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Abstract
This thesis focuses on the structural and compositional characterisation and
corrosion performance of porcelain enamel coatings commonly used on metal
substrates for protective and decorative purposes. These characteristics need to be
better understood so the coatings remain competitive with alternative surface
treatments/finishes. Raman and infrared spectroscopic techniques were used
together, for the first time, to investigate porcelain enamel coatings. Five
commercial porcelain coatings and their component raw materials were examined.
In addition, the more conventional techniques for analysing porcelain enamels -
EDS, ICP and XRD, were used. This complement of techniques makes this a
unique and comprehensive study of enamel coatings. The effect of compositional
changes on corrosion characteristics of porcelain enamels was then investigated
using model formulations. Composition diagrams were constructed and used to

explain acid and/or alkali attack on the commercial coatings.

Spectroscopic investigations showed that porcelain enamels are complex systems
incorporating many different amorphous and crystalline phases. The main
compounds in the frit samples investigated were silicates and borates. Si-O and
Si-O-Si vibrations characteristic of SiO4 tetrahedra were found both in the Raman
and IR spectra. However, only the IR technique was capable of identifying the B-
O bonds associated with B;O;. Amorphous silica was confirmed by XRD
analysis. Amorphous phases and crystalline compounds were found within the
fired glass enamel coatings. These were characterised by vibrational spectroscopy
and XRD. The dominant compounds in the amorphous phase are borates and
silicates as in the case of the frits. These compounds were identified through the
presence of B-O-Si, Si-O-Si and B-O stretching modes in the Raman spectra. The
ATR-IR spectrum of the coatings, which are surface specific, is dominated by B-
O stretching modes suggesting that borates were at the coating surface. Many of
the crystalline phases in the fired enamel coating detected by XRD and vibrational
spectroscopic analysis including FeCr,O4, Cr,03 and SiO; matched those in the

colouring pigments.

Corrosion of the enamel coatings was examined in terms of their solid matter

(destruction of glass network) as well as their heterogeneity (presence and nature



iii
of bubbles in coatings). Composition diagrams developed for porcelain enamel
coating systems were useful for correlating the phases in the glass matrix with
specific properties to help explain coating corrosion performance. Varying the
ratio of glass network formers and modifiers changed the structural properties of
the coating and hence, its corrosion performance. Enamels with higher SiO,
content, but similar modifier to R,O; ratios were more resistant to corrosion
because more compact silicate tetrahedra were formed. This decreased the number
of non-bridging oxygen atoms in the structure, thereby reducing ion exchange

between modifier ions in the coating and hydrogen ions in the solution.

There was a general trend for increased corrosion to be correlated with increased
bubble area in the top 20 um of coating. By contrast, there was no correlation
between the bubble area over the entire depth of the coatings and weight loss after
acid or alkali exposure. This is attributed to the formation of a barrier when the
coating is exposed to acids, thus inhibiting further ion diffusion, which
consequently retards further corrosion. This indicates that the upper bubble area
rather than the total bubble area through the coating depth is an important factor in

chemical resistance.

The information from EDS analyses of crystalline phases in the gloss green A
coating, including spectra around pinhole defects, were expanded with Raman
microscopy data. Raman spectra of a cross-section indicate a-Cr,O3 and a-quartz
whereas the pinhole defect had only a-Cr,O;. Elemental mapping showed that
elemental Cr clusters were in small discrete areas, with greater concentrations

around the margin of the pinhole defect.

This study demonstrates the usefulness of Raman and IR in extending the
understanding of porcelain enamel coatings. Using the set of techniques - Raman,
IR, ICP, EDS and XRD - together, provided structural and compositional
information, which can help improve the coating performance and the finish
quality of enamel coatings. Composition diagrams developed from the ICP
analytical information are very useful for developing coatings with better

chemical resistance from optimised oxide ratios.
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Chapter One
Introduction and Review

1.1 General Introduction

Porcelain enamel coatings are complex alkali borosilicate glasses used to protect
metal substrates and for their aesthetic qualities. They are often known as
"vitreous enamels" because they are liquid in their original state. The glassy
matrix is made from frits and additions, which have been milled and then fired

onto a suitable metal substrate.

Technological advances in porcelain enamels in recent years have kept porcelain
enamel coatings competitive with alternative finishes such as plastics and organic
coatings. These advances include lower processing and material costs and
improved coat finishes. Increased availability of decarburised steel has helped
reduce coat defects and made durable single-coat finishes viable. Other
developments include "clean only" (pickle free) pre-treatment for steel surfaces

and electrostatic application of powder enamel.

This literature review addresses the general properties and requirements of
porcelain enamel coatings and the substrate steel. Recent developments in product
application and application processes are also covered. Manufacturing methods
for the enamel coat including frits, milling, and mill additions are discussed in
detail, as well as the application process and firing of the system. Techniques used
to characterise properties of porcelain enamels are described along with the
reasons for using particular methods. Finally the scope and objectives of the thesis

are presented.

1.2 Porcelain Enamel Glass Structure

Porcelain enamel coatings are mainly amorphous and result when a molten

solution cools. The atomic structure of amorphous material is short-range with no
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long-range periodicity. The fired porcelain enamel matrix is very complex and
contains some crystalline phases, which can be demonstrated using Raman

spectroscopy' and X-ray diffraction.23 These crystalline phases are often present

to give opacity and colour.

The most generally accepted structural model for bulk amorphous silica (vitreous
silica) is SiO4 tetrahedral units connected together at bridging oxygens in a
continuous random network.*5 The slight twisting in the bonding produces

irregularities in of the structural pattern.®

Glass forming oxides exist independently in the glassy state but can combine with
other added oxides. Consequently, structural properties change. Network formers
such as SiOz, B203, P205 A1203, Sb203, Sb205, GCOL ASzO5 and P2036’7 are

covalent and have a tendency to form a network of bridging oxygen atoms.

Materials such as alkali metal and alkaline earth metal oxides and certain other
oxides are called network modifiers because the can break up the network.® They
are electrovalent materials that provide extra oxygen ions but do not participate in
the network, thereby raising the O/Si ratio of the glass.® Typical network
modifiers include oxides Li*, Na*, K*, Ca®" and Ba®*.7 In sodium silicates, each
Na,O molecule forms two non-bridging oxygen in SiO,.”® This is a very brittle
structure. Thus, although alkaline oxides are very effective modifiers, the glasses
produced may not be chemically durable.8? Glass structure is further discussed in

section 5.1.1.

1.3 General Requirements of Porcelain Enamel Coatings

Most vitreous coatings are designed to be homogenous, smooth, hard, easy to
clean, and resistant to abrasion and scratching.'®'' Many enamel coatings are also
designed to be aesthetically pleasing. Other desirable properties include the ability
to resist chemical attack from reagents including water, acids and atmospheric

environment.
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One requirement of a porcelain enamel coating is that it bonds with the
substrate.”!%!12 This bonding layer must have the correct thickness during and
following the firing process.!012 Another requirement is that the porcelain enamel

coating protects the metal substrate.

1.4 Porcelain Enamels Applications

Porcelain enamels are used for their protective and aesthetic properties.
Applications include cookware, Architectural cladding, Chemical processing
tanks, signs, stoves, gas barbecues, fire ranges, hot water tanks, heat exchangers

and mechanical processing equipment. Some of these are shown in Figure 1.1.

Figure 1.1 Examples of porcelain enamel applications; stovetop (a),
stove interior (b), range top (c), architectural cladding (d), and signage (e).

Eppler and Gill'? report that 85.4% of the USA porcelain enamel market in 1989
was ranges, water heaters, home laundry and dishwashers, 6.4% was cast iron
sanitary-ware, and the rest was architectural, cookware and miscellaneous

applications.
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1.5 Porcelain Enamel Composition and Components
1.5.1 Frit Composition

The "frit" is the primary material for making a porcelain enamel coating. Frits are
generally characterised as alkali borosilicates and have three main components:
quartz, feldspar and borax. However, many other components can be used to
obtain a specific frit (Table 1.1). Frits are made by smelting raw materials and

additives into a predominately amorphous glassy matrix (see section 1.6.1).

Quartz or silica, the main constituent in glass, is the most common frit component
and can comprise over 50 wt% of the ground coat for acid resistant enamels. The
material is refractory and gives the enamel coating heat resistance, increases the
melting point, and increases acid resistance.””">'° Silica has a low coefficient of
thermal expansion (0.5.10°. K™') so increasing silica content decreases the

enamel's coefficient of thermal expansion.!3

Feldspar introduces alumina, silica, and alkalis to the frit.7-13.15.17 Feldspar used in
ground coat enamels can be potassium or sodium based spar.!® Potash feldspar
contains K,0, Al,03, SiO,, and Na,O; calcium feldspar contains CaO, Al,O3 and
2Si0,.7 Bauer and Bailey,!” showed that feldspar contains 60-70% of SiO,, 18-
23% Al,0s, and varying amount of CaO, MgO, Na,0, and K;,0. Using alumina in
glass reduces the coefficient of expansion, increases the tensile strength, and
increases resistance to weathering and acid attack.”'’ Alumina can also be added

to enamel as aluminium oxide and hydrated aluminium oxide in clays.”

Borax, is another major component and one of the most active of the fluxes
used.!3 It ranges from 20-45 wt% of the frit batch for sheet steel ground coats,
giving a typical glass coating 10-20% of B,0; (boric oxide, or boron).!® Borax has
a low melting point and attacks other constituents, accelerating the rate an enamel
coating reaches a uniform molten state.!3 It also shortens the firing temperature of
enamels, improves strength and toughness of the enamel coating and helps give

high lustre and deep brilliant colours.!3
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Table 1.1 Raw materials used in manufacture of frits,

Material Typical Formulation | Purpose

Alumina Al O, Refractory
Antimony oxide Sb,0; Opacifier

Borax Na,B,0- Flux / electrolyte
Calcium carbonate CaCO, Flux

Clay AL04.2Si0,.2H,0 Refractory/ suspension agent
Cobalt oxide Co304 Opacifier / adherence
Copper oxide CuO Opacifier

Feldspar K,0.A1,0,.6Si0, Refractory

Fluorspar CaF, Flux

Iron oxide Fe,0, Flux / opacifier
Litharge PbO Flux

Lithium carbonate Li,CO4 Flux

Manganese dioxide MnO, Opacifier
Magnesium carbonate MgCO, Electrolyte

Nickel oxide NiO Opacifier / adherence
Potassium carbonate K,CO; Flux

Silica (quartz) SiO, Refractory

Sodium aluminate Na;AlO; Electrolyte

Sodium carbonate (soda ash) | Na,CO; Flux

Sodium nitrite NaNO; Electrolyte

Titanium dioxide TiO, Opacifier

Zinc oxide ZnO Flux

Zirconium oxide Zr0O, Opacifier

Boric oxide gives important thermal properties and reduces surface tension,’
assuring that the coating fits well to the steel substrate.!3 B,O; is derived from
dehydrated borax, hydrated borax, boric acid, or anhydrous boric acid.!3!8
However, using large amounts of flux (including boric acid) to reduce maturing
temperature during firing has the disadvantage that it is difficult to achieve

corrosion resistance.’”-12

Cobalt provides darker colours such as black and blue (see section 1.5.4) and also
acts as a bonding agent (see section 1.10). Cobalt contents range from 0.65 wt.%

for regular blue-black enamel to 1.27 wt% for acid resistant enamel (Table 1.4).
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Contents up to 5% do not affect the enamel and as little as 0.2% helps enamel

adherence to the steel.!s

Alkaline metal oxides such as sodium and potassium reduce the melting point of
silica, allowing the enamel coat to fuse to the substrate at lower temperatures.
Bauer!” reports that sodium carbonate (Na,CO;) is the third major constituent of
soda-lime silica glasses and acts as a flux, reducing the melting point. Adding
alkali oxides increases the thermal expansion coefficient and reduces the enamel’s
durability to higher temperatures.” Sullivan® reports a high-alkali content tends to
increase electrochemical corrosion and promote excessive boiling, which can

cause large bubbles in the enamel.

Colouring oxides, opacifiers and pigments can either be added to the frit batch or

as a mill addition (section 1.5.3).

1.5.2 Multiple-Frit Formulations

Porcelain enamel slips for ground coats are usually combinations of frits (called
multiple frits) used to change the melting characteristics. Up to three different frit
types are used. Multiple frit ground coats are often a blend of a soft (or low)
melting temperature frit and one or two hard (or high) melting temperature
frit.1415 The soft frits melt early in the firing cycle, wetting the steel surface and
absorbing FeO as it is formed. Their "sealing effect" also prevents further oxygen
uptake.!” Andrews!> reports that multiple frits involve differences in solubility in
the mill liquor, which generally improve the stability of the slip. Medium to hard-
frits raise the stability of ground coats.!” This mixture extends the firing range

%17 and can improve the stress

(increase the melting point) of enamels,
relationship between the substrate and the enamel coating during the firing and in

the cooling stage.!’

1.5.3 Mill Additions
Mill additions have the primary functions of keeping the frit in suspension,
adjusting the set of slip, and determining the condition of the bisque and fired

enamel. Mill additions are added to the frits and water before milling (wet
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milling) and help produce the desired enamel slip for wet applications. The

purpose of commonly used mill additions is given in Table 1.2.

Table 1.2 Mill additions.

Material Formulation Purpose / Function
. . Refractory — imparts heat resistance (increases
Alumina (calcined Al Ty P
( ) 205 alkali resistance)
Alumina (hydrate) Al,0;(3H,0) Refractory — used to produce matt finish

Alginates (basic)

Organic - variable

Bisque adjuster - increases bisque hardness /
reduce tearing / suspending agents

Electrolyte, flocculating — set up agent in acid

Ammonium carbonate | (NH,4),CO;H,O resisting enamels

Barium chloride BaCl,.2H,0 Ele.ctfolyte, ﬂoccula.ting ~ set up agent in acid
resisting and non acid resisting enamels
Electrolyte, flocculating — may reduce dimpling /

Barium sulphate BaSO, also used to improve workability of acid resisting
enamels

Bentonite NaO3(Al,Mg),SisO | Bisque adjuster / Suspending agent / hardens

10(OH),H,0 bisque — clay mineral )

Electrolyte, flocculating — improves set (stabiliser)/

Borax (hydrated) Na,B,0,.10H,0 reduces copper heading / rust preventative (used in
ground coats)

Feldspar KOALO,68i0, | nonactory - inorease firing range a{i:l“g’pm"e

Gums Organic - variable | Hardens bisque / suspending agent

Kaolinite Al,03.2810,.2H,0 | Refractory / suspending agent

Magnesium carbonate | MgCO, Electrolyte - flocculating

Potassium chloride KCl1 Set up agent - used in titania opacified cover coats

Potassium carbonate = K,CO; Bisque adjuster

Potassium nitrite KNO,; Bisque adjuster - increases set / reduces tearing

Silca (Quart2) Si,  provents burh offdurng firng/ lower gloss

Sodium aluminate NaAlO, Electrolyte - flocculating

Sodium carbonate Na,CO; Electrolyte - flocculating / rust preventative

Sodium hydroxide NaOH Rust preventative

Sodium nitrite NaNO, Electrolyte - flocculating / rust preventative

Titanium dioxide TiO, Increases opacity

Urea NH,CONH, Bisque adjuster - reduce tearing

Water H,0 ;Jas;fsd for wet enamels / possibly contain soluble

Zinc oxide ZnO Used as flux - lowers firing temperature

Zirconium oxide Zr0, Opacifier / increases alkali resistance

Bentonite and kaolinite clays help suspend the enamel particles in the water.

Clays containing silica also have refractory properties. Bentonite can strengthen
the bisque (binder) and help reduce tearing (section 1.8.4). High bubble (HB) clay
helps suspend the frit in the slip and also contributes to the bubble structure
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because it has small amounts of organic matter.19 Clay particles normally have a

net negative surface charge and repel each other, which helps maintain a stable

suspension.20

Silica is used as a mill addition to increase the firing range and prevent burn-off

when firing the bisque.!¢ Silica also increases chemical and heat resistance and

decreases gloss of the coating.

Electrolytes, also known as "set up salts," help flocculate the clays and reduce the
set (viscosity and flow).!4 Electrolytes, including potassium carbonate and sodium
aluminate, are very alkaline and dissociate into electrically charged fragments in
aqueous solution. The cations come from the metallic constituents and the anions
from acidic constituents. Kyri2! reports that the cations stiffen the clay suspension
and the clay particle surfaces absorb the cations, which (because of their electrical
charge) fix the surrounding water molecules. Currie?® reports that adding certain
electrolytes modifies the charge of the clays, reducing the interparticulate

repulsion forces and lowering the degree of deflocculation.

Plastic clays such as the ball clays and fireclays often contain organic
compounds.!? These are mostly anionic and may act as protective colloids to help

stabilise or lower the set of the enamel slip.20

Calcium carbonate or lithium carbonate is sometimes added to the mill of a
ground coat charge to help give good bubble structure.l¢ Adding up to 0.5 wt%
borax improves the set and reduces the solubility of the frit.!® Very small amounts
(less than 0.25 %) of sodium nitrite can act as an electrolyte (set-up agent) when
milling a ground coat slip, and also as a rust inhibitor.161921  Sodium nitrite in

cover coat enamels can help prevent tearing.!6

Water
Enamel slips applied to the steel will generally contain about 30 wt% water.”2!
Kyri2! considers that water can affect enamel quality and enamel defects can arise

if unsuitable water is used. Water can contain dissolved salts. Bisqueing (the
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drying process before firing) will deposit the salts from the water. Sulphate or

chloride ions in the water can cause defects such as copper heads in ground coats.

1.5.4 Colorants and Pigments

Techniques for Colouring Vitreous Coatings

There are three common ways to add colour to a vitreous coating;:!0-22

e Having transition metal ions, which are coloured, in the coating material.
This method is traditionally used for colouring glass.

e Precipitating a suitable crystalline phase.

¢ Dispersing a coloured crystalline phase (commonly called a pigment) in

the coating, which is the most common method of obtaining colour.

The pigments should have high tinting strength, high refractive index, be free of
greyness, and stable at high temperatures. !0

Colourant Systems

Most materials used for colouring ceramics are oxide pigments (Table 1.3)
because they are very stable in oxygen-containing ceramic systems?3 and resistant
to high temperatures. These oxide pigments are introduced to the melt when the
enamel frits are being wet milled.” The pigments do not dissolve when fired, but
disperse throughout the enamel, acting as opacifiers and giving an appearance of
colour because they have higher or lower refraction indices than other enamel
material.”-1324  Although the appearance is classified as opaque, it usually is
translucent.!3 Eppler?* reports that the refractive index for the glass matrix is 1.5 -
1.6, which is lower than for commonly used opacifiers such as tin oxide (2.04),
titanium oxide (2.52-2.76) and zirconium oxide (2.13-2.20).7:13.2¢ Colouring
oxides are often added to the system to counter the cobalt used as part of the

adherence mechanism (but which imparts a blue colour to the system).

Opacity is developed in glass and glazes, using the same methods as for
enamels.!3 If a pastel type colour is required, then an opacifier and pigment is
added. The overall coating-pigment-opacifier compatibility must be considered

when selecting materials.*
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Table 1.3 Colouring oxides for vitreous coatings (Adapted from

Eppler!%22 and Burgyan and Eppler23).

Pigment system

Pink and Purple
Chrome-alumina-pink spinel
Chrome-alumina-pink corundum
Manganese-alumina-pink corundum
Zirconium-iron pink zircon
Chrome-tin orchid cassiterite
Chrome-tin pink sphene

Brown

Zinc-iron-chromite brown spinel
Iron-chromite brown spinel
Iron-titanium brown spinel
Nickel-ferrite brown spinel

Zinc ferrite brown spinel

Iron brown hematite
Chrome-iron-manganese brown spinel
Chromium-manganese-zinc brown spinel
Yellow

Zirconium-vanadium yellow baddeleyite
Tin-vanadium yellow cassiterite
Zirconium-praseodymium yellow zircon
Lead-antimony yellow pyrochlore
Nickel-antimony-titanium yellow rutile
Nickel-niobium-titanium yellow rutile
Chrome-antimony-titanium buff rutile
Chrome-niobium-titanium buff rutile
Chrome-tungsten-titanium buff rutile
Manganese-antimony-titanium buff rutile
Green

Chromium-green hematite
Cobalt-chromite blue green spinel
Cobalt-chromite green spinel
Cobalt-titanate green spinel

Victoria green gamet

Nickel-silicate green olivine

Blue

Cobalt-aluminate blue spinel
Cobalt-zinc aluminate blue spinel
Cobalt-silicate blue olovine
Cobalt-zinc silicate blue phenacite
Cobalt-tin blue-grey spinel
Cobalt-tin-alumina blue spinel
Zirconium-vanadium blue zircon
Black

Iron-cobalt black spinel
Iron-cobalt-chromite black spinel
Manganese-ferrite black spinel
Copper-chromite black spinel
Chromium-iron-nickel black spinel
Grey

Cobalt-nickel grey periclase
Titanium-vandium-antimony grey rutile
Tin-antimony grey cassiterite

Basic Chemical formula

Zn(Al,Cr )204
(ALCr),04
(A1,Mn),0,

(Zr Fe)SiO,
(Sn,Cr)0O,
CaOSn0,SiO,:Cr

(Zn,Fe)(Fe,Cr),04
Fe(Fe,Cr),0,

FCzTiO4

NiFeO,

(Zn,Fe)Fe, 0,

Fe203
(Fe,Mn)(Fe,Cr,Mn),0,
(Zn,Mn)Cr204

(ZT,V)OZ
(Sn,V)0,
(Zr,Pr)SiO,
Pb2Sb,07
(Ti,Ni,Sb)O,
(Ti,Ni,Nb)O,
(Ti,Cr,Sb)0O,
(Ti,Cr,Nb)O,
(Ti,Cr,W)0,
(Ti,Mn,Sb)O,

(Cr,Fe),0;
CO(A12CI')204
COCT204
COzTi04
3Ca0Cr,08i0,
NiSiO,

COA1204
(Co,Zn)AL,04
CoSiO,
(Co,Zn)ZSiO4
C028n02
COA1204/ COzsnO4
(Zr,V)SiO,

(FeCo)Fe,0,
(Co,Fe)(Fe,Cr),04
(Fe,Mn)(Fe,Mn),04
CuCr204
(Ni,Fe)(Cr,Fe)O,

(Co,Ni)O
(Ti,V,Sb)O,
(Sn,Sb)0,
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Common Colouring Oxides

Chromium oxide, Cr,0; - a bright green crystalline powder added as a pigment to
the melt. As it is insoluble, it does not dissolve during firing and remains
suspended, giving opacification and colouration.””!> To reduce blistering,
chromium oxide should not be used in coats applied directly to steel. Chromium is

also commonly used in black enamels.13:22

Chromic oxide, CrO3, - produces yellow but it dissociates and partly changes to

Cr,0; during melting, which result in a yellow green colour.

