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The bubble structure of enamel coatings affects their behaviour in corrosion environments and their applica-
bility in the protection of metals against corrosion. A method enabling to characterize the bubble structure
of enamel coatings was developed. After preparing a planar section parallel to the coating surface, the di-
ameters of bubble sections are measured, preferably by image analysis. The resulting size distribution of
two-dimensional bubble sections can be converted in the size distribution of three-dimensional bubbles using
a stereological method. Ezamples of two different enamel coatings on steel substrate show the applicability of

this method to real enamel systems.
INTRODUCTION

Enamel coatings have been widely used for corro-
sion protection of metals and for decorative purposes.
The usual industrial application consists in enam-
elling of steel or cast iron product.

One of the important properties of enamel coatings
is their bubble structure, which develops as a result
of gas evolution during firing [1 - 4].

The mechanism of gas evolution is not yet fully un-
derstood. However, it is assumed that reactions bath
in the bulk of enamel melt and at the metal - enamel
melt interface contribute to this phenomenon. Gas
evolution in the bulk depends mainly on clay content
in mill additions. The interface reactions are influ-
cneed by the composition of the ambient atiosphere
(e.g. by water vapour content) and of the substrate
(e.g. by carbon content in steel).

The bubble structure affects the corrosion proper-
ties of the coating in two ways:

1. The presence of large bubbles, the diameter of
which is comparable to the coating thickness, deterio-
rates the coating because thin bubble walls are broken
easily and the substrate is locally exposed to corro-
sion environment.

2. On the other hand, uniformly distributed small
bubbles are desirable because they reduce the ten-
dency towards “fishscaling”.

The bubble size may vary in a wide range. This de-
pends on the substrate and enamel composition and
on firing conditions.

Several methods can be used to visualize the bub-
bles:

a) An X-ray defectoscopic method consisting in tak-
ing X-ray photographs of enamel coatings separated
from the metallic substrate. During the exposure to
transmitted X-rays, the film is in close contact with
the separated coating. The separation can be carried

out by a chemical method [5] based on dissolution
of the steel substrate in an iodine-methanol solution,
which is applicable virtually to any inorganic non-
metallic coating.

b) Cross-sections of enamel coatings in contact with
the substrate can be studied by metallographic tech-
niques.

¢) In a similar way, enamel coatings separated from
the substrate and mechanically fractured can be in-
vestigated.

d) Planar sections parallel to enamel coating surface
can be prepared. The distance of such a planar section
from the surface can be chosen in advance. The choice
is based on the preliminary inspection of a cross-
secticn. It is possible to study ane or more planar
sections of the same enamel coating, preferably by
image analysis complemented by a stereological eval-
uation.

The X-ray defectoscopic method is practical for
comparing differing bubble structures of coatings,
however, it is not very suitable for quantitative mea-
surements because of superimposed bubbles and of
some uncertainty in bubble image contours definition.

The number of bubbles intersected by a cross-
section or by a fracture surface may be too small
for a statistical interpretation. The bubble structure
within & cross-section or a fracture surface may be
inhomogeneous, i.e. it may depend on the distanc:
from the enamel coating surface. If so, this compli-
cates the bubble structure description though, on the
other hand, it enables a deeper insight into the mech-
anism of gas evolution.

A method based on image analysis of planar sec-
tions parallel to the surface and on a stereological in-
terpretation of the results appears to be the most ef-
fective of the above mentioned methods, in particular
in quantitative studies of bubble structure geometry.
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PROCEDURE

For obtaining a well-defined planar section of an
enamel coating, techniques commonly used in met-
allography are applicable. The section must be pie-
pared with much care because of high brittleness of
enamels. Each planar section parallel to the surface
is obtained by removing an adequate layer of enamel
by grinding. This must be followed by careful polish-
ing so as to obtain well-defined contours of bubble
sections. From the image analysis of a specimen pre-
pared in this way, a sort of bubble size distribution
can be obtained. This distribution does not relate to
the true bubble diameters but only to the diameters
of circles resulting from bubble intersection by an ar-
bitrary plane.

