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ABSTRACT 
 
 Acid resistant enamels are used in the chemical industry in the lining of reactors subjected to aggressive 
chemicals. An acid resistant enamel recipe is presented, where the silica content in mill addition is varied from 0 
to 35 %. The effect of this addition on the crazing and the mechanical adherence of the enamel to steel were 
investigated. It was found that while the crazing resistance was not affected, the adherence decreased with an 
increase in silica content, although still being in the acceptable range even at a 35 % silica level. Steel enameled 
sheets, with different silica content, were then tested for acid corrosion for time periods reaching 250 hours at 60 
oC by subjecting them to solutions of 20 % HCl, 98 % H2SO4, 85 % H3PO4, and 90 % ClCH2COOH 
(monochloroacetic acid). It was found that, in all cases, a mill addition of 30 – 35 % silica showed an excellent 
performance. These results were then compared by subjecting low carbon steel, 316 stainless steel and 
Hastelloy–C sheets to the same chemical solutions, under the same conditions. The results were comparable to 
those of Hastelloy–C, with the obvious economic advantages of using enameled steel over this expensive alloy. 
The kinetics of acid attack was disclosed showing a marked decrease in the rate of reaction with increased silica 
in mill addition. 
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Introduction 
 
 Enamels are traditionally used on metallic surfaces to improve their chemical durability [Jones and Berard, 
1985]. Basically, the enameling process involves the application of a glassy coating to a metal substrate. This 
combination should provide improved properties such as strength, gloss, surface smoothness, etc… 
 Chemical resistance in service is a major consideration in the chemical industry that should lead to a proper 
formulation of the enamel recipe. In acid media corrosion an ion exchange process predominates [Clark et al., 
1976; Poletti et al., 2005]. The rate at which this exchange takes place depends on the composition of the 
coating. Over 90 % of the aqueous corrosion of coatings can be accounted for by considering three factors: Time 
of exposure, pH of the medium and temperature. The rate of exchange of hydronium ions with alkali ions from 
the glass surface has been studied by many authors in case of exposure to acid media [Clark et al., 1976; 
Goetcheus, 2006; Volkov et al., 1984; Porcelain Enamel Institute, 2006]. Many acid resistant enamel 
formulations are available in the literature [Alikina and Sirootinskii, 1984; Kassem et al., 1991; 2010]. The 
additions made to this effect usually decrease the adherence of the enamel to the substrate [Doremus, 1973], and 
so, this factor is to be taken in consideration when formulating an acid resistant recipe. 
 More recently enamels have found their way into concrete making by reducing corrosion of steel 
reinforcement and increase cement to steel bonding [Hock et al., 2009; Wemer, 2010]. 
 The aim of the present paper is to formulate an acid resistant enamel recipe starting with a basic recipe. The 
percent silica in the mill addition was then varied to reach a maximum of 35 %. The effect of this addition on 
the adherence to substrate and on the corrosion resistance to four different acids was then investigated. 
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2. Experimental: 
 
2.1. Preparation of specimens: 
 
 The low carbon steel substrate used in this study consisted of low carbon steel supplied by the Egyptian iron 
and steel company in Helwan, South of Cairo. Table (1) shows the composition of this steel. 
 
Table 1: Chemical analysis of steel substrate. 

Elements Carbon Hydrogen Phosphorous Sulfur Manganese Iron 
% 0.03 Nil 0.01 0.40 0.04 99.5 

 
 These sheets were cut into slabs of (100 × 100 × 2) mm3 dimensions. The metal surface was cleaned using a 
special soap in warm water at 60 oC for 30 minutes. This was followed by hot water then cold water rinsing. 
 Pickling was then effected using a 6 % sulfuric acid solution at 65 oC for 10 minutes. This was followed by 
hot, then cold water rinsing. 
 Finally, the sheets were treated with a 10 % sodium carbonate solution to neutralize off any acid. This 
treatment was effected at 65 oC for 10 minutes then followed by hot and cold water rinsing. 
 The basic enamel recipe used was suggested by Kassem et al. [2010] as having good acid resistant 
properties. Table (2) shows the enamel composition in terms of its raw materials. 
 
Table 2: Enamel composition. 

r.mat. Quartz Feldspar Borax Titania Boric Acid CaCO3 Fluorspar CoO K2CO3 
% 21 25 15 3.6 19.5 5.3 5.0 5.0 1.0 

 
 The mill additions in the basic recipe consisted originally of 8 % kaolin clay (from Aswan, Upper Egypt), 
6.2 % sodium nitrite and the balance water. After melting, the final molar composition of the enamel was 
calculated to be as shown in the next table. 
 
Table 3: Molar formula of the starting enamel. 