Cobalt oxide, CoO — only small amounts (<1%) can colour enamels.!3 It can be
added as CoO, C00.Co,03 or Co304. Cobalt oxide gives a blue colour but cobalt
oxide with other colouring oxides such as copper or chromium can produce
different blues, ranging from pure cobalt blue, through greenish blue and blue-
green to the green of chromium.”.13 Cobalt oxide is also a constituent of black

enamels.

Cobalt chromate, CoCr,0;4 - is used with aluminium oxide. The colour is greener
with higher concentrations of chromium and more blue at lower chromium oxide
to cobalt ratios’-22 Oxides of cobalt (blue) and nickel (black-brown) and iron

(yellow-brown) impart darker shades to ground coat and direct on enamels.2’

1.5.5 Ground Coat and Cover Coat Compositions

Porcelain enamels are classified as ground-coat or cover-coat enamels. Ground
coats can sometimes be used as end-use coats rather than using the conventional
two-coat systems. However, they are limited to the darker shades (or colours)
given by the so-called adherence oxides, nickel and cobalt. As decarburised steels
become more readily available, ground coats are more often being used as end-use
coats. Fewer defects are produced because out-gassing during firing is decreased

and a second (cover) coat is not needed to cover defects.
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Direct-on coats can also be used on steel. In this process, a cover coat without the
adherence oxides is applied directly to decarburised steel. The direct-on coat does,
however, require that the steel surface be pickled and nickel dipped (see section

1.9.4) before enamelling so that enamel-steel adherence is successful.

The advantages of direct-on coats include:26

» The colour is not limited to the darker shades from adherence oxides cobalt
and nickel.

» Less expensive because of simplified processing (one coat instead of two).

« Less damage during transportation and assembly.

 Better coverage of "difficult" areas (such as curved sections) because coating

thickness is reduced.

Porcelain enamel coatings are characterised by their physical properties. For
example, whether they are alkali resistant or regular blue/black enamel (Table
1.4). Opacity is another characterisation criterion. Examples include; Titania
white or clear enamels (Table 1.5). Eppler and Gill!0 gives a detailed description

of characterised enamel coatings.

Table 1.4 Melted oxide compositions of frits for ground-coat enamels for sheet steel.14.27

Composition (wt %)

. . . . Water-
Constituent ﬁ:gcl::t;::':l:l' ﬁ::::le-lresmtant ‘:::;;:le sistant resistant
enamel
SiO, 37.17 42.02 56.44 48.00
B,0; 22.21 18.41 14.90 12.82
Na,0 18.44 15.05 16.59 18.48
K,0 0.99 2.71 0.51 ..
Li,0 1.06 0.72 1.14
Ca0O 9.34 4.47 3.06 2.90
Al 4.53 4.38 0.27
Zr0, 5.04 8.52
TiO, 3.10 3.46
CuO e 0.07 0.39 ..
MnO, 1.58 1.39 1.12 0.52
NiO 1.37 1.04 1.21
Co30,4 0.65 0.93 1.27 0.81
P,0; 1.15 0.68 e 0.20

F, 2.57 2.75 1.63 1.94




Chapter 1 - Introduction and Review 13

Table 1.5 Melted oxide compositions of frits for cover-coat enamels for sheet steel. !4

Composition (wt %)

Constituent Titania white enamel Semi-opaque enamel Clear enamel
SiO, 44.67 44,92 54.26
B,0; 14.28 16.40 12.38
K,0 6.99 8.12 11.32
Li,O 0.98 0.45 1.14
ZnO 0.74
Zr0, 1.98 3.34 1.40
AL Os 0.31 0.16
TiO, 18.49 13.05 10.04
P,05 1.32 0.88
MgO 0.5
F, 2.21 3.27 291

Matte Coatings
Dispersing minerals such as aluminium oxide, willemite, zircon and titanium

dioxide in selected frit combinations produces matte glazes. The two methods
most commonly used to produce lower gloss coating finishes are by adding high
refractory oxides such as silica or alumina and by incorporating a specially
formulated matting frit into the enamel frit blend.? However, adding too much
alumina may reduce the coating's alkali resistance because the alumina may stop
acting as a network forming oxide and acts as a network modifier, dramatically
increasing the number of nonbridging oxygens (three nonbridging oxygens per
Al).30 Layne?® reports that alumina also has a deleterious effect on the acid
resistance of a coating. Matting frits are generally hard (high in refractories) or
contain components that lower the gloss by causing incompatibility with other
frits in the system. Adjusting particle size, firing temperature and time, and slip

application technique can be used to control the matte and surface appearance.28

1.6 Enamel Manufacture
1.6.1 Smelting

Frits are made by smelting, which is a process where a mix of raw materials is
melted then roll quenched into glassy type sheets. Usually the manufacturer then
breaks the sheets into small pieces (frit). The smelting process is generally done
between 1100°C and 1400°C.3! Raw materials used in the "batch" composition

are given in Table 1.1. This section does not give a detailed discussion of different
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aspects of the smelting process such as batch preparation (weighing, mixing, and

charging) and the smelters used.

Reactions During Smelting

At the high temperatures, the raw materials and additives react to produce a
uniform glassy sheet. The chemical reaction (or rate of reaction), and hence the
final composition, depends on factors such as raw materials mix, and temperatures

used. A detailed description is given by Andrews.!5

During the initial heating, fluxes melt and begin to react with the refractories.!®
Andrews!> proposes, sodium nitrate evolves and melts to a mobile liquid (at
~308°C) in the initial smelting stages. The mobile liquid dissolves and reacts with
other components in the batch. During this time, borax dehydrates and begins to

melt, dissolving metal oxides and initiating chemical reaction in the batch.

As solution and decomposition occurs, carbon dioxide and nitrogen dioxide
fluorine, water vapour and combustion products are produced.! Andrews!s
suggests that nitrogen oxides from the sodium nitrate, which has reacted with the
other constituents, are also evolved (at temperatures up to 930°C). At this
temperature, the molten soda ash (or sodium carbonate, Na,COs) is an active flux
and attacks the more acid constituents. Fluorides also help make the melt more

mobile with increased attack on the feldspar and quartz grains.

Andrews!S summarised reactions of smelting as:
e Room temperature - 260° C; Dehydration period.
e 260° C - 430° C; Developing the first liquid.
e 430° C - 700° C; Reaction period.
e 700° C - 900° C; Glass-forming period.

1.6.2 Milling

Enamellers mill (grind) the commercial frits, along with proprietary mill
additions, to give the desired coat. The ball mills vary from 10 litres for test pots
to 15,000 litres. However, the average in Europe is 2,000 litres.2!
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The frits can be wet or dry milled. Dry milling is used for dry enamel slips and
wet milling is usually used for wet enamel application. If the milling method is
not important, wet milling will usually be better. Suppliers grind dry electrostatic
application frits without water then send the product to the enamellers.2’ As wet

enamel slip application will be used in this research, the literature described

concentrates mainly on wet milling.

The theory of milling, which is similar to milling ceramics, has been well
investigated and documented.”11.15.192131.32 The ball mill is a steel drum, usually
internally lined with porcelain, high-density alumina or silica.!s!9 This drum
usually has 50% to 55% by volume ceramic balls,!9-212227 which can be made
from porcelain, stealite or sintered corundum (high-density balls).2! The mill
lining and grinding balls should be made of the same material to reduce wear on
either component. Often two different sizes of balls are used. The largest particles
are broken by the large balls and then ground to their final size by the smaller
balls.32

Grinding time will vary depending on slip fineness (or fines) required. Frit
manufacturers usually specify a particular fineness range for each enamel type. If
fineness does not meet specifications, the set may be inappropriate. For example,
long milling times produce a large amount of fines, which give a high set (too
soluble). If the particles are not ground sufficiently, coarse particles are produced
and the set is very low.3! Grinding time, rotation, mill size and type of mill
charge determine how quickly the frit will be ground to the desired fineness.
Milling temperature is affected by the mill charge size, which includes the balls,
frit, mill additions and water. Bryant3! reports that milling temperature affects
solubility and fineness distribution of the mill charge. Fuller*? proposes that

solids content of the load will affect the fineness and particle size distribution.

Milling Actions
There are three actions in the mill:32

e Ball impact with the lining, with product in between.
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¢ Ball-to-ball contact (which causes most of the grinding).

* Differential rotation of the balls, which causes shearing, dispersion

and some size reduction.

Rotation speed affects ball movement in the drum, which determines grinding

performance.

If the drum rotates too quickly, balls and frit may move

centrifugally, giving ineffective grinding (Figure 1.2a) and accelerated mill

wear.”1522 Inefficient milling and accelerated lining wear also occur if the drum

rotates too slowly (Figure 1.2b). Correct drum rotation (Figure 1.2¢) is a

cascading effect, which produces efficient grinding with the least wear on the

lining.

Figure 1.2 Schematic of ball milling speeds, (a) too fast, (b) too slow, (c) correct speed.

Mill-loading specifications are in Table 1.6. The correct rotation speed (rpm) must

account for mill drum dimensions and charge (including frit, and ball weight and

size ). Each milling plant usually determines their final specifications by trial and

€rTor.

Table 1.6 Milling specifications (Adapted from Escoll6).

Mill size (outside

dimension. s,. m) Frlt(lc‘lgu)arge Wengl(:lt( ;))f balls Ball(clll:::)leter Ml(l: psl]:;ed

Length Diameter

1.54 1.14 453.59 1088.62 76 32
1.37 0.91 226.80 498.95 64 40
1.12 0.91 181.44 408.23 64 42
0.91 0.91 90.72 217.72 51-38 48
0.76 0.61 45.40 113.40 38 60
0.25 0.25 2.72 5.90 25-13 85

Note — Millers often use a mixture of sizes of balls (up to three, usually two).



Chapter 1 - Introduction and Review 17

Fuller’? reports that the critical speed occurs when an infinitely small particle
centrifuges against the inner side of the mill drum and that the optimum speed is
about 55% of the critical rpm. Fuller produced a formula for obtaining the critical
speed (rpm) from the inside diameter (inches) of the mill For this thesis, the

measurements have been converted to mm (Equation 1.1):

54.190
JID.760.961 Equ. 1.1

where .D. is the internal diameter in mm.

Eppler!! suggests that a mill speed approximately 60% of the critical speed will
give better results (Equation 1.2):

) 1
21D 2 < critical speed £ 30D 2 Equ. 1.2

where critical speed is in rpm. and D is the mill diameter in metres. From equation
1.1, the optimum speed (55% of critical speed) for a 200 mm diameter mill drum
is 18 rpm. From equation 1.2 with the same diameter mill drum the optimum
speed (60% of critical speed) is between 28 and 40 rpm, which is a difference of
between 56 to 122% from equation 1.1. For a 1 m diameter the difference

between equations for the optimum speed is between 60 and 128%.

Slip Rheology
Phelps,?3. 34 showed that rheological properties of high solids, deflocculated slips,
depend on particle size distribution of the solids. His helps findings can be
summarised as:34

e Ceramic slips are liquid dispersions of polydisperse particulates with

diameters of approximately 0.001 to 200 pum.
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 All slips can be considered as non-colloidal particles (but with colloidal
dimensions of less than 0.2 micron) supported and lubricated by a liquid
sol.

* Extension of the size limits and deviation of the distribution from optimum
packing produce variations in void space of packed systems of
polydispersed particulates.

e The rheology distribution of non-colloidal particles in a liquid sol depends
on the degree of subdivision and degree of deflocculation of the colloidal

particles of the sol.

Currie?® suggests that an enamel slip contains an aqueous suspension of glass
particles, with about 50 vol% having an average diameter of 2 to 100 um and up
to 10 vol% having a diameter of less than 2 um. The colloidal material consists of

secondary glass particles, organic compounds and clays.

Milling fineness influences oxidation capacity of the steel during firing.” If the
enamel is coarse, the material remains solid longer. The more infusible ground
coats prevent free access of oxygen to the surface of the metal, which affects iron
oxide diffusion and therefore the bond between the coating and steel. Frits with
finer grain size usually have greater corrosion resistance, higher mechanical

strength and lower firing temperatures.3>

Specific Gravity of Slip

Specific gravity is controlled almost entirely as the ratio of water to solids.!4 The
enamel frit manufacturer usually designs the enamel compositions for a specific
application and assigns a specific gravity. The enameller uses this information to
adjust the slip to get the required specific gravity. If the specific gravity is too
low, drying the slip or blending it with a slip of higher specific gravity can

increase it.14

Controlling Set
The thickness, viscosity and flow of an enamel slip are called the "set".!?

Viscosity will determine how the enamel drains down a panel.2’ Vargin’ reports
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that the flowability required is largely determined by the purpose of the enamel.
This flow-ability is characterised by the viscosity required for the enamel to flow
smoothly over the steel. Higher viscosity slips have higher specific gravity and a
slower flow. If the slip is too thick, it does not flow or pour readily and is called
high set. Low set slips are too thin and may not build up sufficiently when sprayed

onto the substrate.!9

1.7 Application and Firing Process
1.7.1 Methods of Coating the Substrate

The main methods for applying an enamel coating to a metal are wet spraying, dry
powder coating (electrostatic), and dipping. The following factors determine
whether the slip is applied manually or mechanically:11.14

e Type, shape and size of part

e Production output

e Energy and labour costs

e Space availability

¢ Environmental considerations

If there are many sizes and shapes, manual coating is best, whereas mechanised
application is usually cheaper if higher production rates are required and similar

shaped parts are being processed.

Wet Spraying Method

In wet spraying, the enamel slip is broken into a cloud of fine particles and
transferred to the substrate pneumatically, mechanically or electrically. In manual
spray applications, the porcelain enamel slip is forced from a pressure feed tank to
the spray gun nozzle and atomised by clean compressed air regulated at 170 - 415

kPa.!* This is the primary technique used for this research (Figure 1.3).

Dry Powder Coating (Electrostatic)
Dry powder coating involves electrostatic application of enamel powder to a
conductive steel substrate. Individual coating particles are charged at a high

voltage and then sprayed onto a conductive steel substrate surface.!!:36.37 This
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process is suitable for high-volume production of parts requiring the same

porcelain enamel coating type.14

air extractor

—_ \/  spray booth
substrate \

specimen

(hanging) Spray gun air compressor
— air pressure regulator
and purifier
specimen
(sitting)
—
L

fluid line

pressure feed tank and agitator

Figure 1.3 Schematic of manual wet spraying equipment.

The electrical charge holds the powdered glass on the steel while it proceeds to
the firing furnace.3® The enamels are dry milled along with additions that improve
the resistivity of the enamel and impart the required powder flow characteristics.!®
The following are some advantages of electrostatic spraying:

e Less waste from over-spray than wet spraying (95 to 99% powder use).!!

e Slip does not need to be dried before firing.

e Electrolytes or clays are not needed in the composition; therefore the

coatings are more chemically resistant!® (compared to wet spraying

method).

Dipping

The steel article is immersed in the enamel coating slip, removed, and then
drained to remove excess enamel slip.!!:!* The enamelled specimen is then dried
at room temperature before firing. This method is commonly used for parts with

difficult sections or where both sides must be coated.

1.7.2 Bisqueing
After the wet enamel slip has been applied to the article, it is dried before being

fired. The dried enamel slip is called a bisque (or biscuit) and the drying process is
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often known as bisqueing. During firing, water in the enamel slip can cause
detrimental effects including breaking or cracking the enamel layer from the steel

(known as tearing - section 1.8.4).7.15.19.31 Moisture in the furnace can also cause

blistering.

Most industrial enamellers use continuous dryers, which can be heated by
convection, conduction, radiation and infrared. During the drying process,
moisture initially evaporates from the enamel surface. Then, moisture containing
dissolved salts diffuses from the lower layers of the enamel slip to the upper

layers and migrates across the surface from the wetter to drier sections.’2!

In infrared drying, the water evaporates at the point where the heat is absorbed.
Salt migration in the enamel layer is negligible,2! which results in more even

drying with fewer irregularities.

1.7.3 Firing Process

After the enamel coating is applied to the specimen, firing bonds the two
materials. The firing process involves high temperature conversion of a viscous
enamel slip (dried on substrate) to a consolidated coating. Firing also involves

escape of gases through the coating before consolidation.

Firing can also be described as conversion of adhering particles to a continuous
coating. The enamel coating must react with the substrate to form a firmly

adherent glass enamel-to-substrate chemical bond.”-10.13

Firing Process - Ground Coat
Kyri2! describes firing of ground-coat enamelled specimen in a U-type furnace
(Figure 1.4). In the initial stages, any water remaining after drying evaporates.’

At approximately 500°C, the surface of the steel oxidises?! in the following way:’

2Fe + O, = 2FeO Equ. 1.3
3Fe + 202 - FC304 qul. 1.4
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As well as oxidation, there is a reaction between the sheet steel and water vapour.
At approximately 710°C, the melting ground-coat enamel wets the steel surface
and a sealed enamel film develops. The iron oxide reacts to form other complex
compounds. There is a chemical exchange between iron and cobalt oxide and
nickel oxide from the melted enamel on the steel surface. The iron oxide formed
dissolves into the coating, déveloping the adhesive (or transition) zone (or
layer).%.123940  Kyri2l, suggests that the adhesive layer forms at approximately
820°C. At approximately 750°C, mill additions including silica and clay begin to
decompose. Vargin’ suggests that the bound water in the kaolinite and other clay
minerals begins to separate (due to decomposition) at 500°C. Kyri2! suggests that
the actual firing temperature is approximately 800°C starting about 3 minutes and

ending at 5 minutes of the firing cycle (Figure 1.4).
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Figure 1.4 Typical firing of porcelain enamel ground coat in a U-type furnace.

(adapted from Kyri21 and Bayer Technical Information‘“).

Firing Cover-Coat Enamels
Cover-coat enamels are normally fired over a ground coat layer, and must bond to
the ground coat. Cover coat firing temperatures are generally 30-50°C lower than

for ground coats.”
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Firing Time and Temperature

Because the total heat treatment is important, firing time and temperature can be
varied (within limits) to obtain similar bonding and appearance.!4 However, there
is a minimum practical temperature for producing a satisfactory enamel coating
because complete fusion, acceptable adherence, and correct aesthetics must be

achieved.!* Increasing the firing time and temperature has the following effects:

* Colours in the surface of the coating change dramatically, especially the
reds and yellow. White and colours generally shift toward yellow.!4

e Gloss of the enamel coating increases. 14

e Chemical resistance of the coating increases.'**?

e Gas bubbles are eliminated.!4

e Enamel coating becomes denser and more brittle and less resistant to
chipping.!4

e Surface smoothness improves*243 and adherence is obtained at the

optimum temperature. 14

Coating Thickness

Coating thickness affects system properties such as; reflectance, stiffness, chip
and impact resistance, hairline resistance, thermal shock resistance, corrosion
resistance and electrical properties.!> The optimum coating thickness depends on
the substrate metal and the service requirements of the article. The minimum
thickness of coating to achieve the desired appearance, functionality!4 and a
smooth and uniform coverage should be used.!! However, the coat must be
sufficiently thick to heal over thin sections or to cover irregularities in the

substrate.

Preventing Metal Distortion during Firing

Porcelain enamels must fuse to the steel during the firing process. The steel’s
ability to maintain its shape during the firing process directly affects the
temperature for fusing the porcelain onto the substrate. This temperature will

affect the composition of the enamel coating. A thick light steel article may distort
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or sag at elevated temperatures. Enamel composition must, therefore, allow for a

lower maturing temperature so the steel will not distort.

Furnaces for Firing

A wide range of commercial furnaces are used. The type used depends on the size
and load of enamelled items. Furnaces can be continuous (on a conveyer),
intermittent, or box, and can be heated by propane or natural gas, electricity or oil.
All furnaces will have different firing conditions depending on their
configuration, firing temperature and process time. Humidity in the furnaces can
vary, which can be detrimental when firing enamelled articles. For example,
fishscaling may occur if the firing atmosphere has a high moisture content.
Furnace design also affects cooling rate, which will affect compression of the

fired coating onto the article.

There are three types of gas-fired furnaces: muffle, radiant-tube or luminous wall—
direct fired.!427 The luminous wall furnace is direct-fired, which allows efficient
combustion of the air/gas mixture after it has passed through a porous ceramic
brick.** Geary* gives the advantages of luminous walled furnaces. In radiant tube
furnaces, heat is supplied by radiation from the red-hot tubes. Therefore, a lot of
heat power is used and wasted.#> One disadvantage of direct-firing (luminous
walled) is the high moisture in the furnace*¢ produced when burning fuel (natural
gas). This can cause excessive gassing and large bubble structure, producing a

grizzled (wrinkled) surface.

1.8 Coating Properties
1.8.1 Viscosity

Viscosity influences the temperature the enamel coating fuses onto the steel.
Viscosity decreases with increased temperature! and more viscous enamels must
be fused at higher temperatures.” High viscosities reduce the ability of the enamel
to flow over the surface of the substrate. Low viscosities during firing may
produce irregular coating thickness because of excessive flow of the melt. Vargin’
suggests that high viscosity enamels melt slowly, which will decrease gas bubble

production. Viscosity also affects separation of opacifiers in the melt. The specific
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sized opacifying particles for maximum opacification separate at specific

viscosity.’

