attack is temporally linear [5].: 

           (5) 

Since a different constant of proportionality arises for this attack this is then 
called k2. One can therefore expect a temporal law in the following form for 
the combined attack: 

 
         (6) 

 

Diagram 1: The solid line shows the progress of the diffusion-controlled attack (formula 
4). The dotted line shows the progress of the combined attack (formula 6). 

The constants of proportionality, or the coefficients in the DOE, can be influenced by 
the enamel composition. The permeation of K+ ions is slower than the same reaction of 
Na+ ions. A mixed-alkali layer can be built up in the enamel layer which acts as a 
barrier for the reaction of the very mobile Na+ ions.  

It is also sensible to hinder the H+ ion migration in the [SiO4] network if the enamel is to 
be able to resist high temperatures. This can happen through firmer bonds in the 
network or through a generally higher density. The looser structure of the amorphous 
original substances contradicts this goal however. Nevertheless with glass and enamel 
it is possible to regulate the response by means of the composition. 

4 In the following DOE test this constant of proportionality is equivalent to the definite 
coefficient. 
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The problem becomes significantly more complicated in the case of high 
water temperatures as the attack is accelerated. The attack from boiling 
solutions continues temporally linearly in a normal case. 

Experimental Results 

With the help of DOE5 we investigated the effect of time and temperature on 
the corrosion rate. All tests were carried out in accordance with DIN EN 
ISO28706/2-13 [11]. The duration and temperature were varied divergently from 
the norm. 

 

Diagram 2: Coefficients for the total loss in mass per unit area in a water attack. rot = 
root(time); ro_T = root(temperature); rot*rot = time; rot*ro_T = interaction. 

Diagram 2 shows the size of the individual coefficients. The temperature has a greater 
influence than the time. There is additionally a synergetic interaction term (rot*ro_T) as 
the effect of the time factor is dependant on the response of the setting (parameter) 
of the temperature factor. This is best represented in an interaction diagram. 

 

 

 

5 DOE : Design of Experiments 
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Diagram 3: Interaction of the factors. Solid line: 20°C, dashed line: 80°C, dotted 
line:100°C. 

Diagram 3 shows the interaction of both time and temperature factors on the 
response of the total loss in mass per unit area. The plot of both factors on the 
response is depicted in diagram 4. 

 

Diagram 4: Surface diagram for the total loss in mass per unit area. The colours show the 
increase in loss of mass from blue to red. 
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Evaluation 
 
It can be recognised that the effective loss of mass at low temperatures – obeying 
the Kohlrausch law – is extended by a linear term at high temperatures as 
theoretically expected. Contrary to the literature the dependence of temperature 
is not linear but likewise inhibited. 

For this limited area of a 
composition and clearly defined 
test conditions a generally valid 
formula for the water attack as a 
function of time and temperature 
can be given. Under real working 
conditions using water which may 
contain suspended particles and 
salts, and is not continuously stirred, 
can result in considerably less 
abrasion [12]. 

 

Diagram 5: Comparison of the 
coefficients for √t, √T, t and T. 

 

Diagram 5 shows the effect of the coefficients √t, √T and the linear coefficients 
for time and temperature. It is evident that there is no linear effect for 
temperature – negative coefficients at higher temperatures contradict the 
results. The linear effect of time becomes significant with greater data volume. 

This form of 3D surface corresponds to the mathematical formulation: 

  (7)   

In the equation Δm denotes the total loss in mass per unit area, t time, T 
temperature and the factors k1 to k7 are material specific constants of 
proportionality or rather the determined coefficients. With this enamel the 
coefficients k4, k6 and k7 are equal to zero. 

Thus the equation is simplified for the reaction with water: 

           (8) 
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Diagram 6: Representation of the function of multiple variables from 3 perspectives 
according to equation (8). The surfaces were calculated with the defined coefficients in 
the DOE. 
 
Diagram 6 shows the found function of multiple variables in the representation of 
undistorted axes. The root-shaped spread of the surface can now also be 
recognised which was linearised by using root values for the axes(diagram 4). 
 
The results of our tests are consistent with the represented theoretical formulations. 
A generally accepted mathematical model was stated for the attack of water on 
glass and enamels. The special thing about the enamel tested is that the reaction 
with water is successfully inhibited. This is especially valid for temperature but also 
for the time effect. In both cases the attacks appear proportional to the root of the 
factors. This results in excellent long-term durability. 
 
Statistical Error Analysis 
 

  
Diagram 7: Plot of the variance analysis 
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The variance analysis is graphically depicted in diagram 7. The SD (standard 
deviation) regression shows the variation of the response explained by the model. 
RSD (residual standard deviation) shows the variation of the response not 
explained by the model. The product RSD*sqrt(F(crit)) shows the RSD (second bar) 
multiplied by the square root of the critical F factor. The critical F is the value of the 
F-distribution over which SD regression is statistically significant at the 95% 
confidence level. Hence when the third bar in the diagram is smaller than the first, 
the model is significant at the 5% level. The middle bar is of course always smaller 
than the right-hand bar. The model fits the data well. 

Conclusion 

If one converts the achieved results to the corrosion rate an operating life of at 
least 10 years can be predicted for fittings permanently used in hot water of 85°C 
for example. Such an extreme scenario will seldom occur so that the desire for 
durable fittings in the field of hot water are completely fulfilled.  

The enamelling of fittings for hot water up to now was carried out mandatorily in 
two coats. The new enamel for fittings can be applied in only one coat and its very 
simple processing is also convincing. The pore-free enamel can also resist 
seawater. A new material is available which actively combats incrustations by 
means of the Gel-Mechanism, possesses excellent abrasion-resistance and can 
permanently withstand high water temperatures. In countries where water is the 
most precious commodity this enamel will certainly be of great interest 
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