Classical stereological methods are capable of re-
constructing the distribution of real spherical bub-
ble diameters and of estimating the volume fraction
of bubbles. The application of such a method means
a transition from a two-dimensional probe (i.e. a pla-
nar section of the coating) to a three-dimensional case
(i.c. to a volume in a close neighbourhood of this
plane).

The procedure applied in this paper consisted of
four steps:

1. Preparation of coating planar sections. An enamel
layer, the thickness of which was equal to the pre-
set depth, was removed by wet grinding using papers
STRUERS No 220 - 800 followed by polishing with
diamond pastes (particle size of 3 pm and 1 pm).

2. Bubble section diameters in the specimen area
A were measured by an image analyzer IBAS II. To
classify the bubble section diameters, size intervals
of constant width were chosen (their number was k).
For each (i-th) size interval, the number n} of bubble
sections in the whole specimen area was determined.

3. The size distribution of two-dimensional bubble
sections was represented in a histogram of n; versus
bubble section diameter values where n; = "7‘;- is the
number of bubble sections in the i-th interval per unit

area.

4. For reconstructing the real three-dimensional dis-
tribution of bubbles as a function of the true bub-
ble diameter values, a stereological method (Scheil-
Schwartz-Saltykov method) was used. The problemn
of determining the distribution of spherical bubbles
randomly localized in the sample volume as a func-
tion of the true bubble diameter is based on the solu-
tion of a classical integral equation ([6], p. 289). The
most frequent way of determining the required solu-
tion is the discretization of the problem. First, the
maximum true diameter is set equal to the maximum
section diameter. Now the following system of equa-
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tions is solved ([6], p. 294):

k
n; = AZb,‘jN]‘
j=1

Here A is the width of the size interval (it is the same
for all size intervals), N; is the unknown number of
bubbles in the j-th size interval per unit volume, and
bi; is defined as follows:

bij = \/.72_:7:'-_1)_2 - m

for i<j, j=1,2,...,k
for 1>

The solution of this system of equations is

Lk
N; = A Z Cij Ny
i=1

The coeflicients c;; for 1 to 15 size intervals are listed
in [7], p. 280. For a larger number of size intervals,
the values of ¢;; must be calculated.

The mean nurnber Ny of spherical bubbles per unit
volume can be estimated easily:

k
Ny = ZN]
j=1

Further, the estimate of the mean diarneter o and the
meai. volume V of a spherical bubble is possible (see
(8], equations (4.18) and (4.20)):

Finally, the best way of estimating the volume frac-
tion of spherical bubbles in the specimen near the
section plane is given by the formula

VVzAA

where A4 is the area fraction of bubble sections in
the planar probe.

EXAMPLES OF PROCEDURE APPLICATION

To illustrate the use of the above described proce-
dure in investigating the bubble structure of partic-
ular coatings, two ground-coat enamels were chosen.
At present time, both are used in enamelling industry.

Tlie enamels were deposited on both sides of a con-
tinuously cast steel sheet (standard CSN 11 310) 1.0
min thick containing 0.04% C, 0.20% Mn, 0.012% P,
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0.1 mm
—

Fig. 1. Optical micrograph of a planar scction of enamel
coating No 1.

Fig. 2. Optical micrograph of a planar section of enamel
coating No 2. For magnification see Fig. 1.

0.011% S, 0.03% Si. The surface was degreased in an
organic solvent and pickled in diluted hydrochloric
acid before enamelling.

Specification of the enamels:
Enamel No 1:
Conventional ground-coat enamel based on three
frits (ZP 10801, ZP 10842, ZP 40841). Mill addi-
tions: milled silica, feldspar, clays, bentonite, [luorite,
sodium nitrite, water. Firing temperature in the range
of 830 - 860°C. The firing temperatures of individual
frits are different, which results in inhomogeneous and
relatively coarse bubble structure of this enamel.