Flow properties of enamel suspensions and their application and levelling
properties can be controlled using the relationship between viscosity and the
degree of dispersion.#’ Optimum dispersion or full or partial defloculation
markedly changes the rheological characteristics. Dispersion reduces the shearing
stress of a clay/water suspension, thereby reducing the viscosity. Currie's? study
showed increasing total electrolytes in a slip (to a maximum) result in small
increases in viscosity, but excess electrolytes reduces viscosity. Andrews!s
suggests that fluorides have the greatest effect on lowering viscosity and that
titanium oxide decreases the viscosity (up to the point of crystallisation). Mill

additions generally increase viscosity.

1.8.2 Thermal Expansion

The enamel coating must closely match the thermal expansion characteristics of
the substrate. If the thermal expansion characteristics of a system are not identical,
stresses will be generated because of differential contraction during cooling from
the coating temperature.’-1248 Frit suppliers normally prepare their products so the

enamel coating will have a suitable expansion for steel applications.

Porcelain enamels are usually formulated so thermal expansion characteristics
place the enamel coating in slight compression under service conditions.!# Rado*®
showed that coatings are brittle materials that are very strong under compression,
but are readily subjected to tensile failures. The tensile stresses causing these
failures are produced from differential cooling (contraction) when the coating is

fired onto the substrate.

1.8.3 Enamel Microstructure

Bubble Structure

The "bubble structure" is a characteristic feature of one-coat (or ground-coat)
enamelling.2!:0 Gas bubbles (or mixtures of holes), are formed when the

specimen is fired. The gas originates from carbon and hydrogen in the steel,
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combined or absorbed water in the frit, water and organic materials in the clay and
the mill additions, and water vapour in the furnace atmosphere.”-11:50 Water vapour
formed from clay decomposition stays in the enamel coat, partly as fine bubbles.2!
Eppler!! proposes that most of the smaller bubbles have little effect upon the
coating quality, but larger bubbles disturb the coating surface (see pinhole defects,
section 1.8.4). Smalley’! suggests that gases formed in the firing process originate
from small amounts of free and absorbed organic materials in some of the clays
(plastic clays of the ball clay or plastic fire-clay types) and contribute to the
bubble structure.

Although bubbles do not contribute to developing adherence of the interface
between the glassy enamel and steel during the firing process reaction, they do
partially relieve stress on the glass if there is an impact from an external forces2.
Bubbles stop surface cracks going directly to the metal interface by deflecting the
cracks. This gives greater glass retention and protection of the metal.!952 Bubbles
also absorb gases from the steel surface and help minimise the fishscale
defect.16:1951.52 Bubbles are especially needed in the lower zones near the enamel

steel interface to prevent fishscaling.

Smalleys! considers that the bubble structure also affects corrosion resistance of
ground coat enamels. Many bubbles (especially ruptured bubbles) at the surface of
the coating increases surface area and therefore the rate the glass solubilises. This
reduces the corrosion resistance. SmalleyS! also suggests that the bubble structure
affects the subsurface abrasion resistance of an enamel coating. If the size or
number of bubbles increases, subsurface abrasion decreases. Sullivan® suggests a
high alkali content in the glass enamel will cause excessive boiling and large

bubbles.

1.8.4 Common Coating Defects
There is a lot of literature on in porcelain enamel coating defects.”.11.15,16.21,53,54

This section summarises some of the defects reievant for this research.
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Carbon Boiling

Carbon oxidation in the steel during enamel firing produces carbon monoxide that
causes primary boiling of the enamel.!455 Carbon boiling produces black or grey
specs on the coating surface; or in severe cases it may appear as blisters (Figure
1.5). General or localised areas of excessive carbon content in steels exacerbate
carbon boiling.3 These defects only occur in the ground coat during the first
firing and a cover coat can disguise the defect. The increasing availability of very
low carbon steels (<0.005 wt% C), known as decarburised steel - has significantly

reduced the gases from carbon boiling during the firing process.

Figure 1.5 Optical micrograph. Example of carbon

boiling defect from surface view.

Fishscale

Fishscaling is caused when hydrogen is released from the steel after the enamel
coating has hardened.’¢ This hydrogen increases the pressure at regions under the
enamel coating, creating a stress and consequently a fracture defect.29:56-58 The
enamel then breaks away and produces a fishscale defect (Figure 1.6). The
substrate metal reduces water present in the enamel frit during the firing process
and the hydrogen is adsorbed by the steel.215859 Equation 1.5 shows how

hydrogen is produced:

Fe + H,0 = FeO + H, Eq. 1.5

Using a ground coat with a good bubble structure (see section 1.8.3) can often

negate the occurrence of fishscale.
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Figure 1.6 Micrograph of fishscale defect on coating surface.

Pinholes and Blisters

The way an article is fabricated can produce several defects. For instance, if the
enamel coating is over-fired, bubbles will generally be small; if under-fired, large
bubbles may occur. These large bubbles can extend to the surface of the coating,
causing dimples, pinholes and blisters.!* Pinholes are formed where the enamel
has not smoothly run back after gas has escaped. Blisters are also caused when
gas is evolved during firing.71553 Taylor and Bull®® suggest that dimples and

pinholes are bubbles that have burst and only partially healed.

Cleland and Morgan®! investigated leakage of water tanks and found that holes or
pore defects in the enamel coatings extended to and exposed the steel substrate to
corrosion. They suggested that water had migrated through the pores and caused
corrosion of the steel. The enamel coating lifted away from the steel, increasing

the steel exposed, resulting in accelerated corrosion.

Orange Peel

This defect arises when the application technique is incorrect.!5!° For example,
the spray gun may have been too close to the substrate or sprayed at too high a
pressure. Consequently, the enamel slip is applied with a large force, which

causes a shearing effect on the previously applied layer and produces a wavy
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surface appearance known as orange peel. Under firing the enamel coating can

also cause orange peel.!921

Crazing
Fine cracks or microcracks covering the enamelled item is called crazing.” They
form when the enamel coating has a thermal expansion much higher than the

steel, which creates tension. If the stresses are of high enough magnitude crazing

ocCcurs.

Spalling
Spalling occurs when the enamel coating has a much lower thermal expansion
than that of the substrate. The coating is in compression during cooling and

spalling occurs if the compressive stresses are too high.

Hairlining

Hairlining is a series of nearly parallel lines formed on the surface of the
enamelled coating. This happens from cracking during the coat fusion, which has
healed over but the steel of the previous coating is still showing.!¢ A thick or
under fired ground coat can cause hairlining, usually in the region of small or

sharp radii of the enamelled part, which causes stresses on the enamel coating.!6-2!

Tearing

If the bisque becomes "too hard" during drying, the resultant shrinkage may
develop stresses that concentrate to form cracks.!193! Andrews!S suggests that
common causes of tearing include applying a slip that is too heavy or too wet,
drying the coat too rapidly and allowing the enamel surface to dry before the

enamel underneath has dried. These all can cause differential shrinkage.

1.9 Steel for Enamelling
1.9.1 Types of steel

Many types of metal substrates can be used for enamelling, including; cast iron,
aluminium and low carbon steel. Sheet steel for enamelling is known as "enamel

grade" steel. It must fulfil certain general requirements for enamelling, including
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enamelability and formability. Formability is required because many products
contain bends (for example, stoves and fireplaces). Many products also require

welding and so the steel must have good weldability.

The aim of enamel grade steels is to minimise the volume of austenite, which
decreases the probability of forming the martensite phase during cooling.55 The
carbon content of enamel grade steel must be less than 0.05 wt%. Too much
carbon causes defects from primary boiling (carbon boiling). Surface impairments
can occur when carbon monoxide and carbon dioxide moves through the
porcelain enamel coating during firing.!455 Carbon monoxide gas evolves when
the cementite (Fe;C) particles at the surface of the steel reacts with oxides in the
enamel frit.>> Removing cementites at the steel surface reduces this problem.
However, if large carbide particles in the steel substrate are not concentrated at the
surface, the substrate can be enamelled without producing defects from primary
boiling.62 Cold rolling can fracture the carbides and create voids in the steel where
hydrogen gas can collect; reducing defects caused by gas diffusing to the
interface. Decarburisation can also create voids in the steel because diffusion of
carbon in ferrite is faster than self-diffusion of iron.5¢ Therefore, carbon diffuses
out of the steel and the carbides reduce in size, eventually disappearing and

leaving voids that cannot be completely filled by the slower diffusing iron.3¢

Steel suitable for enamelling must also have the correct oxide and precipitate

content.

1.9.2 Enamel Grade Steels Available
The types of flat-rolled carbon steels used for enamelling include:!'4 low-carbon,
decarburised, interstitial-free, titanium-stabilised, common cold-rolled and

common hot-rolled steels.

Typical compositions are given in Table 1.7. Cold rolled steels can be cold rolled
aluminium-killed steel or cold rolled rimmed steel. Another category is

enamelling iron, a premium grade of commercially pure iron.
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During the manufacture of sheet steel, oxygen is blown into the molten steel to

reduce the carbon content. Before the steel solidifies, carbon oxide escapes while

the melt is boiling. This is known as "unkilled" steel casting.2!

Table 1.7 Typical compositions of steels used for porcelain enamelling.

Composition % wt

Steel type C Mn P S Al N Si B Ti Nb
. 6364 0.003-  02-  00lI- 0.015-  0.03- 0.-
Decarburised 0005 03 0015 0028 007 0.019
Interstitial-free®3 0005 02 00l 0.02 004 009
65 0.14- 0.7-  02- 0015- 002 001-
Hot rolled 017 10 0045 002  min 002
Cold rolled— 0.02- 0.15- 0015 0.015 0.03- 0.015 0.006
aluminium kjlled” 0.04 03 max max 0.07 max max
Cold rolled/rimmed 0.04 025
or continuous- 0'07' 0.0 4' 0.01 0.02
14,63 . .
cast "
Titanium —
. 0.05 030 001 0.02 0.05 0.03
stabilised®3
Enamelling Iron2’ 0.03 0.05  0.025 0.025

Enamel grade steels available (2000 AD) in New Zealand are given in Table 1.8.

Table 1.8 Enamel grade steel available in New Zealand for 2000.

Enamel grade steel Manufacturer New Zealand steel supplier
Kawasaki Steel Corp.,

Decarburised KTSTM steel Fletcher Steel
Japan

Enamel grade JISSPP steel Sunkyong Steel, Korea Kiwi Steel

Enamel grade cold rolled
Sumitomo Steel, Japan Stewart Steel

JISG414

To process "decarburised steel", the carbon must be removed. This is done by

annealing in an atmosphere of nitrogen, hydrogen, and water vapour at

approximately 700°C.26 Other types of decarburised steels available include open-

coil decarburised steel and steel that is vacuum decarburised in the smelter.26
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The process for manufacturing KTSMT (decarburised) steel is in Figure 1.10.64

Steel Making (Converter)

!

Degassing

I

Continuous Casting

it

Hot Rolling

!

Cold Rolling

!

Continuous Annealing

I

Temper Rolling

!

Finishing

Reduce carbon content and impurities such as P
and S.

Further reduce carbon and adjust other element
percentages.

Slab cast 0fthe molten steels. Large non-metallic

inclusions and segregation are virtually eliminated.

Control precipitation to prevent fishscale.

Roll steel into required thickness.

Obtan good press formability.

Arrangement of steel dimensions.

Inspect steel and control weight Rust-preventive
o1l 15 applied.

Figure 1.7 Process for manufacturing KTSMT (decarburised steel).*

1.9.3 Thermal Deformation (Sagging Distortion)

Steel composition affects the amount of sag during the firing cycle. Carbon and

manganese influence the strength of steel at enamel firing temperatures, and

consequently the sag characteristics.®6 Blickwede’¢ suggests that plastic

deformation associated with sagging occurs at enamelling temperatures and is

promoted by the ferrite to austenite phase transformation. The carbon content of

the steel affects the temperature for the start of this phase transformation and also

the degree of transformation at a given temperature. Very low carbon steels have
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greater sag resistance.!5256 The temperature at which transformation occurs in
enamelling steel (<0.025 wt% C) and the amount of transformation at a given
temperature decreases with decreased carbon content.2!:56 If carbon content is
above 0.025 wt%, the transformation temperature for thermal deformation is
721°C.2! One of the aims of enamel grade steels is to prevent distortion at high
temperatures. This is achieved by reducing the carbon content, which minimises

the austenite formed.

Uniformity stress and temperature during firing minimises sheet steel distortion.
Non-uniform steel thickness gives different heating rates, leading to distortion and

possible variation in enamel maturity.!4

1.9.4 Cleaning the Steel

Preparing the Surface for enamelling

The metal surface must be pre-treated (degreased and cleaned) before the
enamelling stage to help prevent defects such as blisters, chips, poor adherence
and fishscale.!’ The steel being enamelled often has a thin coat of oil to prevent
corrosion during storage and transportation. Rust and contamination (such as dust)
need to be removed before enamelling. The predominant form of steel surface
contamination is surface carbon; the degree of surface cleanliness can be related

to the level of carbon on the surface.6?

Cleaning Methods
There are four general ways to clean the steel surface; detergents, solvents,
chemicals or mechanical action.®® The enamelling industry usually uses pickling

(chemical reaction) and the clean-only method (detergents).

Mechanical action by abrasive blasting with sand, steel shot or grit was common,
especially for large parts such as water tanks (where only one side is enamelled)
and parts without pockets or crevices. The steel sheet must be thick enough to

prevent distortion.!4
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e Clean-Only Method

The clean-only method, which is often known as the "no-nickel/no-pickle
system", is becoming the preferred method for preparing steel for enamelling
because it has lower environmental impact. Toton? reports that this system is
used because of ingredients for the nickel and pickle cleaning system are
expensive and there are high costs associated with disposing of hazardous waste.
Hyde® suggests the preferred metal pre-treatment for pickle-free coating is by
cleaning of any oils, drawing compounds and dirt, followed by several rinses. The
soils must be completely removed in the alkaline cleaning stage so remaining

rinses are not affected.”!

e Pickling/ Nickel method
Cleaning by pickling followed by a nickel dip for adherence is still common for
preparing low carbon steel for enamel application.’>73 Pickling is acid cleaning of -
the steel surface to remove contaminants such as rust, scale (from grease firing)
and etching of the surface. The most commonly used solution is 5-10% wt/wt
sulphuric acid (H,SO4). Nickel dip (also known as nickel flash) is applied to the
surface to help the enamel coating adhere to the steel and to reduce fishscale and
copper head defects.!® Using nickel dip enables direct-on white or light colour
enamel to be applied without a ground coat, which contains adherence oxides. A

1-5% wt% of NiSO4.7H,0 is commonly used as the nickel dip.26

1.10 Enamel/Steel interface

Theories of Adherence

There is a lot quantity of literature on the theory of adherence or bonding between
the enamel coating and metal substrate. Donald has completed a comprehensive
study on the different theories for bonding between glass (enamel) and metal,
including: the thermodynamic approach, mechanical bonding, the dendrite theory,
the electrolytic theory, mutual solubility and intermediate compound formation

and chemical bonding.

Most literature on adherence theories support the concept of an oxide layer at

interface between the steel and enamel.21.40.73.74 An extensive earlier study by
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King and co-workers” was initially against the oxide layer concept because
adherence between the steel and FeO layer at the interface is not particularly
good. A major conclusion’ was that a strong chemical bond could be formed at
the glass/metal interface if the glass (enamel) coating became saturated with an
oxide of the metal (FeO when using an iron substrate), which when in solution the

glass would not be reduced by the metal.

Kyri2! argues that the steel surface oxidizes during the initial heating of the firing.
This thin oxide layer allows the surface to be wetted by the melting vitreous
enamel. Fine crystals of metallic cobalt and nickel separate from chemical
exchange between iron in the steel and cobalt oxide and nickel oxide in the melted
enamel on the steel surface, which promotes iron oxidation. The rough surface
allows mechanical fixing of the enamel. Kyri,2! however, states that this is not
sufficient to explain firm adhesion, so other unexplained physical processes must
be involved. Other processes do occur when the ground coat is fired. For instance,
the iron oxide being formed dissolves in the molten ground coat. Because of a
concentration gradient, it diffuses into the enamel layer. The enamel structure
changes because the enamel devitrifies (changes from glassy state to minute
crystalline state). This enamel has low mechanical strength and is sensitive to

hydrogen (which allow hydrogen-associated defects such as fishscale to occur).2!

Mohyla and co-workers’6 summarised work of Sullivan® and Dietzel”” as follows:
Nickel and cobalt promote enamel adherence because they are moderately
attracted to the iron-enamel interface by the electrolytic forces of the galvanic

micro-cell present on the steel surface.

Lynch?® suggests three basic requirements for glass-to-metal adherence in
porcelain enamelling:
e The enamel must wet the base metal and electrochemical bonding must
occur across the interface.
e An oxide of the base metal must saturate the glass-metal interface.

e The oxide must not be reduced by the base metal when in solution.
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These conditions are established and maintained if adherence-promoting oxides

such as CoO, MnO,, NiO and CuO are used in ground coats.”8

Pask*? proposed a rough interface contributes to adherence and provides a safety
factor in terms of the transition zone and greater contact area. However, it is
theoretically not needed if a chemical bond (that is, metallic, ionic, and/or

covalent) is obtained throughout the interface.

Shieu and co-workers’? performed adherence tests using various porcelain
enamels and low carbon steels. They found that the coating of enamel grade steel
treated (dipped) with cobalt adhered better than steel treated with nickel or
without transition metal. Good adherence is also associated with high-density
anchor points in the enamel/steel interface, with porcelain enamel to steel

adherence being controlled by mechanical locking.

Paparazzo and co-workers’ used X-ray photoelectron microscopy to show that
good adherence occurred if the silicate phase reacts fully, giving local chemical
continuity between the steel and the enamel. Adherence was associated with a

heterogeneous mixture of an iron silicate phase and unreacted FeO.

1.11 Chemical Resistance

1.11.1 Testing Specimens

The porcelain enamels used in this study are commonly coated onto products such
as outdoor gas cookers (also known as barbecues) and indoor wood burners.
These cookers need to withstand outside environmental exposure, food acids and
detergents used for cleaning. The composition of the water in the environment can
vary from nearly pure (neutral), to acidic or alkaline.!> Chemical resistance of the
coating, is therefore, an important property. Wood burners are normally used
indoors and may be exposed to cleaning detergents, so alkali resistance is an
important property. Most porcelain enamels are unaffected by alkalis at room
temperature.80 However, some enamel products (especially outdoor gas cookers)
may be exposed to a high temperature, alkaline environment (through cleaning),

so the coating must be alkali-resistant.
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1.11.2 Weather Resistance / Acid Tests

Weather resistance of porcelain enamels can be indicated using its resistance to
boiling citric acid solution (6% wt/wt).8! The boiling acid test (DIN 51 151) was
designed primarily for cookware applications?! and consists of measuring weight
loss after exposure to boiling citric acid (6 % wt/wt) for 2.5 h (for more boiling

citric acid test information see section 2.7.1).

Porcelain Enamel Institute (PEI) studies show a relationship between another acid
resistance test (DIN 51 150) and corrosion after 15 years of weather exposure.‘zh82
The relationship after 30 years was also determined.83 The DIN 51 150 method is
qualitative and involves exposing enamel coating to 10% wt/wt citric acid at room
temperature for 15 minutes then grading the corrosion (loss of gloss). This test

cannot be used for matte enamels.
The DIN 51 151 (boiling acid test) indicates that blue enamel has a high resistance

(2.0 g/m? after 2.5 h, Table 1.9), whilst zirconium white enamel is completely

removed, indicating that it has very low resistance to acid.

Table 1.9 Acid resistances of different enamels, using the DIN 51 151 test.2]

Enamel type Weight loss g/m”
Blue for household ware interiors 2.0
Transparent enamel, acid resistance, containing boron 3.0
Boron-titanium, acid resistance 5.0
Zinc-titanium 30.0
Boron-titanium enamel soft 50.0
Zirconium white enamel Completely removed

There is little published data on acid resistance (quantitative-weight loss) of
enamelled outdoor gas cookers or wood burners. The specification for maximum
weight loss of interior enamel on cooking utensils and for acid resistant bathtubs
is 25.0 g/m>.2! Outdoor gas cookers are exposed to acids from cooking and acidic

water (rain), and require moderate acid resistance. Higher resistance is required
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for cooking utensils (which are continuously exposed to cooking acids) and
bathtubs (which are exposed to an acid solution). Wood burners are generally not

exposed to acids and do not, therefore, need to be acid resistant.

1.11.3 Chemical Corrosion Mechanisms
Corrosion of enamel surfaces by acid, alkali or water may occur in the following
ways: 8485
e New compounds being formed on the surface from reactions with a
corrosive medium.
e Surface leaching (hydrated silica layer) by preferential dissolving of
the glass surface.
e Dissolution of the glass surface, which continuously exposes a fresh

surface.

In the general corrosion process, there is an initial extraction of alkali ions on the
glass surface that leaves an alkali deficit layer.®* When the enamel surface is
exposed to an acid solution, free hydroxyl ions formed by reaction are
neutralised,?¢ and attack on the silica network is minimised.®* Maylor®* proposes
that pH of the acid solution and composition of the glass affects the thickness of
the hydrated silica layer. Less durable glasses form thicker hydrated layers
because the glass has a more open structure; allowing alkali ions to rapidly leach

out.