R2O + RO R2O3 RO2 
Na2O 0.226 B2O3 0.896 SiO2 2.33 
K2O 0.107 Al2O3 0.144 TiO2 0.162 
CaO 0.425  F2 0.248 
CoO 0.242   

 
 Trials were made by increasing the amount of quartz in the mill addition from 0 % to 35 %, on the logic 
assumption that the increase in silica content will have a positive effect on the acid resistance of the enamel. 
 The enamel ingredients were weighed accurately; dry mixed in a laboratory ball mill then fused in a high 
alumina crucible at 1400 oC for two hours. The melt was then poured into water so as to produce a frit. To this 
frit was added the mill addition, then this was mixed and ground in the ball mill so as to obtain a powder such 
that 95 % passes 200 mesh screen.  
 The milled enamel frit was applied onto the treated metal surface then dried at 100 oC for 10 minutes. The 
dried sheets were then fired to 920 oC for 7 minutes in a muffle furnace. Measurement of the enamel layer 
thickness showed that it ranges from 120 to 140 μm. 
 
2.2. Testing procedures:  
 
 The crazing test was performed according to the Egyptian Standard ES 234 – 17 [2008], by placing the test 
specimens in an oven at 200 oC for 10 minutes, then water quenching. The sample is considered to pass the test 
if crazes do not show after five heating – quenching cycles. 
 The adherence test was performed using the simple method developed by Andrews [1962], in which the 
total work done by a falling sphere onto the enameled sheet surface, until detachment occurs, is calculated. 
 The corrosion test (or acid resistant test) was performed according to International Standard ISO 28706 – 2 
[2008]. In this test, only the enameled surface is exposed to the acid. The extent of attack is obtained, after any 
time, by measuring the loss in weight and the corroded area. The specific loss in weight (g/cm2) is then 
recorded. The extent of attack was followed for periods of exposure reaching 300 hours.  
 In all aforementioned tests, the mean results of three specimens were determined each time. 
 
Results and Discussion 
 
3.1. Effect of silica content on the crazing behavior: 
 
 Tests undergone on different samples showed no crazing after six cycles for samples containing up to 25 % 
silica in mill addition. Samples containing 30 % and 35 % silica showed slight crazing after the sixth cycle, 
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though passing the test after five cycles. It can be concluded therefore that the addition of silica shows no 
marked effect on the crazing resistance.  
 
3.2. Effect of silica content on the adherence of enamel: 
 
 Figure (1) shows that the addition of silica has a negative effect on the adherence of enamel to the metal 
sheets. This is expected in view of the grain growth of quartz which will have a negative impact on the surface 
adherence. The adherence energy decreased from 3.68 J/cm2 to 2.94 J/ cm2 as the silica content was increased 
from 0 % to 35 %. These values were compared with the acid resistant enamel produced by Bayer of code:  
(GR1101, 60 %, GR1200, 20 %, GR1304, 20 %) and that produced by EGE Ferro of code (14101, 30 %, 14102, 
40 %, 14103, 30 %). Their adherence energy were determined to be 2.79 J/ cm2 and 2.74 J/ cm2 respectively, 
showing that, even at a 35 % silica level, the present enamel shows better adherence to steel than the two 
mentioned types.  

 
 
Fig. 1: Effect of silica content on the adherence energy with steel. 
 
3.3. Effect of silica content in mill addition on the acid resistance of enamel:  
 
 As previously explained, samples containing different levels of silica in mill addition were subjected to 
chemical attack by different acids. 
 Figure (2) shows the effect of percent silica on the variation of the percent loss in weight with time in case 
of exposure to 20 % HCl. For convenience, a semi logarithmic scale has been used. Similar curves were plotted 
for the three other acids (98 % H2SO4, 85 % H3PO4, and 90 % ClCH2COOH) using appropriate vertical 
logarithmic scales (Figures 3, 4 and 5). It is clear from all four curves that the specific loss in weight reached a 
steady state after an exposure period of 300 hours. The percent loss in weight after 300 hours can then be 
considered to be the maximum loss attained after exposure to the acid media investigated. 
 

 
 
Fig. 2: Effect of time and silica content on the specific weight loss upon immersion in HCl. 
 
 
 



303 
Adv. in Nat. Appl. Sci., 7(3): 300-306, 2013 

 
 
Fig. 3: Effect of time and silica content on the specific weight loss upon immersion in H2SO4 
 

 
 
Fig. 4: Effect of time and silica content on the specific weight loss upon immersion in H3PO4 
 

 
 
Fig. 5: Effect of time and silica content on the specific weight loss upon immersion in ClCH2COOH. 
 