Enamel No 2:

Low-temperature ground-coat enainel based on three
frits (Z 107, Z 111, Z 166). Mill additions: milled
silica, clays, borax, bentonite, sodium nitrite, wa-
ter. The adherence to steel is high even if the firing
temperature is as low as 780°C. The bubble struc-
ture is fine and homogeneous. Under specified condi-
tions, this enamel can be applied to sheet steel treated
merely by degreasing (i.e. pickling or blast cleaning is
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Fig. 8. Size distribution of bubbles, enamel coating No 1.
Upper diagram (A): Size distribution of bubble sections
determined by image analysis.

Lower diagram (B): Size distribution of three-dimensional
bubbles dctermined by stereological evaluation of image
analysis results.

ni ... number of bubble sections in the i-th size interval
per unit area,

N; ... number of bubbles in the j-th size interval
per unit volume,

a ... diameter.

not required). However, this was not the case in the
present work.

Firing parameters:
6.5 minutes; 830°C (enamel No 1), 820°C (enamel
No 2).

The cross-sections of both coatings showed that the
character of the bubble structure did not change with
the distance from the surface. That is why only one
planar section parallel to the surface of each coating
was studied.

Optical micrographs of planar sections of both
enamel coatings are shown in Figs. 1 and 2.
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Table 1
Data characterizing the bubble structure of enamel coatings
Coating t h o 1% % Nv Npt
No pm | pm | pm | (107%wmn®) (mm™) | (min7?)
1 200 | 110 | 26.3 97 0.296 3420 127
2 150 70 | 20.6 15 0.013 859 4

Quantitative results obtained from both enamel
coatings are given in Figs. 3 and 4. In the upper
part of each figure, a histogram obtained by image
analysis is shown. The lower parts give the recon-
structed bubble size distributions. Semi-logarithmic
coordinates are used in the latter diagrams to em-
phasize large bubbles because as a rule their number
is low (in coatings effective in corrosion protection it
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Fig. 4. Size distribution of bubbles, enamel coating No 2.
For ezplanation of symbols see Fig. 3.
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should be as low as possible). The calculations were
carried out for 30 size intervals, the width of each
being 10 pm.

Table 1 summarizes the bubble structure param-
eters determined from stereological calculations. In
addition to the quantities defined above, NS s also
given denoting the number of bubbles, the diameter
of which exceeds 0.1 mm, per unit volume. Further, ¢
is enamel coating thickness, h distance of the planar
section from the original coating surface.

Among the data given in Table I, @ and V' are
of little value from the point of view of protective
properties of enanel coatings. On the other hand, W
and Ny are more important because they character-
ize a sort of “compactness” of the coating. As a rule,
a failure of a protective coating of this type is mostly
due to the local occurence of very large bubbles. The
tendency of an enamel to develop large bubbles can
be seen best from NJ! where of course the limit of
0.1 mm is arbitrary. The results show that the above
described enamels differ particularly in the values of
NP . This is also illustrated by Figs. 3 and 4.

To a good approximation, the properties of bub-
ble systems in both enamel coatings are in agree-
ment with the presumptions of the Scheil-Schwartz-
Saltykov method. However, it may happen for par-
ticular enamels that this method is not applicable,
especially in the case of a high density of very large
bubbles where bubble deformation occurs. An exam-
ple of such an enamel coating is shown in Fig. 5.

A method alternative to the procedure described
here is the evaluation of a pair of parallel section
planes called “disector”. This enables to simplify the
mathematical solution presented here, however, more
experimental effort is required. This method is not
considered in the present paper. For its applications
see [9].