Acid Corrosion

Eppler®’ summarises the principal mechanism for acidic attack as an ion exchange
process between a modifier (principally alkali) ion in the glass and a hydrogen ion
in the solution (Equation 1.6). The basic glass structure is not disturbed because
diffusion occurs through the modifier-depleted surface to the interface, with

unreacted glass where the ion exchange occurs.8’

H" (solution) + Me'(glass) - H'(glass) + Me" (solution) Equ. 1.6
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Alkali Corrosion

Surface corrosion in an alkali solution involves ion exchange leaching and
dissolution. Glass leaching occurs when hydrogen ions in the solution react with
the glass matrix, causing the alkali ions in the glass to be ionised.30 This reaction
is pH-related. Dissolution of the silicate structure generally takes place when the
pH is greater than 8, and dissolution increases as pH increases. As the
concentration of alkali ions such as Li*, Na" and K* in the enamel increases, the
number of nonbridging oxygens in the glass also increases, which increases ion
exchange leaching and causes a larger hydrated layer to form at the glass surface.
Dissolution of the hydrated layer occurs more quickly than dissolution of the rest

of the glass.30

Enamel coating surfaces contain insoluble salt deposits, which retard alkali
corrosion. The temperature during testing affects the degree of corrosion. Testing
specimens in hot sodium hydroxide for 48 hours above 80°C impairs
reproducibility because of these surface deposits. However, at temperatures below
80°C, reproducibility is impaired because the corrosion is reduced.’® The alkali

corrosion mechanism is further discussed in sections 1.11.5. and 5.1 (Chapter 5).

1.11.4 Microscopy Examination

The effect of acids or alkalis can be examined by microscope. If the enamel is
soluble, then the surface will be etched and look like powdered glass. If the outer
surface is then mechanically removed, the exposed enamel will have a rough
etched surface. If the enamel is resistant to solution, the surface may be crazed,

which is a common characteristic of having been heated. !>

1.11.5 Role of Mill Additions on Chemical Resistance

Changes in enamel composition can effect acid and alkali resistance.!4.16.30
Adding titanium dioxide and increasing the silicon dioxide (with a decrease in
boron), can increase acid resistance.!4 The highest degree of acid resistance is
achieved by decreasing resistance to other materials, including alkalis.® To
improve alkali resistance, it is common to maintain a high level of silicon dioxide

while adding zirconium oxide or alumina.!* Any silica added as a mill addition,
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might only partially dissolve during firing. Smith#? reported that less than half of
silica mill additions dissolve in the glass when firing some enamel coatings;
increasing the firing time made little difference to the amount of silica dissolved.

Horton*® studied the effect of mill additions on alkali resistance in wet enamel
systems and found that titanium dioxide forms as titania recrystallises during the
cooling stage of the firing cycle. These crystals form insoluble structures and are
not attached structurally to the remaining glass. Horton3? also observed, that some
of the boron oxide in the glass coating has a tetrahedral co-ordination while the
rest has a triangular co-ordination. He suggested that many glasses do not have
sufficient (BO,)- tetrahedrals to tie up all the alkali ions. Consequently, the alkali
ions form nonbridging oxygens on the triangularly co-ordinated boron and make a
B-O-R bond. Hydrogen ions can react with this bond and form a hydrated layer.

Consequently, the glass has lower alkali resistance.

The alkali resistance durability of glass can be improved by using divalent cations
such as Mg®*, Ca**, Zn®* and Sr** that prevent alkali exchange with the H' ions.30
The divalent cation occupies two nonbridging oxygens, and hinders ion exchange

of alkali ions with the glass structure.3°

Other components such as clay can also affect alkali resistance of porcelain
enamel coatings. Decreasing the clay level in the coating increases weight loss,
and decreases the enamel’s resistance to alkali attack (Figure 1.8). Reducing the
clay level reduced the alumina content in the coating. However, increasing the

alumina content in the clays increased alkali resistance (Figure 1.9).9

Vargin’ reports that adding clay reduces acid resistance, especially to strong
mineral acids. Enamels applied as powders (without clay) have greater acid

resistant than those applied by the wet slip spray method.

Alkaline metal oxides reduce the melting temperature of silica. However, alkaline
metals have the detrimental affect of decreasing chemical resistance and

increasing thermal expansion.
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Figure 1.9 Effect of alumina content of clay on weight loss (adapted from Lightner
and Nobles90).
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1.11.6 Effect of bubble structure on chemical resistance

As discussed in section 1.8.3 the bubble structure also effect corrosion resistance

of ground coat enamels. After initial dissolution from exposure to acid and alkali
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attack, secondary factors such as bubbles or pinholes may play a role in the

dissolution process by increasing the surface area to chemical attack and therefore

the rate of glass dissolution.

There is literature on bubbles in enamels5051.9! and equations that help predict
enamel durability as a solid matter without bubbles.8” However, there were no
reports that quantified the effect of bubbles on corrosion of vitreous enamel
coatings. The effect of bubble structure on chemical resistance is investigated in

Chapter 5.

1.12 Tests for Assessing Porcelain Enamel Coatings

There are many tests for assessing porcelain enamel coatings. The ASTM
(American Society for Testing and Materials) is the most extensive and up-to-date

compendium of methods, which are summarised in Table 1.10.

1.12.1 Adherence/Bonding Test

The term adherence describes the enamel coating’s resistance to mechanical
damage and whether the enamel comes cleanly off the metal or leaves variable
amounts of broken glass in contact with the metal. Destroying the enamelled sheet
steel by mechanical deformation will establish the degree that the enamel coat
adheres to the steel. Various electronic instruments can measure the degree the
adherence.2! However, a very common method (because it is easy and
inexpensive) is the falling weight (or impact) test. A known weight is dropped
from a known height onto the enamel coating (see section 2.7.3) and the visual

damage categorised using a standard chart (Table 1.11).

Good quality enamel will have excellent adhesion with little damage. Enamel
coatings with ‘bad adhesion’ category will have a large amount of enamel damage
and the steel will appear "clean" in appearance, indicating that the enamel coating

has not adhered to the substrate.%2
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Table 1.10 Selected porcelain enamel test methods (ASTM).

Designation Title
Adherence
ASTM C 313 Adherence of Porcelain Enamel and Ceramic Coatings to Sheet Metal
PEI T-29* Adherence of Porcelain Enamel Cover Coats Direct To Steel
Colour and Gloss
ASTM C 346 45-deg Specular Gloss of Ceramic Coatings
ASTM C 540 Image Gloss of Porcelain Enamel Surfaces
ASTM D 2244 Colour differences of Opaque Materials, Instrumental Evaluation of
Chemical Resistance and Weather Characteristics
ASTM C 282 Acid Resistance of Porcelain Enamels (Citﬁc Acid Spot Test)
ASTM C 614 Alkali Resistance of Porcelain Enamels
ASTM C 756 Cleanability of Surface Finishes
ASTM C 283 Resistance of Porcelain Enameled Utensils to Boiling Acid
ASTM D 1567 Detergent Cleaners for Evaluation of Corrosive Effects on Certain
' Porcelain Enamels, Testing
Chipping Resistance
ASTM C 409 Torsion Resistance of Laboratory Specimens of Porcelain Enameled
Iron and Steel
Abrasion Resistance
ASTM C 448 Abrasion Resistance of Porcelain Enamels
Thermal Shock
ASTM C 385 Thermal Shock Resistance of Porcelain Enamel Utensils
Tests Related to Preparation of Coatings and Substrates
ASTM C 285 Sieve Analysis of Wet-Milled and Dry-Milled Porcelain Enamel
ASTM C 715 Compressive Stress of Porcelain Enamels by Loaded-Beam Method
ASTM C 632 Reboiling Tendency of Sheet Steel for Porcelain Enameling
ASTM C 774 Yield Strength of Enameling Steels After Straining and Firing
Tests Related to Continuity of Coating
ASTM C 743 Continuity of Porcelain Enamel Coatings

*PEI T-29 is a Porcelain Enamel Institute test

The ASTM test for porcelain enamel adherence involves deforming the substrate
and measuring the ratio of porcelain enamel in the deformed area to porcelain
enamel in the area before deformation (indication of adherence).?0 Shieu and co-
workers’2 used conductivity measurement (ASTM C 313 adherence test) and

periodic cracking method with a universal tensile testing (Instron) machine to
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indicate tensile properties to evaluate adherence of porcelain enamel to low
carbon steel. The cracks that developed on loading were examined, the crack
spacing measured, and the average shear stress at the enamel/steel interfaces was
determined. There was a sigmoidal correlation found between the adherence index
(conductivity test) and average shear stress (periodic cracking), with failure

occurring at a critical load when the enamel changed from cohesive to adhesive.

Adheretwe
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Table 1.11 Impact test categories. 92

1.13 Spectroscopic Characterisation Review

Raman spectroscopy and infrared spectroscopy have not been widely used in the

enamelling research area. However, there is a lot of literature on spectroscopy of
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crystalline silica, amorphous silica and many of the mill addition components in
the final glassy coating matrix. McMillian93 completed a review showing a great
quantity of literature on Raman spectroscopic studies of alkali and alkaline earth
silicate glasses and melts. However, there is much less work done on more
complex compositions such as aluminosilicate and borosilicate systems, let alone
the very complex alkali-alumino-borosilicate type systems of porcelain enamel

coatings.

Both Raman and infrared spectroscopy techniques are used widely for qualitative
mineral identification (see Griffith®). The published Raman and infrared
spectroscopy band positions of many of the solid components used in fabricating

porcelain enamel coatings are given in Table 1.12.

The first order spectra of Raman and infrared spectra of amorphous materials are
continuous* because the structure has no long-range order or periodicity. This
irregular arrangement of the structural elements results in a fundamental
breakdown of the first order vibrational modes, allowing other modes to exist for
a single crystalline structure. The bands are continuous and broad as modes
overlap. The main features of a typical spectrum for vitreous silica from Raman
and infrared spectroscopy include broad continuous bands at approximately 450
cm™, 800 cm™ and 1050 cm™ (Figure 1.10). The infrared spectrum has strong
broad bands at approximately 450 cm™ and 1100 cm™', with other bands at 800

cm™ and 1150cm™ (shoulder).

X-ray diffraction of a crystalline solid will show sharp peaks (Figure 1.11a) at
certain 20 angles as X-rays diffract from defined crystal planes. However, the
curve of scattered intensity is almost zero in other regions. Amorphous solids and
liquids lack periodicity (the tendency to "order"), which results in the X-ray

scattering curves typically displaying one or two broad maxima (Figure 1.11b and

c).



Table 1.12 Solid components used in the fabrication of porcelain enamel coatings.

Component Composition Purpose Raman (R) and Infrared (IR) band positions (cm’") (from literature)
Frit amorphous alkali borosilicate Frit R: 450, 800, 1050 (amorphous silica)® IR: ca. 450 s,b, 800, 1100s, 1150sh (amorphous silica)’
Silica a-quartz, SiO, refractory R: 128, 207, 265, 356, 394, 401, 450, 464, 509, 697, 795, 807, 1072, 1085, 1162, 12356
IR: 257m, 362s, 385sh, 450s, 510sh, 693w, 775m°
Colouring Oxide  a-Cr,04 colouring R: 303, 351, ca. 397, 530, 551, 609%8 IR: 407w, 435w, 5555, 625577
Colouring Oxide  CuCr;04, FeCr204, ZnCr204 colouring R: 171, 373, 495, 615 (FeCr,0,)°%, 186, 457, 515, 610, 692 (2nCr;09)! %
IR: 450w, 510s, 605s (CuCr;0,)10! 176, 370, 510, 625 (FeCr,0,) 188, 375, 537, 635 (ZnCr,00)>°
HB Clay Si0; (quartz) and kaolinite refractory See Silica and Kaolex clay
Kaolex Clay kaolinite refractory R: 130sh, 143m, 197vw, 245w, 270m, 336m, 418sh, 431m, 463m, 516w, 638m, 710vw, 751w, 790w, 915w 02
AL0;25i0,.2H,0 IR: 794,910, 938, 1005, 1030, 1116, 3620, 3651, 3668, 3696 (Keokuk kaolinite)! 03
Bentonite bentonite suspending agent R: 75, 132, 162, 202, 264, 290, 360, 429br, 608, 708, 800, 916, 1033, 1105, 1162'%4
(M*)M*)4(Si. ADsO2(OH)s H:0 IR: 427, 467, 525, 629.8, 590, 796, 846, 883, 920, 999, 1043, 1116, 1636, 3425, 3630 (Ankeria deposit)* 0
Feldspar Microcline KAISi;Oy refractory R: 62, 82,95, 110, 127, 141, 150, 158, 180, 200, 245, 257, 265, 285, 310, 330, 370, 403, 412, 452, 475, 485, 512, 580, 630, 650, 747, 765, 812, 975, 993, 1000,
1035, 1095, 1120, 1123, 1136100
IR: 97, 115, 141, 147, 165, 185, 200, 220, 280, 330, 370, 420, 460, 530, 585, 605, 650, 720, 740, 765, 790, 1010, 1090, 1140, 2300,
2040(N2,0.A1,0,.65i0y) 107
Feldspar Albite Ko 06Nao 36Cap08-All 08-Si29208 refractory R: 164, 185, 207, 250, 268, 291, 328, 407, 415, 455, 479, 506, 763, 815, 97608
IR: 93, 145, 165, 185, 200, 220, 250, 275, 330, 370, 420, 460, 530, 590, 650, 720, 750, 760, 790, 1000, 1040, 1090, 1150, 2300, 2870 (Na;0.AL,0;,.65i0;) 107
Feldspar Orthoclase refractory R: 1130 and 1005 em™1® IR:?
Antimony Oxide ~ Sb;0; (senarmonite) opacifier R: 87, 121, 144, 193, 218, 256, 298, 359, 376, 434, 452, 717110 IR: 179, 272, 386, 404, 482, 617, 744, 952, 971110
Alumina AL, refractory R: 378, 418, 432, 451, 578, 645, 751 (a -AL,Oy) ca.460w ! IR: 460m, 6005, 660sh, 8505 12
Boric acid H;BO, flux R: 208m, 498m, 8805} 13 IR: 1195 5, 14715, ca 2260m, ca 2360m, ca 2510m, 3223 5b' 4
Hydrous Borax borax (Na;B.07.10H,0) flux R: 78w, 90m, 120m, 160w, 361m,390w, 474m, 530wbr, 590vw, T76mbr, 860w, 975m, 1640vw, 31405, 3357s, 34005, 34475, 34955, 357551 1
IR: 2205, 2355, 320vvbr, 430w, 465m, 525w, 590w, 660w, 8285, 710w, 785w, 890sh, 9475, 1003vs, 1038sh, 1078m, 11325, 1140sh, 1175w, 1235m, 1282m,
1350vs, 1385w, 14245, 1483vs, 1580w, 1656m, 1710sh, 2875w, 2910w, 3060sh, 3357vs, 3503s, 35605113
Magnesium MgCO;4 electrolyte-flocculater R: 212, 332, 735, 1096, 1460' 1 IR: 362-459, 747-763, 876-911, 1446-1599" 17
Carbonate
Sodium Nitrite NaNO, increases set R: 1195, 154m, 827m, 13255118 IR: 820m, 12705, 2540w! 19
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(adapted from Murray et af).
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Previous Raman Spectroscopy Study

Buerhop and co-workers! studied gas and solid inclusions present in glazes on
porcelain dishes using Raman microscopy. They showed that the solid inclusions
consisted of quartz immersed in a glassy matrix, and cristobalite embedded on the
surface of bubbles. Cristobalite is a high temperature phase of SiO,, and is most
stable between 1470° C and 1713°C although it does exist at lower temperatures.
Bands were observed at ca. 463 cm™ for a-quartz, and 127, 222, 413, 780 and
1081 cm™ for a-cristobalite. The gas inclusions in glazes on porcelain dishes were

air in an incompletely fired sample and CO, for an optimum-fired sample.

1.14 Porcelain Enamels — Recent Developments

Porcelain enamelling is an ancient technology but both the coatings and processes
have to be improved to remain competitive. This section discusses recent
developments in both the enamel product and enamelling processes as well as

problems that exist or could occur in the future.

1.14.1 Competitive Organic Coatings

Organic finish technology has been a major competitor over the last 50 years.
Although organic coatings are cheaper, and can be used in many more situations,
they are not as durable to high temperature, chemicals, microbial degradation and
adverse climatic conditions as porcelain enamels.!?® Organic finishes can be
scratched, wear more easily and are susceptible to chemical attack.!?! Powder
application of organic paints has been an undisputed success in the metal finishing
industry and has two basic advantages over vitreous enamel powder.!22 Firstly, the

0'*'® ohm cm™ compared

material is inherently highly resistive with a value of 1
with 10® ohm cm™ of frit. Secondly, organic coatings have a much lower density

than frit (1100 compared with 2500-2700 kg m™).

As organic particles are more resistive than frit particles, they do not lose their

charge when attracted by earthed components. Frit particles rapidly lose charge
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and drop off. However, encapsulating the frit with an organic silane to simulate

properties of organic powders can increase resistivity.122

1.14.2 Composition Changes

Enamel formulations are constantly changing to improve particular properties or
reduce costs. Adding a second phase or by crystallising the coating after it has
been applied have been major developments for controlling the microstructure of
enamels.!?2  Adding a metallic second phase improves the ability of the final
coating to withstand considerable distortion without flaking or chipping,'?? and
adding aluminium particles increases toughness of the glass.!2* Introducing a
second phase can also increase resistance to high temperatures, which allows
enamelled ware to be used at temperatures approaching firing temperatures.!22
Adding crystalline inclusions to conventional base enamel can also improve the

resistance for high temperature uses.!25

There is no comprehensive study on the effect of additives on the properties of
enamels or glasses, so this is where the most promising future materials might be
found. For example, introducing metal oxides into the surface of vitreous enamel
improves properties.!26 Modifying the surface layer by ion—exchange, thermal
toughening or crystallisation (normal methods used for modifying normal glass) is

also possible.

1.14.3 Light Colours for Direct-On Enamels

To increase adhesion and reduce fishscaling the steel surface must be pickled and
nickel dipped (section 1.9.4) before enamelling to produce light-coloured direct-
on enamels. Adhesion oxides such as cobalt and nickel allow direct-on enamelling
without a nickel dip, but darker colours are produced. Other components have
been tried for direct-on white enamels. However, enamels produced from frits
with nickel but no cobalt did not adhere sufficiently under service conditions.!2”
Adding antimony oxide to the frits during smelting gave varying results, with

3.5% giving the best adhesion.

Developing self-opacifying white enamels, based on zirconia and titanium oxides

was a major development.!?8 Previously, fluorine or antimony were the only
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opaque enamels available and up to 6% tin was required to achieve satisfactory
opacity. Two coats were needed for a good enamel finish but newer formulations
allow a one-coat application. Titanium opaque enamels have improved impact and
acid resistance,'? and semi-opaque and transparent enamels for a wide range of
colours have been developed. The matte enamels developed for both white and
colours are also suitable for white and black boards.!?? Enamels with unique
appearances such as metallic lustres to simulate copper metal or stainless steel are

being developed.

1.14.4 Powder Enamel

Probably the biggest impact on the enamelling industry worldwide has been the
development of enamel powders for electrostatic application.!?® Electrostatic
spraying is environmentally friendly and more economical than the standard wet
spray process. The steel does not need to be degreased, saving in drawing oils, etc.
Powder enamel is available as "direct-on" for hot water tanks, heat exchanger
panels and pyrolytic ovens and as alkaline resistant coatings for washing machine

drums.

1.14.5 Self Clean Enamels

It was originally thought that self-cleaning (or continuous) enamels would be
impossible to develop but by the end of the 1960s, new formulations had been
developed for internal oven surfaces.!?2 The porous components with excess
oxygen that catalyse decomposition of organic deposits.!29-132 When organic
materials from cooking contact the enamelled surfaces, the organics are oxidised
and destroyed.!32 The oxidation temperature is reduced to the 250-300°C of
normal domestic oven baking temperatures using the well-known principle that a
higher oxygen atmosphere lowers the oxidation temperature. The higher the
porosity in the enamel coatings, the more fat residues that can be stored.!3!
Volatilisation of the soils also contributes to the cleaning action. Environmentally
unfriendly cleaning agents are not needed, only heat as with pyrolytic ovens.!??
Catalytic pyrolytic oven enamels (produced with electrostatic powders) with self-

clean properties have therefore become common.!2!
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1.14.6 Application Processes
Electrostatic dry powder process

The most commonly used process for producing porcelain enamel is electrostatic
dry powder. Dry electrostatic and electrophoresis (EP deposition) processes have
many advantages over the older methods of wet suspension spray application and
dipping.'2? These processes are environmentally friendly and generate very little
waste. The material can be recycled, no drying is needed, and a pickle/nickel
treatment is not needed. The only pre-treatment is cleaning, which sometimes can

exclude degreasing.

The electrostatic systems first developed were not used by smaller companies
because of their high relative cost.!33 However, the development of pre-milled
frits (just add water), either as a ground coat or as part of a two-coat/one fire
system, has decreased process cost. Enamellers can now blend pre-milled frits to
obtain properties required for each application, saving milling cost and
eliminating waste. The two-coat/one fire processes for electrostatic spraying also
reduce process time. Electrostatic powders and pre-milled powders produce
consistent, even coatings and no waste. The enamels produced recently allow

greater bond development with thinner applications. !34

One problem with electrostatic spraying is back ionisation. However, removing
free ions between the gun and the item being enamelled significantly reduces back

ionisation, thus improving finish quality and uniformity.!34

Electrophoretic deposition Electrophoresis

The electrophoresis enamelling process was first demonstrated in 1974.135 This is
an anodic process where the metal item is submerged in a bath containing the frits
and additions. An electric current causes the particles to deposit onto the metal
surface. The item is then fired using conventional methods. This process gives
excellent film characteristics including; a uniform thin layer without thickening on
comners, dense, low porosity, superior smoothness, but without orange peel defects
common in the wet spray process.!3313¢ However, this process can have high

capital costs.
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Electrophoresis can be difficult to control. The metal surface must have consistent
electrochemical properties and be active for good deposition. If the surface is

passive, deposition is often not good because gaseous oxygen is produced.!3”

High-power diode laser

High-power diode laser (HPDL) treatment can improve wettability characteristics
of EN8 mild steel because the metal surface can undergo HPDL-induced
melting.!3® This surface treatment reduces surface roughness, increases the polar
component of the surface energy, and increases the surface oxygen content.
HDPL radiation can be used to change the microstructure of an amalgamated
alumina/silica based oxide (AOC).!3% Without laser treatment, the enamel cannot
be fired onto the AOC surface but HDPL laser radiation alters the mild steel’s
wetting characteristics by decreasing the contact angle. After rapid solidification,

a range of microstructures is obtained.