 That is why; Figure (6) was drawn to show the effect of the percent silica in mill addition on the maximum 
specific loss in weight achieved calculated as loss in weight per unit area. It can be seen from that figure that the 
specific loss in weight (g / cm2) decreases in all cases, as the percent silica in mill addition is increased. It also 
appears that this loss slowly decreases up to a 20 % silica level, after which the loss in weight highly decreases. 
This means that it takes at least 25 % silica in mill addition to achieve a reasonable acid resistance. Silica levels 
higher than 35 % did not produce any supplementary resistance. So, it was concluded that a 35 % silica level 
was sufficient to obtain a good acid resistance. The lining of chemical reactors subjected to acid attack is 
commonly done using lead in case of conc. sulfuric acid and Hastelloy–C in the three other cases. This latter 
alloy is known to have a high chemical resistance towards acid attack. Its cost is, however, a major drawback 
that limits its use. For comparison a sheet of Hastelloy–C (276) 3 mm in thickness would cost about 40 times 
that of an enameled sheet having the same dimensions (with the present recipe and 35 % silica). In order to 
compare the acid resistance of enameled sheets to different materials, tests were conducted where sheets were 
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exposed for 300 hours to the four acids. The materials used were low C steel 37, stainless steel 316, enameled 
sheets with 0 % and 35 % silica and Hastelloy–C.  
 

 
 
Fig. 6: Effect of silica content on the maximum specific loss in weight after 300 h immersion. 
 
 Figure (7) shows this comparison, where it is obvious that, among the materials tested, 35 % silica enamel 
and Hastelloy–C have comparable acid resistance that exceeds by  far that of any of the other tested materials. 
 

 
 
Fig. 7: Comparison between the corrosion resistances of different materials towards mineral acids upon 

immersion for 300 h. 
 
3.4. Kinetics of acid attack: 
 
 The extent of attack is not the sole factor that considerably decreased upon using 35 % silica addition but 
also the rate at which this attack takes place.  
 In order to elucidate that point, the kinetics of chemical attack was determined in all four cases. Different 
kinetic models were fitted to experimental data considering the extent of reaction (x) to be the ratio between the 
weight loss per unit area and the weight of the enameled steel sheet per unit area (1.56 g). These models are: 
 
First order chemical reaction:  )x1ln(t.K −=             (1) 
 

Second order chemical reaction:  1
x1

1t.K −
−

=             (2) 

 
Diffusion:   2xt.K =               (3) 
 
In all cases, K is the rate constant (h-1).   
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 For convenience only the result of attack by sulfuric acid is shown in Figure (8). It shows a linear fit for the 
second order reaction model. The reaction rate constants K were calculated from the slopes of the lines obtained. 
Similar curves were obtained for the three other cases. Results are summarized in the following table. 
 

 
 
Fig. 8: Second order kinetics of attack of enamel by 98 % H2SO4 
 
Table 4: Reaction rate constants. 

Values of K Model Acid 
35 % 
Silica 

30 % 
Silica 

25 % 
Silica 

20 % 
Silica 

10 % 
Silica 

0 % 
Silica 

3.28×10-8 8.43×10-8 0.0000011 0.00014 0.00033 0.00062 Diffusion HCl 
1.24×10-9 2.2×10-7 0.000029 0.00053 0.0006 0.00071 2nd order H2SO4 
1.86×10-6 0.0000503 0.000104 0.00014 0.000148 0.000163 2nd order H3PO4 
2.13×10-7 1.75×10-7 1.79×10-6 0.000107 0.000121 0.000136 1st order ClCH2COOH 

 
 This table points out to the following general conclusion: The rate constants (indicative of the rate of 
reaction) drop sharply in all cases investigated at silica contents higher than 25 %. The values of K for silica 
content = 30 % are in general two orders of magnitude less than those obtained at 25 % content.  
 This means that not only did the increase in silica content in enamel decrease the extent of attack by acid 
solutions but it also caused a decrease in the rate of attack. 
 
4. Conclusion 
 
 Acid resistant enamel was prepared and the percent silica in mill addition varied. Adding silica up to a 35 % 
level showed little effect on crazing resistance. It was also found that the adherence energy decreases with 
increased silica ratio although it was still in the allowable range with up to 35 % silica addition.  
 Different enamel frits, containing different levels of silica addition applied onto sheet steel were then 
exposed to acid attack for periods reaching 300 hours. Aggressive mineral acids 20 % HCl, 98 % H2SO4, 85 % 
H3PO4, and 90 % ClCH2COOH were used to test the resistance of enamel frits to chemical attack. It was found 
that the extent of attack decreased with an increase in silica content. The protective effect of enamel, whether 
the extent or the rate of attack, began to show off appreciably after a 25 % silica addition in all cases. This effect 
stabilizes at a mill addition of 30–35 % silica. 
 A comparison was then made by exposing different materials to the four acids for time periods of 300 
hours. The results showed that the suggested enamel recipe containing 35 % silica had an acid resistance 
comparable to Hastelloy–C, with an obvious lower cost. 
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