CONCLUSION

The above described method complements the con-
ventional set of tests of enamel coatings, such as ad-
herence, porosity, and corrosion tests. The procedure
is based on the measurement of bubble sections in
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Fig. 5. Optical micrograph of a planar section of a three-
frit direct enamel fired under anomalous conditions (12
minutes, hight humidity of furnace atmosphere). For mag-
nification see Fig. 1.

a plane parallel to the coating surface and on a stere-
ological evaluation of the results. The method yields
quantitative data characterizing thoroughly the bub-
ble structure of enamel coatings.
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Bublinatd struktura smaltovych povlaki je vyznamnd
z hlediska pouzitelnosti povlaki pro antikorozni ochranu
kovii. Rovnoniérné rozlozené malé bubliny jsou vyhodné,
protoze omezuji vyskyt vodikovych vad. Naproti tomu pfi-
tomnost velkych bublin o primérn srovnatelném s tloust-
kou povlaku je zcela nezadouci. V mistech jejich vyskytu
totiz snadno vznikou prichozi péry a v agresivnéjsim pro-
stiedi zde dojde k intenzivni korozi kovového materidlu.
Existence bublin je diisledkem vzniku plyni pf#i vypalo-
vanismaltu, a to jednak v objemu taveniny smaltu, jednak
pii povrchové reakci na rozhrani kovu a 1éto taveniny.
Pro lodnoceni geometrickych vlastnosti bublinaté
struktury smaltovych povlaki je mozno pouzit nékolik
metod. Z nich byla zvolena metoda zalozena na proméfeni
rovinného fezu, vedeného rovnobézné s povrchem povlaku
v piedem zvolené hloubce pod povrchem. Pro toto méfeni
je zvlasf vhodnd obrazovd analyza. Vysledkem méteni je
distribuce éetnosti dvojrozmérnych fezi bublin podle je-
jich primeéru. Klasické stereologické metody, napi. meto-
da Scheil-Schwartz-Saltykovova, umoziiuji rekonstruovat
distribuci bublin podle jejich skute¢ného priméru, a to
v objemu smaltu v tésné blizkosti rovinného fezu.
Obrazova analyza rovinného fezu rovnobézného s povr-
chem povlaku a Scheil-Schwartz-Saltykova metoda vyhod-
noceni vysledkii méfeni jsou zdkladem postupu popsané-
ho v této prici. Pro ilustraci pouziti tohoto postupu jsou
uvedeny vysledky, ziskané u dvou typickych smaltovych
povlaki, které se uplatiiuji v antikorozni ochrané oceli.
Meéni-li se charakter bublinaté struktury v zavislosti na
hloubce pod povrchem povlaku, je mozno vést rovinnych
fezi nékolik a popsany postup pouzit pro kazdy z nich.

Obr. 1. Mikrofotografie rovinného razu smaltovym povla-
kem ¢. 1.

Obr. 2. Mikrofotografie rovinného fezu smaltovjm povla-
kem é. 2. Zvétsent je stejné jako na obr. 1.

Obr. 8. Rozdéleni velikosti bublin ve smaltovém povlaku
é. 1.
Horni diagram (A): Rozdéleni rovinnyjch fezd bublin,
stanovené pomoci obrazové analijzy.
Dolni diagram (B): Rozdéleni trojrozmérnych bublin,
odvozené stereologickou metodou z vyjsledki obrazové

analyzy.

n; ... pocel iezi bublin v i-té velikostni tidé
na jednotku plochy,

N; ... pocet bublin v j-té velikostni tridé
na jednotku objemu,

a prameér.

Obr. J. Rozdéleni velikosti bublin ve smaltovém povlaku
é. 2. Vijznam symbolii je stejnyj jako na obr. S.

Obr. 5. Mikrofotografie rovinného fezu povlakem trifri-
tového piimého smaltu, vypalovaného pri anomdlnich
podminkdch (12 minut, vysokd vlhl:ost pecni atmosfé-
ry). Zvétient je stejné jako na obr. 1.
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