1.14.7 New Developments In Testing and Analytical Techniques

Many techniques can be used to test and analyse porcelain enamels. This helps

increase information on enamelling, which helps improve quality.

The compositional complexity of vitreous enamels makes quantitative analyses
difficult. Conventional methods for characterising elemental compositions include
energy dispersive X-ray analysis (EDS), atomic absorption spectrophotometry
(AAS) and inductively coupled plasma (ICP). EDS elemental analysis is widely
used as a quantitative analysis method, but is not accurate with elements with low
atomic mass (often those below Na). Methods such as AAS have simplified some
analytical determinations but, because of inter-elemental interferences, accuracy
may be questionable unless almost identical enamels are being regularly

analysed.!40

X-ray fluorescence (XRF) can provide accurate and relatively inexpensive

analysis of vitreous enamels.!¥ However, analysing samples of widely differing
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compositions is difficult. A standard must be prepared from the most recent

analysis and the comparisons adjusted for any errors detected.

XPS has been used since the early 1908s and can detect all elements. It is surface
sensitive and individual phases can be isolated if the peaks are deconvoluted.
Therefore, each element’s oxidation state can be determined. However, only a 40-
50 nm (depending on X-ray source and beam angle) depth, can be analysed. Ion
gun sputtering can remove surface artefacts and allow depth profiling but this

technique takes a long time and is expensive.!40

Scanning electron microscopy (SEM) with attached energy dispersive X-ray
analysers (EDS) is being used more frequently for semi-quantitative elemental
characterisation and specimen image analysis. Fick et al'*' gives an example of

in-depth analysis of coating defects using SEM with EDS.

Schreiner et al'* used SEM-EDS, secondary ion mass spectrometry (SIMS) and
atomic force microscopy (AFM) to characterise the surface layers that formed on
stained glass under natural environmental conditions and developed new
analytical strategies and methods to obtain information on surface processes.
SEM-EDS and SIMS were used to analyse corrosion products and the surface
layers and tapping mode atomic force microscopy (TM-AFM) was used to study
the initial corrosion stages. SIMS has the advantage over EDS for surface analysis
in that its high power can detect most elements. Depth profiling with high spatial
resolution is also possible. However, the possibility of a strong matrix effect must
be considered when interpreting depth profiles quantitatively. High beam energy
can disrupt the matrix significantly during sputtering and obscure details on the
depth profile. AFM, introduced in the 1980s, allows surface topographies from
real space down to the atomic scale on both electrically conductive and non-

conductive samples.
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1.14.8 New Applications for Porcelain Enamels

Currently, the important enamelling products are household equipment, sanitary
ware, hot water tanks, hollowware and architectural panels.!?® The following are

some recent porcelain enamel application developments.

Hot Water Cylinders

Because they are very resistant to corrosion and less expensive, vitreous enamel
cylinders are effective alternatives to copper for hot-water cylinders. The direct-on
enamels and powder enamels now used make the process cost effective.
Currently, about 80% of the USA and EU market is enamelled hot-water

cylinders.!2?

Solar panels

Solar collectors are essentially high temperature chambers so durability is
important.'"*'** Vitreous enamels, in particular special direct-on enamels, have
been used to produce solar panels with greater corrosion and UV resistance than
other materials. The enamels have emissivities of up to 20% and are often able to
absorb more than 90% of the heat energy.!2° These panels have good stability and
longevity and are normally in compression during their working life, which helps
resist the repeated day/night thermal cycling of temperature encountered on a flat
plate collector, especially under no-load conditions. Systems with black enamel
coatings and spectral selective tin oxide coatings are effective if atmospheric

conditions are poor.

Heat-Reflecting Porcelain Enamel

Heat-reflecting porcelain enamels have been developed to increase energy
efficiency and/or decrease cooking times in ovens.'* These enamels have higher
infrared reflectivity so they emit more infrared radiation, which increases the oven

air temperature-heating rate.

Architectural Applications
Porcelain enamels have been increasingly used in architectural cladding or panels,

especially in tunnels, subway systems and railway stations. The vitreous enamels
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have excellent chemical and scratch resistance and important anti-fouling

properties, including attack by graffiti vandals. The enamelled steel also has good

heat resistance and flame retardant properties.'*

Other Applications
Enamels have been developed for the electronic market for micro-circuitry and
electronic components including baseboards and for printing the actual circuits.!2!

Heat exchanger panels of air and gas preheaters in electricity generating plants

can also be enamelled.

1.14.9 Developments in Enamelling Substrates

Steel

Decarburised steel with low carbon allows direct-on coats without the need for a
cover-coat to cover out-gassing defects. Better quality drawing steel can be made

from vacuum decarburised steel.

Aluminium-killed steel was initially not suitable for enamelling because it pickled
non-uniformly and fishscale defects occurred when the steel was enamelled. The
manufacturing techniques and chemical compositions have been modified to
improve enamelling characteristics of aluminium-killed steels. These enamelling
iron replacements have better formability than enamelling iron but are less

resistant to warping.'*’

Interstitial-free high quality porcelain enamelling steel has been developed using
vacuum degassing, continuous casting and conventional batch annealing. This
steel replaces the traditional steels produced by ingot casting and open coil
annealing. Common enamelling defects such as fishscaling and warping are

reduced.'*®

Aluminium
Enamelling aluminium has the advantage that the whole system is very corrosion
resistant, even if the aluminium substrate is exposed because the aluminium

surface can naturally oxidise and form a passive barrier film. However,
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aluminium and aluminium alloys have low softening and melting points (~650°C)
compared with standard enamelling steel, so new frits with low maturing
temperature properties need to be developed. Electrostatic powder enamels, which
are baked on at 200-250°C, are ideal. Frits for wet spraying contained lead to
lower the maturing temperature. Components including lithium, barium,
antimony, vanadium and bismuth can be used to produce lead-free enamels with

low maturing temperatures.'*’

Aluminised Steel

Enamelling on aluminised steel is more environmentally friendly than enamelling
on aluminium.'* Degreasing is the only pre-treatment needed and a ground coat
is not needed so direct-on coats can be used. Furthermore, firing temperatures are
lower (550-580°C) than for conventional steels (800°C). Aluminised steels tend to
warp less and only one side of the aluminium sheet needs to be enamelled as the
thin layer of alumina coated onto the steel naturally passivates, which protects

against corrosion.

1.14.10 Environmental Aspects

Many countries have introduced more stringent regulations for emissions and
disposal of waste. Although pickle/nickel processes are still used in the USA,
especially for direct-on coatings,'”’ meeting Environmental Protection Agency
(EPA) regulations have reduced this sector'’ 2 and two coat/one fire and non-
pickle systems are more common. Pickle-free enamels use frits that react
chemically and mechanically to form a tight bond directly with the substrate. The
clean-only enamelling process has removed many of the problems associated with
pre-treatment waste. However, emissions can also originate from pre-treatment,
milling operations, spraying and the enamelling furnace. Producing frits uses a lot
of energy and chemicals, which can produce potentially environmentally
damaging waste. The amount of waste and energy used by new enamelling
processes such as two coat/one fire, powder coating and the electropheretic
enamelling processes!2%150 produce less waste, use less energy, and produce

higher quality products than conventional processes.
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Various environmentally "unfriendly" components are still used in enamelling at
present. These include fluorine and cadmium pigments. Fluorine is used as a flux
and refining agent to give a better surface finish and acid resistance. During the
firing process, a lot of the fluorine is volatilised and expensive scrubbing systems
are needed. However, the scrubbers still give solid wastes that need to be
disposed. Therefore, alternatives without fluorine are needed. Cadmium pigments
are used extensively in the enamelling industry for red colouring. No alternatives
have been found. Copper compounds, used in the ceramic industry, are not
suitable because the copper dissolves in the enamel too slowly for colour to
develop in the short firing period!3. Therefore, a sophisticated effluent treatment
programme is needed if they continue to be used.!S! Some companies have
installed completely self-contained units for milling, spraying and recovery
cadmium-containing finishes. However, products containing toxic cadmium
cannot be used for applications in direct contact humans, for example, cooking

vessels.

1.15 Scope of Research

Porcelain enamel coatings on steel are competitive with materials such as plastics
and organic coatings. To continue to be competitive, the technology must
continue to advance. New Zealand industry are researching and developing
enamelling technology. This thesis was a joint project with an enamelling

company (Ceratec Ltd, New Zealand).

One objective of this thesis was to examine structural and compositional
characteristics of porcelain enamel coatings and their many compositional
components used in enamel fabrication. Data on enamel characteristics and the
effect of compositional changes on these characteristics were obtained from
conventional techniques used in the enamel industry such as energy dispersive X-
ray analysis (EDS), Inductively coupled plasma spectroscopy (ICP) and X-ray
diffraction (XRD) and non-conventional techniques such as Raman and infrared
spectroscopy. Past Raman and infrared spectroscopic studies of alkali and
alkaline earth silicate glasses have provided useful structural and compositional

information. These same techniques can potentially yield a similar type of
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information for the more complex porcelain enamel coating systems within the

limitations of possible constraints regarding the vibrational interpretations.

The research concentrated on single coat systems rather than the conventional
two-coat system (ground coat and cover coat) as single coat technology is now a
viable option because decarburised steel, which reduces defects caused by
outgasing, is readily available. (The advantages of single coats are discussed in

section 1.5.5.).

Another objective of this thesis was to investigate the chemical resistance of some
single coat porcelain enamels. The data from this research could help the
enamelling industry improve their coating technology. The corrosion of the
enamel coatings was examined in terms of being solid matter (destruction of the
glass network), but also being heterogeneous in nature, that is containing bubbles,

which may affect the corrosion properties.

The methods for fabricating porcelain enamel coated onto steel samples, preparing
the samples for testing, and experimental methods used for examining and

classifying the samples are given in Chapter 2.

Chapter 3 gives initial characterisation of enamels used in this research, including
a discussion on the enamel batch compositions. The chapter also describes the
milling and firing procedures performed, and many of the resulting properties

including adherence, bubble structure and particle size distribution.

Results from characterising the commercial porcelain enamel ground coatings and
their compositional components using energy dispersive X-ray analysis (EDX),
X-ray diffraction (XRD), Raman spectroscopy and infrared spectroscopy are
presented in Chapter 4.

The resistance to acid and alkali attack of both commercial coatings and trial
coatings are detailed in Chapter 5. Different mechanisms for explaining and
predicting corrosion performance are discussed. The effect of bubble content on

the corrosion of enamels is also investigated. Trial coatings were obtained by
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changing the mill additions of one commercial coating formulation regularly used

by Ceratec Ltd. The corrosion resistance was determined using AS 2219.1

(boiling citric acid test) and AS 2219.1.4 (hot sodium hydroxide test).

Chapter 6 reports the characterisation of phases present in a single-coat enamel on

steel systems and the pinhole defect phenomenon using Raman microscopy, X-ray

diffraction (XRD) and scanning electron microscopy coupled with energy

dispersive X-ray analysis (EDX).
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Chapter Two
Materials and Methodology

2.1 Introduction

The methods for fabricating porcelain enamel coated onto steel substrate samples,
preparing the samples for testing, and experimental methods used for examining

and classifying the samples are given in this chapter.

2.2 Materials Used in Sample Fabrication

2.2.1 Steel

The steel used for the substrate is KTSMT enamel-grade steel with carbon content
not greater than 0.005 wt% manufactured by Kawasaki Steel Ltd, Japan. The
typical chemical composition is given in Table 2.1 and the Fe-C phase diagram of

KTSMT is shown in Figure 2.1.

Table 2.1 Typical Chemical Composition of KTSMT (wt%).}

C Mn P S Al o} N Ti Special

elements
0.003 0260 0.010 0.028 0.040 0.0035  0.0083 0.108 0.007
2.2.2 Enamels

The enamels frits and mill additions were imported from Bayer Ltd (Belgium);
Ferro Corp. (Australia) and Escol Ltd (England).

Because of commercial confidentiality, formulations of the five commercial
ground-coat enamels (often used as a single functional coat) obtained from the

manufacturers were coded gloss brown A (GBA), gloss green A (GGA), matte
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black A (MBA), gloss brown B (GGB) and gloss brown C (GBC). The

composition information for the commercial enamels is given in section 3.2.1 and

for the trial coatings in section 3.3.1.

Temperature (°C)
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2.3 Preparing the Enamel Slip

2.3.1 Milling

Figure 2.1 Fe-C phase diagram for KTSMT steel (from KTSMT specs!).

All of the enamel batches were milled at Ceratec Ltd - Auckland, New Zealand.

Wet milling of frits, mill additions and water was performed in ball mills. The

commercial ball mill (external view - Figure 2.2; internal view - Figure 2.3) had a

1.05-m long, 1.04-m diameter drum lined with silex (natural silica) blocks. The
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commercial enamel milled normally consists of a 200 kg charge of enamel frits
and mill additions. Approximately 114 litres of water is added to this before
milling. A 60:40 (by volume) mix of 51-mm and 38-mm ceramic balls (made of
porcelain) normally occupies 55% of the milling drum. Grinding is performed at
a mill speed of approximately 40 r.p.m. for approximately 90 minutes. However,
the time can be varied to get the milling fineness specified by the enamel
manufacturer (section 2.3.3). The commercial ball mill was used to mill the

enamel batch for the GGA enamel coating examined in Chapter 6.

One-litre test batches of slip were milled in a 10-litre porcelain ball mill (Figure
2.4), 0.26 m long and 0.25 m in diameter. Grinding was performed at a mill speed
of approximately 80 r.p.m. for approximately 70 minutes (depending on the
milling fineness required). The 10-litre porcelain ball mill was used for all the
commercial coatings and trial formulation coatings examined in Chapters 3, 4 and
5. The milling parameters for the commercial and trial enamels are given in

sections 3.2.2 and 3.3.2 respectively.

Figure 2.2 External view of commercial mill.
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Figure 2.3 Internal view of commercial mill.

Figure 2.4 External view of trial mill.

2.3.2 Specific Gravity

Specific gravity, as the weight per unit volume of enamel slip, was determined by
weighing a 50-ml sample of enamel slip that had passed through a 60-mesh (250

pm) sieve.
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2.3.3 Milling Fineness

Milling fineness is the residue from a 50-ml slurry sample retained on a 75-pm
(#200 mesh sieve) sieve. Milling fineness can be expressed as grams/50-ml/75-

pm sieve, but it is commonly expressed in grams.

2.3.4 Slump Test

A 100-ml stainless steel cylinder is filled with enamel slip (Figure 2.5). The
cylinder is raised uniformly, allowing the slip to flow (slump) smoothly over a flat

steel plate. The diameter of the slip indicates the slump of the sample.

Figure 2.5 Slump tester (right) and impact tester.
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2.4 Substrate Preparation (Pre-treatment)

2.4.1 Washing system

The steel was pre-treated before enamelling by the “clean only” or non-pickle
process. Samples are conveyed through the washing plant (Figure 2.6)
manufactured by Industrial Ovens and Fabrications Ltd, Onehunga, New Zealand.
The pre-treatment unit consists of a stainless steel tunnel with a series of tanks
containing the cleaning solutions. The unit also has a pump, piping and nozzles
for spraying the various solutions onto the steel components as they pass
(conveyered) through the system. There are six stages (spray-zones) in the

operating cycle (Table 2.2).

Figure 2.6 Washing plant.
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Table 2.2 Washing system, operation cycle.

Stage Solution Pressure (kPa) Cycle time (Sec) Temp (°C)
Alkaline cleaner (caustic
1 140-120 120 55-60
soda)
2 Water rinse 80-120 60 55-60

Alkaline cleaner

3 140-160 ]
(caustic soda) 120 55-60

4 Water rinse 80-120 60 55-60

5 Water rinse 80-120 60 Ambient

6 Deionized water rinse 80-120 60 Ambient
2.4.2 Drying

After being cleaned, the steel continued on the conveyer through a drying tunnel,
also manufactured by Industrial Ovens and Fabrications Ltd, New Zealand. The

drying cycle takes approximately 7 minutes at a temperature of 160-180°C.

2.5 Enamelling Process

2.5.1 Manual spraying

The enamel slip was manually sprayed onto the steel substrate using an AGN-502
Automatic gun (DeVilbiss, an ITW company). An air pressure system feeds the
coating material supply. Remotely positioned valves control the air for
atomisation and diaphragm operation. The commercial and test-pot spray guns

used for enamelling are shown in Figure 2.7.
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Figure 2.7 Commercial enamel pot and gun and test pot and gun (insert).

2.5.2 Bisqueing

After applying the enamel coating, but before ﬁring, the enamel coating was dried
onto the steel substrate by being conveyed through a medium-wave radiant heat
drier (Figure 2.8) manufactured by Phoenix Electrical, New Zealand. The heated
radiating tubes are powered by electricity. Drying times for the test panels were

approximately 5 minutes at approximately 150°C.
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Figure 2.8 Enamel slip drier.

2.5.3 Coating thickness

Coating thickness is measured after bisqueing and firing. Samples were only fired
if the bisque thickness was between 100 pm to 180 um thick (See Coating
Thickness, section 1.7.3). Coating thickness was measured using an elcometer

(Figure 2.9).

Figure 2.9 Elcometer for the measuring of enamel coating thickness.
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2.5.4 Sample Firing

All samples were conveyed at the designated chain speed through a direct radiant
heated, luminous walled furnace (specifications are given in Table 2.3). The
enamel manufacturers specify an approximate firing time and temperature for
commercial coatings. A typical temperature cycle for the furnace used in the
trials is given in Figure 2.10.

temperatures for the commercial and trial enamel coatings is given in sections

3.2.2and 3.3.2.

A detailed description of firing times and

Table 2.3 Furnace specifications.

Manufacturer Tempo Holden Furnaces Pty Ltd (Australia)
Type Direct radiant heated luminous wall
Purpose Firing porcelain enamel onto enamel grade steel

Heat source

Gas

Maximum temperature

880°C

Process area (m)

L*W*H = 15.4*1.6*%1.8

Table 2.4 Effect of dial reading on time in furnace.

Reading on dial 40 50 60 70

Conveyor speed (m/s) 0.028 0.032 0.036 0.038
(seconds/m) 36.0 31.5 28.0 26.5

Time in Firing Zones 2:37 2:17 2:02 1:55

(min/sec)

Total time in furnace 9:14 8:05 7:11 6:48

(min/sec)

880

860 1+

820 1
2 800 1
, 780 1

760 +

- 740 +

720 +

700

50 60 70 80 90 100 110 120 130 140
Time Through Fumace (Sec)

Figure 2.10 Typical temperature cycle for furnace operation.
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2.6 Characterisation Techniques

2.6.1 Sample Preparation

Surface and cross-sections of the enamelled samples were cut from the test panels
using a guillotine or diamond cutter. Care was taken to protect the area to be
examined by cutting the sample at least 5 mm from the region to be examined.
The sample was then mounted in cold epoxy resin, followed by grinding to the
region to be examined, and polishing to a 1 pum grit size. To prevent iron
contamination, the enamelled sample was placed in an ultra-sonic bath before

each abrasive disk was used.

2.6.2 Microscopy

Surface and cross-sectional samples were examined with optical light, stereo and

scanning electron (SEM) microscopes.

Optical Light Microscopy

The samples were examined using two optical microscopes. The first is an
Olympus microscope (BH, B071), and camera (C-35DA-2). The second is an
Olympus BX60 optical microscope used in conjunction with a Polaroid digital
microscope camera (DMC 1) coupled with the Polaroid DMC Direct software

program, used for image capture.

Stereo Microscopy

A Wild M3B optical microscope (Wild Co, Switzerland) with an intralux 5000
light source was used for some analyses. The microscope was used in conjunction
with a Polaroid digital microscope camera (DMC) coupled with the Polaroid

DMC Direct software program, used for image capture.

Scanning Electron Microscopy (SEM)

A Hitachi S4000 scanning electron microscope was used for surface and cross-
sectional microanalysis. Samples that exhibited charging were vacuum sputter

coated with metal (gold — palladium).
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2.6.3 Energy Dispersive X-ray Analysis (EDS)

A Kevex micro-analyser was attached to the SEM system to perform qualitative
analysis of samples and also to determine approximate elemental concentrations
within the samples (semi-quantitative analysis). Elemental distribution maps were
used to identify the dispersive nature of identified elements within the samples.

The sampling depths for all characterisation techniques are reviewed in Chapter 4.

2.6.4 Raman Spectroscopy

A Jobin Yvon U 1000 double beam spectrometer, with a microscope stage that
uses 180° incident geometry to analyse small samples, was used for Raman
spectroscopy on enamel surfaces, polished cross-sections and compositional
components. An uncoated x50 objective lens was utilised with the microscope
stage. A Spectra Physics argon-ion laser was employed to excite laser Raman
spectra using a 514.5 nm laser line at an incident power of ca. 10-20 mW for the
compositional components and 100 mW for surface specimens. A water-cooled
Hammamatsu R943-02 photomultiplier tube was used for signal detection.
Spectra were obtained using 400 um or 500 pm slit width and the scanning rate
used to collect the spectra was kept at 0.5 cm’'s’ for the compositional
components and 0.2 cm™4s” for the surface spectra. The spectrometer was
calibrated using the 1086 cm™ calcite band. Surface and cross-sectional spectra

"'at 0.5 cm’'s" rate. A comparison

were obtained in the range 25-1000 cm’
spectrum of air was obtained using the macro sample chamber and ca. 300 mW
laser power, with the same spectrometer settings. Spectral characterisation and
manipulations such as smoothing were achieved using GRAMS/32® software

(Galactic Industries Ltd).

2.6.5 X-ray Diffraction (XRD)

A Philips X’pert system with a 40 mA, 45kV CuK radiation source and a

scanning rate of 0.02°s! averaging for 5 seconds per increment, was used to study
the crystal structure of the porcelain enamel samples. Frits and mill additions

were ground into powder and pressed into aluminium holders, with sample space
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dimensions of ca. 2x15x10 mm for analysis. The coating surfaces were analysed
in original form, flush to the plane of the sample holder. Phases from the XRD
patterns were identified using the best fitting ICDD (International Centre for

Diffraction Data) reference cards.

2.6.6 Mid-Infrared Spectroscopy

Mid-infrared spectroscopy was perfqrmed on frit and mill additions using a
Digilab FTS-40 Fourier transform-infrared spectrometer, employing a dry
nitrogen purged bench. The spectra were recorded in the range 400-4000 cm’
with a resolution of 8 cm™ and averaging over 64 scans. The powdered samples
of frits and oxides were diluted with dry KBr powder and pressed into pellets for

scanning.

Attenuated Reflectance Spectroscopy (ATR) of enamel coating surfaces was
performed using a specular reflectance cell and the spectra were transformed
using a Kebulka Munk transform calculation. A range of 400-4000 cm™ at a
resolution of 8 cm™ was used. Spectral analysis and manipulations was carried

out using a WinIR® (Galactic Industries) software.

2.6.7 Far-Infrared Spectroscopy

A Digilab FTS-40 Fourier transform-infrared spectrometer with a 6.25-pm
beamsplitter, on an evacuated bench, was used to obtain far-infrared spectra in the

range 50-450 cm™ with a resolution of 8 cm™ and averaging over 256 scans.

The powdered samples of frits and oxide mill additions were examined as
Vaseline mulls on a polyethylene plate. Spectral analysis and manipulations was
carried out using a WinIR® (Galactic Industries) software. Spectra were
subtracted from a control spectrum of Vaseline on polyethylene to remove any

background spectral profile.
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2.6.8 Bubble Size/Distribution

An indication of the bubble structure (size and size distribution) and iron oxide
diffusion layer for each enamel coating was executed by examining micrographs
of 490 pm length of cross-section (at 90° to the surface) for each enamel coating.
The bubble size and size distributions were analysed using scion-image (Scion
Corporation) software. Six cross-sections were analysed for each enamel coating

type.

2.6.9 Particle Size/Distribution

Samples of porcelain enamel slips were analysed with a Malvern Mastersizer E
laser diffraction system. This system was used primarily to determine particle

size and particle size distribution of the milled enamel slips.

2.7 Chemical Resistance Testing

2.7.1 Boiling Citric Acid

The Australian Standards method for testing Vitreous Enamel Coatings, AS
2219.1.42 (ISO 2742), was used to determine acid resistance. The full test
procedure is given in Appendix 1. Test equipment (Figure 2.12) is constructed in
accordance to Appendix A of AS 2219.1.2.3 It consists of a cylinder sealed top
and bottom with two samples of pre-weighed test panel. The cylinder is
connected to a 500-W heater and a reflux condenser. The bottom test panel is
exposed to a boiling solution (64 g/L) of AR citric acid (C¢HgO7.H>0) in distilled
water and the top panel is exposed to acid vapour. The test panels are exposed for
2.5 hours, then cleaned with distilled water. The samples are then dried at 110°C
for 2 hours and then stored in a dessicator for 2 hours to constant mass before re-
weighing. The corrosion after 2.5 hours testing is expressed as the loss in mass
per square metre (g/m?). The test was replicated six times for each enamel

sample.
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Figure 2.11 Boiling acid test apparatus.

2.7.2 Hot Sodium Hydroxide Test

The AS 2219.1.14 (ISO 2745) test method was used to determine the resistance of
the coatings to hot sodium hydroxide. The method is described in full in
Appendix 1. The test apparatus to hold the test panels is constructed in accordance
to AS 2219.1.1. and is placed in a thermostatically controlled water bath. Two
pre-weighed panels are tested simultaneously by exposing them to NaOH (40 g/L
distilled water) at 80°C £ 0.1°C for 48 hours. Six test panels were tested for each
enamel type. After testing, the samples are cleaned with acetic acid, followed by
distilled water. The panels are then dried at 110°C for 2 hours. The dried samples
are stored in a dessicator for 2 hours to constant mass and then re-weighed. The

rate of corrosion is expressed as loss of mass per square metre per day (g/m’/d).
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2.7.3 Impact Resistance

The “Visual Classification of Adhesion of Vitreous Enamel to Steel” was used to
assess impact resistance.5 In this test, the results of a specified impact using an
impact tester (Figure 2.5) on the enamel is visually assessed and classified. The

following test conditions were used:

o Weight of hardened steel ball 450 g

e Height of fall 1,000 mm
e Diameter of anvil hole 25 mm
e Diameter of ball 25 mm

Three impact tests, over as widely distributed an area as possible, were performed
for each coating type. After the weight had been dropped onto the surface of the-
sample, the damage area was visually classified by comparing it with the impact

test categories displayed in Table 1.11.
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Chapter Three
Preliminary
Characterisation and
Coating Properties

3.1 Introduction

This chapter describes the porcelain enamels used in this research, including the
enamel slip compositions (enamel batches). The compositions of the frits,
colouring pigments and fired porcelain enamel coatings are discussed. The
chapter also describes particle size distribution of the enamel slips, the milling and
firing procedures used and coating adherence and bubble structure and size

distribution in the fired porcelain enamels.

3.2 Commercial Enamel Ground Coats
Enamel Batch (Slip) Compositions

For commercial confidentiality, coatings used are coded gloss brown A (GBA),
gloss green A (GGA), matte black A (MBA), gloss brown B (GBB) and gloss
brown C (GBC).

Frits are the main components in the commercial enamels (Table 3.1). Ground
coats for the ‘A’ enamels consisted of three frit types whilst GBB had two frit
types. It is useful to blend multiple frit types (hard and soft) to get a good firing

range, bond and appearance.



Table 3.1 Enamel (slip) batch formulations for commercial ground-coat enamels (1 kg batch*).

GBA (& GGA (&) MBA (&) GBB (® (& GBC (g)
Frit Al 500 Frit Al 500  Frit A3 300 Frit Bl 400 500 FritCl1 750
Frit A2 300 Frit A2 300 Frit A4 500 FritB2 600 500  FritC2 250
Frit A3 200 Frit A3 200 Frit AS 200
Sub total 1000 Sub total 1000  Sub total 1000  Sub total 1000 1000  Sub total 1000
. Colouring . .
Colouring . Colouring Colouring .
pigment GBA1 40 I(’}l(g}ielﬂt >0 pigment MBA1 60 pigment GBB1 7 40 White clay 60
- - - Colouring

Silica 40  Silica 40 Silica 50 pigment GBB2 18 50 Quartz 50
HB clay 40  HBclay 40 HBclay 20, Silica 70 2 Soda nitrite 1.5
Kaolex clay 30 Kaolex clay 30 Kaolex clay 30 Blue clay 35 3 Bentonite 2.5
Bentonite 2 Bentonite 2 Benonite 2 Mill addition 10 2 Compound 1.5
Borax 5 Borax 5 Borax 2 Boric acid 2 Oxide GBC1 20
Magnesium Magnesium Magnesium )
carbonate 1 carbonate 1 Feldspar 3 carbonate 2 !
Sodium nitrite 1 Sodium nitrite 1 Sodium nitrite 2 Sodium nitrite 2

Calc1ped 30

alumina

Antimony 5
Batch total 1158 Batch total 1168 Batch total 1206  Batch total 1146 1097 Batch total 1135.5
Water 570 Water 570 Water 600 Water 500 520 Water 400

* The normal convention for showing enamel batch formulations is for the frits to add up to 100 wt% then the mill additions are added to the formulation.
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The EDX spectra (Figures 1-7, Appendix 3) and ICP data (Table 3.2) indicate that
each frit had many elements, with silica being the main constituent. This is
expected, as the enamels are alkali borosilicate glasses. Many of the frits had high
calcium contents. This calcium may come from the CaCOs, added for fluxing, but

can also be a common impurity of the many frit components.

Mill additions and colouring pigment oxides used to obtain different enamel slips
are given in Table 3.1. Although the GBC composition is given in Table 3.1,
individual enamel batch components could not be analysed because the

manufacturer supplied this commercial enamel in a dry milled condition.

Clays are used to suspend the frit particles and to promote bubble structure. The
high calcined alumina content of the MBA coating decreases the gloss and
promotes a matte finish. However, using alumina as a mill addition can also

reduce the coating’s acid resistance.'

Colouring pigment oxides are also in the batch composition (Table 3.1). The
EDX spectra for each pigment indicate that GBA (with pigment GBA1) contain
the elements Si, Al, Cr, Fe and Zn (Figure 3.1a). Data from literature®* (Table
1.3) indicate that (Zn,Fe)(Fe,Cr),04 (zinc-iron-chromite brown spinel) is the
closest matching colouring pigment. The colouring oxides were not expected to
contain silica (indicated by the intense band in the spectrum). This element is
typically used as a refractory and to give a white colour. Silica may have been

included to change the colour or as an extender (to increase melting temperature).

Colouring pigment GGA1 (Figure 3.1b) used in the GGA coating contains the
elements Cr (intense peak), Fe and a small amount of Si. The elemental

composition (with the exception of the Si) closely matches that of (Cr,Fe),0;.

The MBA enamel uses pigment MBA1, which has an intense Cr peak and a
smaller Cu peak (Figure 3.1c). This colouring oxide is presumed to be CuCr,O4
(Copper-chromite black spinel).
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GBB enamel uses two mill addition pigments for colouring - GBB1 and GBB2.
Elemental analyses indicate that these contained many constituents. The most
intense peak for colouring pigment GBBI is Cr, with intense peaks for Fe and Si.
The other peaks include Zn and a small peak representing Al. The elemental
composition most closely matches (Zn,Fe)(Fe,Cr);04 (zinc-iron-chromite brown
spinel). Pigment GBB2 used in GBB enamel is similar to pigment GGB1, except
it contains Ti, often added as titania, to give the porcelain enamel opacity. The
pigment could be a mix of zinc-iron-chromite brown spinel and iron-titanium

brown spinel, Fe,;TiOs, although elemental Si and Al were also detected.
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Figure 3.1(a) EDX spectrum of colouring pigment for GBA.
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Figure 3.1(b) EDX spectrum of colouring pigment for GGA.



Chapter 3 — Preliminary Characterisation and Coating Properties

85

Oxide MB A1

Preset = 200 secs
Vert= 6473 counts Disp=1 =
P co Elapsed = 200 secs

Cu
i =

: T2 i3 LIES 5 [ 3
'S 9.080 Ranges= 1£.238 kev 519.119 -p

Figure 3.1(c) EDX spectrum of colouring
pigment for MBA.
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Figure 3.1(d) EDX spectrum of colouring pigment
1 (GBB1) for GBB.
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Figure 3.1(e) EDX spectrum of colouring pigment
2 (GBB2) for GBB.
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Porcelain enamels are complex because they have many constituents (up to 15).
This can be shown by quantitative ICP analysis (Table 3.2). As expected, silica is
the most dominant component, ranging from 49 wt% for frit A2 to 71 wt% for frit
AS. Frits with the highest silica content tend to have the lowest boron oxide

content and vice versa.

GGA and GBA contain the same frits - A1, A2 and A3 (Table 3.1). Frits Al and
A3 have slightly more silica (52.3 and 52.9 wt% respectively) than frit A2 (49.1
wt%) (Table 3.2). The A5 frit used in the MBA enamel has the most silica (70.84
wt%), and can be termed a “hard” frit. The frits all have similar alumina content.

The principle source of this alumina is likely to be feldspar.’

Table 3.2 Composition (weight percent) of ground-coat enamel frit (ICP).*

Composition (Wt %)
Constituent Frit A1  Frit A2 Frit A3 Frit A4 Frit A5 FritBl  Frit B2

Si0, 5226  49.13  52.90 51.53 70.84 68.93 61.25
Na,O 1439 1325 8.24 19.68 9.17 11.69 10.47
ALO; 3.03 6.34 3.53 3.46 6.06 0.55 1.60
Ca0 7.45 11.89 3.67 7.19 1.24 5.86 5.03
K,0 0.21 0.35 0.48 0.71 3.72 0.23 0.21
MnO;, 0.82 1.15 0.08 0.02 0.06 0.10 0.06
NiO 1.64 0.63 3.17 1.71 1.12 3.13 2.10
CoO 0.36 0.40 0.65 0.42 0.87 1.35 0.41
BaO 2.89 00 8.77 0 0.06 00? 1.86
FeO 1.29 0.44 2.19 0.28 0.32 0.10 1.09
Cr,0; 0.10 0.11 0.09 0 0 0.09 0.10
TiO, 0.14 0.14 0.10 0.09 0.09 1.26 4.51
CuO 0.36 0.05 1.41 0.08 0 0.05 0.48
B,0; 13.15 1405  14.10 12.58 5.85 6.65 10.65
MgO 1.87 2.10 0.56 2.02 0.59 1.13 0.09

*Constituents expressed as metal oxides. See Appendix 2 for method.

3.2.2 Milling and Firing Commercial Ground Coat Enamels

Milling time, specific gravity and milling fines for each commercial ground-coat
enamel are in Table 3.3. Milling fineness is the residue in grams retained on a 75
pm sieve from a 50 ml sample of slurry (expressed as grams / 50 ml / 75 pm sieve

(#200 mesh sieve), but for the following results only the number of grams will be
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shown). To obtain good adherence between the steel substrate and the enamel, and
good aesthetic qualities for the fired enamel, an attempt was made to match
specific  gravity and milling fineness specs of the frits. The

manufacturers/suppliers had tested these frit characteristics.

Table 3.3 Milling parameters for commercial ground-coat enamels.

Enamel GBA GGA MBA GBB1 GBB2 GBC
Mill time (mins) 70 70 72 86+15 97 Supplied
premilled
Specific gravity 1.72,
( g/cm3) 1.74 1.74 1.78 1.72 1.70 -
Milling fineness 6 6.1 4.5 4.1, 1.5 0.8 -

The GBA and GGA samples were milled for 70 minutes to obtain a specific
gravity of 1.74 g/cm® and milling fineness of 6 (GBA) and 6.1 (GGA). These
values are within the manufacturer’s milling specifications of 1.72 to 1.74 g/cm’
for specific gravity and 5.5 to 6.5 for milling fineness. The MBA specifications
of 4 to 4.5 milling fineness and 1.78 g/cm’ specific gravity was achieved by

milling the sample for 72 minutes.

The specifications for GBB are 0.5 milling fineness and 1.72 g/em’® specific
gravity. After 86 minutes milling, the milling fineness value was 4.5 and the
specific gravity was 1.72 g/cm® (Table 3.3). As the manufacturer’s fineness
specifications had not been obtained, the batch was milled for 15 minutes more to
achieve the milling fineness of 1.5. A second batch, which had been milled for 97

minutes, had a fineness of 0.8 and a specific gravity of 1.70 g/lem’.
Firing times for each enamel slip were varied to get the best bond and surface
appearance (Table 3.4). Enamel slips higher in refractory silica (GBB and GBC),

required longer firing times to get better coat fusion.

Table. 3.4 Firing time and speed for commercial ground coat enamels.

Enamel GGA GBA MBA GBB GBC
Time in furnace (min:sec) 7:11 7:11 7:11 8:05 8:05
Total time in firing zones 2:00 2:00  2:00 2:15 2:15
(min:sec)
Zone | temperature (°C) 820 820 820 820 820

Zone 2 temperature (°C) 850 850 850 850 850
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3.2.3 Impact Test and Adherence for Commercial Coatings

Descriptions of visual adherence and photographs of impact regions of the

commercial enamels used in this investigation are summarised in Table 3.5.

Table: 3.5 Drop weight impact data and description of adherence for commercial ground-
coat enamels (3 tests per sample, 2 samples tested for each enamel type).

Adherence Photograph of Impact Region of Coating Surface
Enamel o 3
Description (Scale 1:1)
GBA Fair-very good
GGA Fair-very good
MBA Fair-very good
GBB Excellent
GBC Fair-very good

The GBA and GGA enamels have similar compositions (Table 3.1).

The

adherence classification (Table 1.11) indicates that both coatings had a fair to very

good adherence. The MBA enamel, which was made from the same frits as GBA
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and GGA) also has a fair to very good adherence as only a small amount of
enamel coating was removed from the steel. The GBB coating has excellent
adherence and very little enamel was removed from the steel base in the impact
test. Impact damage to the GBC coating was similar to that of commercial “A”

coatings, with fair to very good adherence.

3.2.4 Melted Coating Compositions

The ICP data for compositions of the finished porcelain enamel coatings are
shown in Table 3.6. The high silica content (from the glass former) in the GBB
and GBC frits (Table 3.2) contribute to the high silica content of the finished
coating (62.16 wt% and 54.76 wt% for GBB and GBC respectively, Table 3.6).

Table 3.6 Melted ground-coat enamel compositions (ICP).*

Composition (wt %)

Constituent GBA GGA MBA GBB GBC
SiO, 48.73 51.72 43.75 62.16 54.76
Na,0 10.13 12.55 7.20 9.39 10.62
K,0 0.25 0.22 0.24 0.17 0.11
CaO 6.68 6.70 437 444 3.93
ZnO 0.27 0.04 0.12 0.28 0.41
ALO; 5.03 4.60 12.02 1.96 2.08
TiO, 0.18 0.19 0.46 2.80 3.67
CuO 0.34 0.39 1.08 0.23 0.44
MnO 0.75 0.69 0.10 0.06 0.65
NiO 1.16 1.40 1.21 2.09 1.23
CoO 0.33 0.40 0.33 0.63 0.40
BaO 2.64 3.22 7.44 0.93 0
FeO 10.56 541 11.40 2.87 11.55
Cr,04 0.43 0.65 0.46 0.21 0.53
B,0s 11.58 10.66 9.76 11.67 9.78
MgO 0.96 1.17 0.06 0.13 0.11

*Constituents expressed as metal oxides. See Appendix 2 for method

The content of boron oxide, another glass former, was similar in all enamel
coatings. The calcined alumina mill addition in the MBA enamel batch,
presumably used to reduce surface gloss, produced a high AlO; content in
the coating. The CoO and NiO present in all samples and are used to
promote adherence to the substrate, but also impart darker shades. The FeO
content of the fired enamels (up to 11.55 %) is much higher than in the
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contributing frits. This higher content is caused by iron oxide diffusion

from the substrate into the coatings during firing.

3.3 Variations in Ground-Coat Enamel Composition
3.3.1 Enamel Batch (Slip) Composition of Trial Coat Enamels

To investigate the effect of composition on chemical resistance, samples of the
commercial enamel coating, GBA, were obtained by adding different amounts of

mill additions silica and/or HB clay (Table 3.7).

Table 3.7 Enamel batch composition for ground-coat enamel trial formulations (1kg
batch). (Changes from the GBA composition are bolded.)

Batch Component GBA GBI GBII GBIII GBIV
Frit Al 500 500 500 500 500
Frit A2 300 300 300 300 300
Frit A3 200 200 200 200 200
Frit Total 1000 1000 1000 1000 1000
Colouring pigment GBA1 40 40 40 40 40
Silica 40 140 40 70 90
HB clay 40 40 140 70 40
Kaolex clay 30 30 30 30 30
Bentonite 2 2 2 2 2
Borax 5 5 5 5 5
Magnesium carbonate 1 1 1 1 1
Sodium nitrite 1 1 1 1 1
Total 1158 1258 1258 1218 1208
Water 570 570 570 570 570

Adding 100g of silica (GBI) was done to give a pronounced effect on the acid
resistance properties of the enamel coating. Increasing the HB clay by 100 g
(GBII), was done to obtain a pronounced effect on the alkali properties of the
resultant enamel coating. The main elements in the HB clay are Si, Al, and O,
with traces of Ti (Figure 15-Appendix 3). GBIII had an increase in both silica and
HB clay by 30 g for each addition. GBIV had an increase in silica by 50 g to
investigate the chemical resistance while maintaining similar adherence and

appearance to GBA.
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3.3.2 Milling and Firing Trial Coat Enamels
The specific gravity and milling fineness of the slips for the trial enamels are
given in Table 3.8. After around 70 minutes milling, all slips had the similar

specific gravities. However, GBI and GBII samples had a milling fineness 4.0 -

4.4 whereas the GBIII and GBIV had a milling fineness of 6.1.

Table 3.8 Milling parameters for trial ground coat enamels.

Enamel GBI GBII GBI GBIV
Mill time (mins) 73 71 69 69
Specific gravity (g/cm’) 1.70 1.70 1.69 1.70
Milling fineness 4.4 4.0 6.7 6.1

The same firing times and temperatures were used for each trial enamel coating
(Table 3.9) because previous research'® showed that mill additions such as silica
only partially dissolve during firing and this was not affected by firing time. In
other words, increasing the firing time to get better fusion for trial coatings high

silica contents would not increase the amount of silica dissolved.

Table 3.9 Firing time and temperature for trial ground-coat enamels.

Enamel GBI GBIl GBIII GBIV
Total Tune}n 7:11 7:11 7:11 7:11
Furnace (min:sec)
Time in Firing Zones 2:00 2:00 2:00 2:00
(min:sec)
Firing Temp (°C) 820 820 820 820
Zone 1
Firing Temp (°C) 850 850 850 850
Zone 2

3.3.3 Impact Test and Adherence of Trial Coatings

The GBA (4 wt% silica) had fair to very good adherence but the GBI enamel (9
wt % silica increase) had the lowest adherence of the four trial coatings tested
(Table 3.10). Large amounts of enamel coating flaked off after the impact test,
giving it a rating of poor to fair. Occasionally the bond was acceptable (middle
photograph for GBI, Table 3.10). The data indicate that increasing silica content
to 13 wt% adversely affected adherence. This may be because the coating is too
refractory (hard), which weakens the bond. A second reason is that increasing the

silica content effectively decreases the content of the adherence oxides Co and Ni.
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Table 3.10 Drop weight impact test results and adherence description for trial coat enamels
(3 tests per sample, 2 samples were tested for each enamel type).

Adherence Photograph of Impact Region of Coating Surface
Enamel Description (Scale 1:1)

GBI Poor - fair

GBII Fair-very good

GBIII Fair-very good

GBIV Fair-poor

The adherence of GBII (9 wt% more HB clay) was fair to very good, which was
between that of GBI and GBA. This adherence would be acceptable for
commercial use but the coating differs from that GBA coating by having a non-

aesthetically acceptable speckled appearance.

The adherence of GBIII (3 wt % increase of HB clay and silica) and GBII was
similar (fair to very good), and acceptable for commercial use. However, the

adherence of GBIV (4 wt% extra silica) is not acceptable for commercial use.

3.4 Cross Section

Bubble structure and the iron oxide diffusion layer of each porcelain enamel
coating cross-section (90° to the surface) are shown in Figures 3.2 to 3.9 and

bubble size and size distributions are in Table 3.11 and Figures 3.10 to 3.12.



Chapter 3 — Preliminary Characterisation and Coating Properties 93

The lighter coloured iron oxide diffusion layer in the commercial coat enamel,
GBA, seen in the dark field illumination (Figure 3.2b) extends from the
enamel/steel interface, 30 um into the enamel coating. The evenly dispersed
bubbles vary from 1 um to 32 pm in diameter (Figure 3.2a). This enamel has the
highest number of bubbles per unit area (Table 3.11 and Figure 3.10) and a high
percentage bubble area (approximately 23 + 4% - Figure 3.12). Both factors may

adversely affect chemical resistance if the surface is etched, exposing the pores to

chemicals.

Substrate

Figure 3.2 Optical micrograph of GBA coating on steel substrate using bright field (a) and dark

field illumination (b).

The GGA enamel has a similar composition to GBA, and is discussed in detail in
Chapter 6. MBA has the second highest number of bubbles per unit area (Table
3.11, Figure 3.11), with many being near the surface of the coating (Figure 3.3).
This could decrease chemical resistance because more surface area is exposed to a

chemical if the enamel surface is etched.

Substrate

Figure 3.3 Optical micrograph of MBA coating on steel substrate using bright field (a) and

dark field illumination (b).
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Bubbles in GBB are well dispersed in the lower zone near the steel surface
(Figure 3.4). This could help absorb gases from the steel substrate and help

11-15

prevent defects such as fishscale. Literature indicates that the bubble zone

required to absorb the gases should be approximately 25 pum thick from the steel-

11,16

coating interface. The zone near the surface does not have many bubbles, and

no large bubbles (>40 pm) that can cause defects such as pinholes/blisters. The
bubble structure in this zone is mainly small bubbles, less than 10 um diameter,
with no bubbles greater than 30 pum in diameter. The percentage bubble area
(Figure 3.12) for GBB is much lower than the other coatings, which could help
increase its chemical resistance (by having a decreased surface area). The impact
adherence for GBB was excellent (Table 3.10). The bubble structure in GBB
(small bubbles, and low bubble density) may increase the mechanical strength of
this enamel. This is supported by Smalley,"? who also reported that some ground
coats with little bubble structure, along with an increased iron oxide layer, had
good mechanical strength. This is opposite to the assumption that a good bubble
structure (many well-dispersed bubbles that help relieve stress from external
impact) is needed for good mechanical strength.'? Dark field illumination shows
that the iron oxide diffusion layer extends about 30 pm from the enamel/steel

interface (Figure 3.4b).

Coating

Substrate

Figure 3.4 Optical micrograph of GBB coating on steel substrate using bright field (a) and dark

field illumination (b).

Although the GBC coating cross-section has few bubbles (Figure 3.5), most are
very large (diameters of 40-50 um and >50 pum) (Table 3.11; Figure 3.11). The

average cross-section contains 700 £ 220 bubbles per mm? (Table 3.11, Figure
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3.10), indicating that the GBC coating has the highest percentage bubble area (see
Figure 3.12). This high percentage bubble area could adversely affect chemical
resistance. However, most bubbles are not near the surface (Figure 3.5), so

increased area for chemical attack is be minimised.

Figure 3.5 Optical micrograph of GBC coating on steel substrate using bright field (a) and dark

field illumination (b).

The bubbles in GBI tend to be small (diameter <20 um; Figure 3.10; Figure 3.11).
and in the upper and lower sections (Figure 3.6). Bubbles near the surface could
increase the surface area exposed to chemicals, thus increasing the corrosion rate.
However, percentage bubble area is small (approximately 12%, Figure 3.12),

which would increase chemical resistance.

Coating

Substrate

Figure 3.6 Optical micrograph of GBI coating on steel substrate using bright field (a) and dark

field illumination (b).

Bubbles in the GBII coating are near the steel substrate (Figure 3.7) so gases

produced can be adsorbed easily. The percentage bubble area (Figure 3.12) is 22
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+ 14 %. The high standard deviation indicates the wide range in bubble numbers;
size and distribution in the six cross-sections examined. Variability in bubble

structure may contribute to the variable adherence data (fair to good range; Table

3.10).

Coating

Substrate

Figure 3.7 Optical micrograph of GBII coating on steel substrate using bright field (a) and dark

field illumination (b).

The GBIII coating has a different bubble structure from GBA, I and II (Figure
3.8). It has mainly large-diameter (30-40 and 40-50 pm) bubbles (Table 3.10,
Figure 3.11), similar to the GBC enamel (Figure 3.11). Very few bubbles are near
the steel interface (Figure 3.8), which would not aid in the prevention of fishscale
defects. Decreasing the firing time may produce more, smaller-diameter bubbles.
The large iron oxide diffusion zone (Figure 3.8b) extends 69 pm upwards from

the enamel/steel interface.

Coating

3

Substrate

Figure 3.8 Optical micrograph of GBIII coating on steel substrate using bright field (a) and dark

field illumination (b).
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The GBIV coating has a wide range of bubble sizes (Figure 3.9a, Figure 3.11,
Table 3.11). Although there are more bubbles than for GBIII, the percentage
bubble area is similar (Figure 3.12). The diffusion zone (Figure 3.9b) extends 40

pum upwards from the enamel/steel interface.

Substrate

Figure 3.9 Optical micrograph of GBIV coating on steel substrate using bright
field (a) and dark field illumination (b).

Table 3.11 Distribution of mean bubble sizes (um diameter) and number of bubbles per unit
area (mm?) for each coating.

Porcelain Enamel Coating Types
Gloss Gloss Gloss Gloss Gloss Gloss  Gloss Matte
Diameter brown brown brown brown brown brown brown  black
Range (um) A B C I 11 111 1\ A

1813 1173 400 997 634 330 630 1722

<10 £297  £273 42 163  +287  +45  +290 +450
702 154 106 386 381 156 367
120 40 82  +44  +82  +144 +89  +g 39119
91 7 58 5 134 63 120
2030 Ly10 +10 %39 61 +100 +17  +77 ¥
1040 15 0 46 8 24 59 400 0
) +17 £19 +9 +31 +23 +33
5 0 49 3 9 30 10 0
50 +12 +27 +7 +10 +18 +15
0 0 42 0 0 7 3 0
>50 +27 +12  +8
Total
ol 2626 1333 700 1444 1182 644 1170 2160 +
ubble | aee 1273 £220  £213 4230 +116  +305 546
Number

+ = Standard deviation
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Figure 3.11 Size distribution of bubbles per unit area (mm?).
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Figure 3.12 Percentage bubble area in coatings.

3.5 Enamel Slip (Before Firing) Particle Size Analysis

The GGA and GBA slips have similar compositions other than the colouring
oxides. Laser diffraction data indicate that these enamel slips have similar particle
size distribution - 0.08 um to 222 pm for GBA (Figure 3.13a) and 0.07 pm to 259
um for GGA (Figure 3.13b). The mean particle diameters are 35.1 um for GGA
and 39.9 pum for GBA. Approximately 11.5 % of the particles in both slips are
less than 2 um in diameter. Currie'’ proposes that this sized particle may
represent colloidal material such as secondary glass particles, organic compounds

and clays.

Particles in GBB enamel slip (Figure 3.13c) are 0.1 um to 115 pm with a mean
particle size diameter of 28.67 um. This smaller mean particle size is possibly due

to a long milling time to achieve the specified milling fineness.

Particles in GBC enamel slip (Figure 3.13d) are 0.1 um to 105 pm with a mean
particle diameter of ca. 26 wm. This enamel slip was made from pre-milled

enamel batch supplied by the manufacturer, so the milling time is not known.
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A particle size analysis showed that the GBI, GBIII and GBIV enamel slips had
similar sized particles - between ca. 0.1 pum and 112 pm. (Figures 3.13e-g). The
GBI, with more silica (to 13 wt%) has the lowest mean particle diameter (36.13
pum compared with 39.22 ym and 37.99 pum for GBIII and GBIV slips
respectively). A longer milling time may have contributed to the smaller particle

size for GBI. (73 minutes for GBI compared with 69 minutes for GBIII and IV).
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Figure 3.13(a) Particle size distribution of GBA enamel slip after milling.
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Figure 3.13(b) Particle size distribution of GGA enamel slip after milling.
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Figure 3.13(c) Particle size distribution of GBB enamel slip after milling.
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Figure 3.13(d) Particle size distribution of GBC enamel slip after milling.
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Figure 3.13(e) Particle size distribution of GBI enamel slip after milling.
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Figure 3.13(f) Particle size distribution of GBIII enamel slip after milling.
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Figure 3.13(g) Particle size distribution of GBIV enamel slip after milling.
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3.6 Summary

The preliminary characteristics of the porcelain enamel coatings used in this
research were presented. This information assists the research undertaken in the

following chapters.

Quantitative analysis of the frits and the fired enamel coating by ICP showed that
SiO; was the major component in the frits and enamel coatings, followed by Na,O
and B,0;. The coatings had more FeO than the frits because FeO diffuses from
the steel substrate during firing. The iron oxide diffusion layer in cross-sections

of coating could be identified using dark field optical microscopy.

The GBB commercial enamel had excellence adherence, while other commercial
coatings were rated fair to very good. Adherence ratings of trial enamels made by
varying the composition of the commercial enamels ranged from poor to very
good. GBII and GBIII, with increased HB clay and HB clay/silica contents
respectively had the best ratings for the trial enamels. By only increasing the

silica content of the trial formulations reduced adherence ratings.

The commercial and trial enamels had a range of bubble structures. GBA and
MBA had the highest number of bubbles per unit area. Chemical resistance may

depend on the surface area exposed to chemicals.
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Chapter Four
Phase Characterisation

4.1 Introduction

This chapter presents structural and compositonal information on commercial
"end use" porcelain enamel ground coatings characterised using conventional
techniques such as Energy Dispersive X-ray analysis (EDS) and X-ray diffraction
(XRD) and less commonly used techniques such as Raman and Fourier transform
infrared spectroscopy (Mid-IR and Far-IR). XRD and Raman spectroscopy were
used to obtain data on frits, mill additions and enamel coatings, transmission
infrared spectra were obtained for frit and mill additions and attenuated total

reflectance (ATR) infrared was used to obtain spectra of the enamel coatings.

4.1.1 Sampling Depth

Penetration depths and effective sampling volumes must be considered when
comparing characterisation data of frits, mill additions and coating surfaces. All
techniques, except ATR, are bulk specific for effective volume analysed. ATR
was only used to obtain spectra of the coating surface and subsurface. A summary
of the spectroscopic techniques used in this study and their respective sampling

depths are presented in Table 4.1.

The penetration depth of the X-ray for energy dispersive X-ray spectrometry
(EDS) is a function of the electron beam energy (accelerating voltage) and
whether the material contains elements with high atomic numbers. Typical
penetration depths are micrometers! so this technique can be considered a sub-
surface to bulk analysis. EDS is used to obtain bulk information from cross-

sectional area analysis or powdered samples.

In vibrational spectroscopy, penetration depth is dependent on both wavelength

and refractive index of the sample.? Raman spectroscopy is based on the
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comparably weak interaction of photons with matter. Even under strong absorbing
conditions, penetration depth of photons is more than fifty atomic layers* and so

the Raman signal is bulk specific.

Table 4.1 Effective sample volumes for different spectroscopic techniques.

Technique Sample Type Penetration depth/Effective Volume
Ramn | et outce |
Mid IR Powdered samples Bulk
Far IR Powdered samples Bulk
ATR Glass enamel surface 0.2 — 4 pm/sub-surface
EDS Powdered samples bulk
Glass enamel surface 1-3 pm/sub- surface to bulk
XD | O e | 410 e

Penetration depth for ATR is wavelength dependent. This method is useful for
measuring surface films and coatings as the effect depends on the composition of

the outer layer, to a maximum of 25 um.3 Typical depths are up to 4 pm.?

XRD is considered a bulk technique as the penetration depth of the X-rays range
from 4-10 um. Penetration depth is dependent on the wavelength of radiation

used and on the type of material under study.’

4.2 Results and Discussion

4.2.1 Frit Characterisation

Many phase changes occur when raw materials and additives are smelted into a
uniform glassy sheet to produce frits.6 A homogeneous chemical composition is
only obtained if the melt has been stirred efficiently; this gives rise to other

structural groups.

Data from XRD (Figures 4.1 to 4.3) and vibrational spectroscopy (Table 4.6a)
indicate that all frits (A1-AS, Bl, and B2) have broad spectral features
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characteristic of amorphous phases and no crystalline phases were detected.
When the melt is cooled rapidly (quenched), crystallisation cannot occur and
hence, an amorphous melt phase (solid solution) of the siliceous compound is
formed.” Data (Tables 4.2 and 4.3) indicate that the predominant phase is
amorphous silica (vitreous silica), which is very unstable at the enamel melt
temperature and therefore highly soluble.8 This silica can react with other
constituents to form other phases. For example, borosilicate is formed when it

reacts with B,O;.

The generally accepted structural model for bulk amorphous silica is a continuous
random network of interconnected SiO, tetrahedral units through bridging oxygen
atoms.?!10 Slight twisting in the bonding produces structural pattern irregularity.!!
Any B,0; and Al,O; in the bulk composition will affect the structure. When
alkali oxides are added, Al,O; will exist as AlO4 in the structural network and
B,0; will exist as BO; or BO4 units, depending on the availability of alkali
oxides. Interpretation of Raman, IR and XRD spectra must therefore account for

these phases.

Qualitative EDS analyses of the frits indicate high silica concentrations (Figures 1
to 7 - Appendix 3) and ICP analyses show silica concentrations of 49 to 71 wt%
(Table 3.2). Boron oxide was not detected by EDS but was observed using ICP at
concentrations of 5.85 to 14.10 wt%.

The XRD patterns for all frits (Figures 4.1-4.3) have a broad peak at
approximately 30 degrees (20) similar to the typical X-ray pattern for glass
(Figure 1.11). The broad peaks indicate lack of periodicity with overlapping
modes. The XRD pattern did not show any crystalline phases even though the

bulk composition was analysed. As with EDS, boron oxide was not detected.

Raman spectra of the frits (Table 4.6a) indicate a weak broad band between 490-
560 cm™'. Virgo et al'2 attributed a band between 500-700 cm™' (in alkali silicate
glass system) to bonding vibrations of Si and non-bonding oxygen (NBO) atoms

so the 490-560 cm’' band is tentatively assigned to Si-NBO vibrations.
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All frits had another weak broad band between 950-1091 cm™ (Table 4.6a).
Raman bands between 550-1200 cm™ (silicate glasses) are generally attributed to
Si-O vibrations in SiO4 tetrahedra as well as Si-O-Si bonds linking the
tetrahedra.!*> More precisely, the bands at the higher frequency range, 800 — 1200
cm’', are attributed to symmetric stretching vibrations of SiO4 tetrahedra with
different numbers of non-bridging oxygen atoms.!214 The bands observed

between 950-1091 cm™ are most likely due to these SiO, vibrations.

IR spectra for all the frits have broad bands at approximately 500(m), 1000(s) and
1400(m) cm™ (Table 4.6a, Figures 3 to 9 - Appendix 4). Bands at 500 and 1000
cm’ are probably associated with amorphous silica®. The 1000 cm™ band is
tentatively assigned to Si-O-Si and B-O bond vibrations because Stoch et alls
assigned a band at 1040 cm™ to this effect. The shift to lower frequency is
probably because the Si-O-Si and B-O moieties give stronger bonding.
interactions. The band at 1400 cm™ may be B-O bonds.!s

The IR spectra of all the frits also have a feature between 700 and 740 cm™ (Table
4.6a), which ranged in intensity from medium in frit A5 to weak in frit A3. This
feature is probably due to an amorphous phase in the glassy matrix and is

attributed to variation in the bonds of the SiO4 tetrahedra and/or Si-O-Si bonds.

4.2.2 Characterisation of Mill Additions

Colouring Oxides

Colouring pigments are added when the frits were being milled. During firing,
colouring oxides develop as small homogeneous crystals on the phase boundaries.
These crystals include opacifiers (for example, antimony oxide and titanium
oxide) and various compounds including metal-alumina-silicates.!¢ The colouring
pigments used in this study are coded as gloss brown Al (GBA1), gloss green Al
(GGA1), matte black A1 (MBAL1), gloss brown Bl (GBB1) and gloss brown B2
(GBB2).

Raman spectra of the colouring pigments yielded little useful information due to

poor signal-to-noise ratio, caused mainly by the laser light being absorbed by the
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dark pigmentation. The GBAI spectra had weak and broad bands at 575 and 1093
cm”', which are attributed to an amorphous phase (Table 4.6b, Figure 11 -
Appendix 4). The band at 1093 cm™ was assigned to amorphous silica.’

The EDS spectra indicated that all pigments except MBAI had Si in the bulk
phase (Figures 21-25 — Appendix 3). The XRD data (Figures 4.1-4.3) and IR
analysis (Table 4.6b) indicated crystalline silica was present and IR spectroscopy

detected amorphous silica in the matrix (between 1084 and 1107 cm™).

The EDS spectra show that all pigments contained Cr, which IR and XRD data
indicated was present in different crystalline phases (Tables 4.2 and 4.3; Figures
4.1-4.3). The IR spectra for the pigments showed bands between 369-373 and
501-511 cm™ (Table 4.6b), which are assigned to FeCr,04.17 Bands between 609-
620 cm™ could be attributed to FeCr;04, Cr;03!8 or CuCr,04.19 However, EDS
data showed that none of the pigments except MBA1 contained copper (Figure 23
- Appendix 3). Hence, this band in GBA1, GBB1 and GBB2 can be assigned to
FeCr,04 or Cr,Os; type compounds. The FeCr,O4 is similar to (CrFe),0;

(chromium green hematite) commonly used for colouring porcelain enamels.20.2!

The XRD and IR data confirmed the presence of elements such as Cr, Si and Fe
detected by EDS. For example, the EDS spectrum of GGA1 detected Cr, Si, and
Fe (Table 4.2, Figure 22 — Appendix 3) and the XRD pattern indicated that these
elements were in the phases FeCr,04, SiO; and Cr,0O5 (Figure 4.1). IR spectra
also indicated FeCr,O4 and SiO; (Table 4.6b). Some pigments contained trace
elements that were only detected by EDS. For example small concentrations of

Zn, Na, Al and Ni were found in GBA1 (Figure 22 — Appendix 3).

The XRD and IR spectra of MBA1 (Figure 4.2 and Table 4.6b) indicate the
presence of CuCr,04 and the IR spectra indicated that FeCr,O4 and/or Cr,O;3 were
in the matrix. However, Fe was not detected by EDS (Figure 23 — Appendix 3),
therefore CuCr,04 or Cr,0s is the likely phase.

The XRD and IR spectra of GBBI and GBB2 indicated that FeCr,O4 and SiO,
(Table 4.3) were present. XRD data also indicated that GBB1 contained
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ZnFeCrO4 (zinc chromite) and that GBB2 contained NiFe,O; (trevorite), ZnCr,0;4
(zincochromite) and Zn,SiO4 (willemite) (Figure 4.3). These phases were not
detected by IR spectroscopy. The EDS data for GBB1 and GBB2 (Figures 24 and
25 — Appendix 3), indicate elements Zn, Cr, Fe and Si, which are present in the
XRD phases.

Other Mill Additions

The EDS analysis indicated that feldspar contained Si, Al, K, Na and O (Table
4.2, Figure 14 - Appendix 3) and XRD data revealed three closely matching
phases - microcline (KAISi;Og), orthoclase (KAISi3Og) (microcline and orthoclase
are polymorphs), and albite (NaAlSi;Os) (Figure 4.2). The vibrational
spectroscopy band positions matched the microcline and albite phases (Table
4.6¢c). Andrews® reports that orthoclase and albite are typical commercial

feldspars.

Silica is a mill addition in all the enamel batches. Raman and IR spectra indicated
the presence of a-quartz (Table 4.6d). The XRD pattern also indicated that silica

was present as crystalline quartz (Figure 4.1).

The three clays (HB clay, Kaolex and GBB) for suspending and adjusting the slip
were added to their respective enamel slip batches before milling. Vibrational
spectra (Table 4.6d) of all clays were similar, indicting that similar phases were
present. IR spectra of the clays were more defined than the Raman spectra with
IR bands at 800 to 3700 cm™ closely matching the AlSi,Os(OH), (kaolinite)
reported by Johnson et al.22 Features attributed to microcline and albite phases
were also observed. These are dominant phases detected in the feldspar mill
addition (Table 4.6c). The XRD pattern indicated SiO, and Al;Si,Os(OH),
(kaolinite) were the dominant phases for the three clays (Figures 4.1-4.3).

The chief constituent of the clay-like mill addition bentonite is the clay mineral
montmorillonite  (Al;03.5510,.7H,0).22 The XRD pattem shows that
montmorillonite (Nao 3(AlLMg),S140,0(OH),.8H,0) and SiO; are present (Figures

4.1 and 4.2), but Raman spectral bands were not observed because of the poor
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signal-to-noise ratio. However, the IR spectrum bands could be attributed to

bentonite?* (Table 4.6e, Figure 19 - Appendix 4).

Boric acid is a mill addition that introduces boric oxide into the melt. The XRD
pattern indicated that H;BO; (hydrogen borate) was present (Figure 4.3), and
vibrational spectra indicated that boric acid was present2526 (Table 4.6f, Figure 26
- Appendix 4). The EDS analysis indicated that borax (fluxing agent) contains B,
Na and O (Table 4.2, Figure 11 - Appendix 3). The B peak is very weak because
the detector is insensitive to low atomic number elements. However, sodium
borate hydroxide hydrate (Na,B4Os(OH)4.8H,0) was identified by XRD (Figures
4.1 and 4.2). Raman and IR spectra of the borax (Table 4.6g) closely matched

those reported in the literature.2’

The mill addition magnesium carbonate is added to enamel batches (except MBA) -
for flocculation (electrolyte) and to control particle suspension. Its elemental
composition is predominantly Mg, O, and Al, with lower concentrations of Ca
(Table 4.2, Figure 17 - Appendix 3). Two principal phases,
Mgs(CO3)4(OH),.4H,0 (hydromagnesite) and MgCO;.5H,0O (lansfordite), were
determined from XRD patterns (Figure 4.1). Raman and IR spectra (Table 4.6h,
Figure 21 - Appendix 4) support the presence of these phases, indicating the
presence of magnesium carbonate (MgCO;). The Al and Ca identified by EDS

are probably impurities in the mill addition.

The MBA batch contains calcined alumina to decrease coating gloss and produce
a matte finish. EDS analysis indicated the presence of Al and O (Table 4.2, Figure
8 - Appendix 3) whilst XRD analysis indicated Al,O; was present (Table 4.2,
Figure 4.2). Raman and IR spectral bands matched the reported bands28-2° for a-
Al,Os (Table 4.6i), so a-Al,Os is considered to be the phase in the mill addition.

The MBA batch also contains antimony oxide. The EDS spectrum indicates that
Sb, Ti and possibly Ca were present (Table 4.2, Figure 9 - Appendix 3). The XRD
pattern indicated the possible presence of calcium antimony oxide (Ca,;Sb,0;) and

antimony oxide (SbsO;3) phases, suggesting that Ca is a component of the mill
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addition (Figure 4.2). The band positions produced from both vibrational
techniques most closely matched those reported for Sb,053 (Table 4.6j).

4.2.3 Characterisation of Enamel Coatings

Raman and IR spectra and XRD patterns were obtained for the enamel coatings.
These techniques indicated many amorphous phases were present, which is
consistent with the bulk of the enamel being made of the amorphous silica-based
frit. However, the frits were totally amorphous whereas crystalline phases were
observed in the amorphous material of the porcelain enamel coatings. These
crystalline phases are introduced though mill additions and fusing of the enamel
slip onto the base metal. Most of these crystalline phases are attributed to

colouring oxides.

Amorphous Phases
The XRD patterns of all the coatings (Figures 4.1, 4.2 and 4.3) have a broad peak
at approximately 30 degrees (260) indicating a mainly amorphous silica phase,

similar to that for the frits.

Raman spectra of all coatings (Figure 4.5) have a band at approximately 840 cm™,
which is attributed to a silicate phase reported by McMillian.!*> The intensity of
this band is weak in all samples except MBA, which ICP analysis (Table 3.6)
indicated had the most Al;O;. Higher concentration of Al,O; and/or alkali oxides
can influence band intensity. Fukumi et al3! reported that alkali oxide

concentration could also affect Raman scattering intensities of silicate bands.

Raman spectra showed that all frits had a weak broad band between 480 and 550
cm™ (Figure 4.5, Table 4.6k). This most closely reported band at 475 cm™ is
attributed to the bending or rocking of the B-O-Si or Si-O-Si bridging!4 or SiO,4
and Si-O-Si bonds.!3 The weak bands at about 1296 cm™ (Figure 4.5, Table 4.6k)
for most coatings are attributed to the B-O stretching modes of SiO,-B,0; glass.!4

ATR-IR spectra of the coatings (Figure 4.6, Table 4.6k) are more surface specific

than Raman and FT-IR spectra. Two dominant bands were observed — at 1200-
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1250 cm™ and at 1408-1480 cm’ (medium and broad bands). Both bands are
attributed to B-O stretch modes 1532 indicating that boron is distributed near the

sample surface.

Crystalline phases

The XRD and vibrational spectroscopic analyses of the coatings indicate that
oxides are present as crystalline phases in the amorphous material of the glassy
matrix. Many of the crystalline phases are similar to those for powdered samples

of the colouring pigments.

The XRD pattern for the GGA coating (Table 4.4, Figure 4.1) indicated the
crystalline phases Cr,O; and SiO,. These phases were also in the colouring
pigment GGA1 (Table 4.2, Figure 4.1). The quartz phase matches the quartz
phase in HB clay and Kaolex clay. The FeCr,0O4 in the colouring pigment GGA1
was not detected in the coating by XRD or vibrational spectroscopy. However,
the EDS spectrum indicated a small Fe peak in the GGA1 colouring pigment
(Figure 22 - Appendix 3) and coating (Figure 27 - Appendix 3). Consequently,
the FeCr,0O4 phase is postulated to be only a very small component in the overall

structure.

Raman analysis of the GGA coating detected crystalline phases attributed to
Cr,0s, and SiO; (Table 4.6k, Figure 4.5) supporting the XRD data (Figure 4.1).
The well-defined shoulder at 549 cm™ observed on the band at 475 cm™ (Figure
4.5) has been assigned to Cr,0;.33 This band was not in the spectra of other
coatings and notably was not present in the spectrum of GBA, in which the only
difference in composition is from the colouring pigments. The more sub-surface
specific technique, ATR-IR spectroscopy, indicated the presence of Cr,03, SiO,
and Al,O; (Figure 4.6, Table 4.6k), which was not detected in the bulk of the

coating by Raman spectroscopy.

The XRD pattern for the GBA coating indicated the crystalline phases SiO, and
FeCr;04. The SiO, phase peaks for the coating (Figure 4.1) match those for the
colouring pigment (GBA1), the mill addition silica, and the silica phase in HB
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clay. The FeCr,O4 phase matches the phase present in the colouring pigment
GBAI pattern (Figure 4.1). The FeCr,0; is detected in GBA coating possibly
because the colouring pigment has a high Fe content (Figure 21 - Appendix 3).
Raman spectroscopy of the GBA coating indicated Cr,O; and possibly a
microcline or albite phase (Tables 4.6k; Figure 4.5). Cr,0; is also present in the
colouring pigment spectrum. The bands detected by ATR-IR spectroscopy of the
coating can be attributed to Cr,0; and Al,Os (Table 4.6k).

The EDS spectrum indicates that the MBA coating has many elements (Figure 28
- Appendix 3). The highest peaks correspond to Si, Al and O. The XRD pattern
revealed the presence of two crystalline phases (Table 4.4, Figure 4.1). The major
phase, CuCr;04, matches that of the mill addition MBA1 (Figure 4.1) and the
phase orthoclase (K,Ba,Na)(Si,Al)4O3 is also present. The ATR-IR spectrum
(Table 4.6k; Figure 4.6) shows bands that match CuCr,04and SiO,.

The EDS analysis of the GBB coating (Figure 29 - Appendix 3) indicated Si as
the dominant element and the XRD pattern (Figure 4.3) indicates a major peak for
crystalline SiO,. This SiO; is consistent with peaks in the silica mill addition
spectra. The XRD pattern also indicates that the coating contains FeCr,O4 and
Raman spectra (Table 4.6k, Figure 4.5) indicate that a-quartz (SiO;) and
amorphous silica are present. ATR-IR spectroscopy detected crystalline SiO, at
775 cm’ (Table 4.6k, Figure 4.6). The band at 586 cm™ (Table 4.6k) could be
attributed to ALO3 (600 cm™').2?

4.3 Summary

Spectroscopic investigations of porcelain enamels demonstrate that these systems

are very complex with many different amorphous and crystalline phases.

The XRD and vibrational spectra of frit samples showed that amorphous phases
are dominant. The main composition of the frits was determined as silicates and
borates. Si-O and Si-O-Si (950-1091 cm") vibrations (broad bands) characteristic
of SiO, tetrahedra, were found in both the Raman and IR data. However, only the
IR technique was capable of identifying the presence of B-O bonds associated
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with B2O; (as BO; or BO, units). The XRD data was in agreement with the
vibrational analysis. In all cases, a broad peak at approximately 30° (26) typically

associated with glass dominated the spectra.

By contrast, the colouring pigments appeared to be crystalline. All the pigments
contained Cr as shown by EDS. The IR and XRD spectra indicated that Cr was
present in many crystalline phases including FeCr,04, Cr,0; and CuCr,04. The
EDS, IR and XRD results also showed that all the pigments except MBAI

contained Si in the form of crystalline SiO,.

Vibrational spectroscopy and XRD data indicated that amorphous phases were
present in the fired glass enamel coatings. However, crystalline compounds could
be detected in the amorphous material of the glassy matrix. The dominant
components in the amorphous phase are borates and silicates. These compounds
were identified through the presence of B-O-Si, Si-O-Si and B-O stretching
modes in the Raman spectra. The presence of amorphous silica was confirmed by
XRD analysis. The ATR-IR spectra of the coatings, which are surface specific, are
dominated by B-O stretching modes at 1200-1250 and 1408-1480 cm™. This
suggests that borates were found at the coating surface. Many of the crystalline
phases in the fired enamel coating detected by XRD and vibrational spectroscopic

analysis including FeCr,0O4, Cr;O; and SiO, matched those in the colouring

pigments.

The results in this chapter showed that Raman and IR spectroscopy provides
useful structural and compositional information on oxide materials. Vibrational
spectroscopy, XRD and EDS data allowed finger printing (phase characterisation)
of the batch components and the resultant porcelain enamel coatings. This
information can be used to develop new formulations, which will improve the

performance of porcelain enamel coatings and their finish quality.



Table 4.2 Characterisation summary of components used in fabrication of GBA, GGA and MBA porcelain enamel coatings.

Component | EDS* _ XRD Formula/name/matched ICDD reference cards Raman Infrared
Frit Al Ca, Na, Al, 81, K, Ba, Mn, Fe, | amorphous amorphous silica, Si-O, B-O- amorphous silica
Ni, Mg, O Si, Si-O-Si, SiOy, .

Frit A2 Na, Al, Si, K, Ca, O amorphous amorphous silica, Si-O, B-O- amorphous silica, Si-O-Si, BO,, B-O
Si, Si-O-Si, SiOy,

Frit A3 Na, Al, Si, K, Ca, Ba, Fe, Co, amorphous amorphous silica, B;O;, Si-O, | amorphous silica, Si-O-Si, BO,, B-O

Ni, Cu B-0-Si, Si-O-Si, SiO,4

Frit A4 Si, Na, ALK, Ca, Ba, O amorphous amorphous silica, Si-O, B-O- amorphous silica, Si-O-Si, BO,, B-O
Si, Si-0-Si, SiOy,

Frit AS St} Al, Na, K, Ca, Co, O amorphous amorphous silica, Si-O, B-O- amorphous silica, Si-O-Si, BO,, B-O
Si, Si-O-Si, Si0,,

Colouring 0, Zn, Na, Al Si, Cr, Fe, Ni FeCr,0,, #34-0140, Chromite, syn; SiO,, #46-1045, Quartz Cr,04 FeCr,04, Cr,0;, quartz and amorphous

GBAl silica

Colouring Cr, Si, Fe, O Cr,0;, Chromium oxide (Eskolaite), #38-1479; FeCr,0,4, Chromite, FeCr,0, quartz and amorphous silica

GGAl #34-0140; SiO,, Silica, #46-1045 .

Colouring Cr,Cuy,C,0 CuCr,0q, Copper Chromite, #34-0424 ' CuCr,0;, Cr,0; and FeCr,0,

MBAI

Silica Si, 0 Si0,, Quartz, #46-1045 a-quartz a-quartz

HB Clay Si, A, Ti,0 Si0,, Quartz, #46-1045: Al,Si,05(OH),, Kaolinite, #29-1488 kaolinite kaolinite, a-quartz, microcline, albite

Kaolex Clay Al S, K, Ti,Fe, O Al,Si,05(0OH),, Kaolinite, #29-1488; Si0,, Quartz, #46-1045 kaolinite kaolinite, a-quartz, microcline, albite

Feldspar Si, ALK, Na, O KAISi;05, Microcline, #19-0926; K AlSi;0q, Orthoclase, #22-0687; | microcline and albite microcline and albite

NaAlSi;Og, Albite, #19-2284
Bentonite Al, SI, Ca,Fe,Na, O, C Si0,, Quartz, #46-1045; Nag 3(AL,Mg);Si40,¢(OH),. - bentonite
8H,0, Montmorillonite, #29-1499

Borax B, Na, O Na,B,05(OH),.8H,0, Sodium borate hydroxide hydrate, #33-1215 | borax borax

Magnesium Mg, C, 0, AL Ca Mg;s(CO;)4(OH),.4H,0, Hydromagnesite, #25-0513; magnesium carbonate magnesium carbonate

Carbonate MgCO0,.5H,0, Lansfordite, #21-0959

Calcined AlL, O Al,0,, Corundum, #43-1484; A1,0;, Aluminium oxide, #29-0063 a-Al,04 a-A1,0,

Alumina ’

Antimony Sb, Ti, Ca - amorphous phase, Ca,Sb,0,, Calcium antimony oxide, #02-1348; Sb,0; Sb,0,

Oxide SbgOy3, Antimony oxide, #33-0111

*Elements with high intensity peaks from EDS spectra are shown in bold.
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Table 4.3 Characterisation summary of components used in the fabrication of GBB porcelain enamel coating.

Component EDS* XRD Formula/name/matched ICDD Raman Infrared
reference cards
Frit B2 0, Na, Al Si, K, Ti, Ni Amorphous phases Amorphous Si-O, B- | Amorphous silica,
0-8i, Si-O-Si, SiO,, BO,, Si-O-Si, B-O
0O, Na, Si, P, K, Ca, Ti, Amorphous phases Amorphous Si-O, B- i
Frit B1' Co, Ni B,0:0-Si, Si-0-8i, | Amorphous silica

BO,, Si-O-Si, B-O

MgCO,.5H,0, Lansfordite, #21-0959

SiOy4, B0y
Colouring pigment 1 0, Na, Si, Al, Cr, Fe, Zn FgCr204, Chromite, #34-0140 Amorphous silica
GBBI1 Si0,, Qua:tz,.#46-1045 FeCr,0,, quartz
ZnFeCrO,, Zinc chromite, #43-0554 20 d
C, 0O, Zn, Na, Al Si, Ti, ZnCr,0,, Zincochromite, #22-1107 )
Colouring pigment 1 Cr, Fe NiFe,0,, Trevorite, #10-0325 FeCr,0y4, Quartz,
GBB2 SiO,, Quartz, #46-1045 Amorphous silica
Zn,Si0, willemite #01-1076 .
Silica 0, Si Si0,,Quartz, #46-1045 a-quartz ‘| a-quartz
0, Al Si, K, Ti, Fe Al,Si,05(OH),, Kaolinite, #29-1488 . . kaolinite, a-quartz,
Clay GBB SiO,, Quartz, #46-1045 Kaolinite microcline, tglbite
Suspension agent C, 0, Si, Al amorphous phase Amorphous silica Amorphous silica
Boric Acid 0,B H3;BO,, Hydrogen borate, #30-0620 Boric acid Boric acid
C,0,Mg, Al,Ca Mg;s(COs)4(OH),.4H,0, Hydromagnesite,
Magnesium Carbonate ’ #25-0513 ' MgCO; MgCO;

*Elements with high intensity peaks from EDS spectra are shown in bold.
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Table 4.4 Characterisation summary results of porcelain enamel coatings.

Enamel EDS* XRD Formula/name/matched ICDD Raman Infrared
Coating reference cards
. : . | Amorphous phase -
GBA (S:‘u ACLr Cg’ g;‘ K, Fe,Ni, | £ecr,0,, Chromite, #34-0140 ‘éf‘g‘ph“s silica, Cr;04, B-O
P Si0,, Quartz, #46-1045 23
. .| Amorphous phase -
GGA ob AL Ca,Nay K. Fe, N | 1,0, Chromium oxide, #38-1479 Amorphous silica, Cr;04, B-O
2 Si0,, Quartz, #46-1045 73
Amorphous phase, v - CuCr,0;, a-quartz,
MBA Isq;, A Cca’ K Na, Ba, €t | CuCr,0,, Copper chromite, #26-0509 g“(‘f‘ph“s silica, B-O
1, &, Lo, (K,Ba,Na)(Si,Al),Os, Orthoclase, #19-0002 23
Ni, Al, Si, K, Ca, Ti, Mn, | SiO,, Quartz, #46-1045 Amorphous silica, a* - -
GBB Co, Cr, Zn FeCr,0,, Chromite, #34-0140 quartz a-quartz, B-O
. . ZnFeCrO,, Zinc chromite, #43-0554 .- .
GBC l;:, I(}I:), Al, Si, Cu, Cr, FeCr,0,, Chromite, #34-0140 grr(n)orphous silica, Cr,0,, B-O
’ Si0,, Quartz, #46-1045 23

*Elements with high inten:%ity peaks from EDS spectra are shown in bold.
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Table 4.5 Symbols representing compounds in XRD patterns (Figures 4.1 - 4.4).

Symbol Compound Formula Name
2 SiO, Quartz
U Ca,Sb,04 Calcium antimony oxide
+ SbsOy3 Antimony oxide
t AlO4 Aluminium oxide
Y H;BO; Hydrogen borate
0 MgCO;5H,0 Lansfordite
b Mgs(COs)4(OH),4H,0 Hydromagnesite
z Na,B,05(OH),.8H,0 Sodium borate hydroxide hydrate
A Cr,04 Chromium oxide
# CuCr,04 Copper chromite
(o) FeCr,04 Chromite
o ZnFeCrO, Zinc Chromite
X ZnCr,04 Zincochromite
B NiFe,04 Trevorite
L Zn,Si0O, Willemite
] TiO, Rutile
q Al,Si,.05(OH), Kaolinite
I KAISi;0g Orthoclase
A NaAlSi;Og Albite
Q Nag 3(Al,Mg),Si40,9(OH),.H,0 Montmorillonite
A Mg;s(COs)4(OH),.4H,0 Hydromagnesite
(0] MgCO;.5H,0 Lansfordite
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Figure 4.1 XRD patterns of GBA and GGA coating surfaces and their

compositional components used in fabrication of the coatings. (Compound formula
for each symbol is given in Table 4.5.)
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Figure 4.2 XRD patterns of MBA coating surface and compositional components used in
fabrication of the coating. (Compound formula for each symbol is given in Table 4.5.)
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Figure 4.3 XRD patterns of GBB coating surface and compositional components used in
fabrication of the coating. (Compound formula for each symbol is given in Table 4.5.)
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Figure 4.4 XRD patterns of porcelain enamel coating surfaces. (Compound formula

for each symbol is given in Table 4.5.)



Table 4.6(a) Raman (R) and Infrared (IR) band assignments* of commercial enamel coatings and compositional components used in fabrication of coatings.

Frit A1 Frit A2 Frit A3 Frit A4 Frit AS Frit B1 Frit B2 | Assignment | Assignment
IR R IR R IR R IR R IR R IR R IR R. IR R
313w 319w
430 487 485 444 455 450 amorphous
sb s,b sb ob 450s,b mb silica®
500 475 B-0-Si, Si-O-Si;!4
\| 500 559w, 534 491 538 500-700 Si-NBO;!2 550-
w,b b w.b w.b w.b w 1200 SiO,, Si-0-Si!3
740 sh 718 742w 714w 703m, 711 741 Si0,, Si-O-Si (this study)
w,b b sh w,b
800 amorphous SiO,;?
813w, ° 787 | 346 844 862 B,0515; 800-1200
b sh w b §i0412; 550-1200 SiO,,
Si-0-Si!3
1000 amorphous
l?)ls 1(:)14 1010 385VS. 995s,b 1(:)22 1?)06 silica:9 102(,) Si-
> » s ] S, . ’
s s ve ® 0-Si and B-O'3
1100 amorphous SiO,;?
.13
1000 1086 1091 1050 1053 1058 950 1050-1100 SiOs; ~ 800-
w,b w,b w,b w,b w,b w,b w,b 1200 Si0,, Si-0;'2;
' ’ ’ ’ ’ 1000-1200 Si-O
stretching!4
1430 1432 1414 1425 1494 1400 B-O!5
. mb 1410s 1402 s mb mb mb

*Relative intensity: vw = very weak, w = weak, m = medium, s = strong, br = broad, sh = shoulder
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Table 4.6(b)

. Colouring Colouring Colouring Colouring Assignment
Colouring . . . . .
Pigment GBA1 Pigment Pigment Pigment Pigment Assignment
g GGAl MBA1 GBB1 GBB2
IR R IR R IR R IR R IR R IR R
119s
131w 131s
262w 257 a-quartz34
\
370s 373w 369s 370 FeCr,0,!7
395s 400s 401s 402w
424sh 441w 430w 450 a-quartz34; 450w
1 CuCl' 204]9
462s 467m 457m
510s 508w 524s 501s 511s 510 FeCr,0,!7; 510sh
quartz34
575w,b 559s 555s Cr,0,!8
614s 612vs 609s 620s 625 FeCr,0417; 6255 Cr,0,418;
605s CuCr,0,!9
652s
779m 778w 785w 779w 775 a-quartz34
798m 796w 794w 800 amorphous silica®
1084s,b [ 1093w,b | 1087w,b 1107w,b 1088w,b 1100 amorphous silica® 1100 amorphous silica®
1168m,b 1148w 1150 amorphous silica®
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Table 4.6(c)
Feldspar
Assignment - Assignment -
Infrared £\4icrocline37/albite3 Raman microcline35/albite36
52w 68w 62
96s 97/93 86w 82
112s 115 113w 110
136m 141,147/- 141w 141
185w 185/185 151w 150
277w 280/275 161w 158/164
327s 330/330 170sh
374s 370/370 185m 180/185
418s 420/420 209w 200/207
252w 245/250
269w 265/268
420s 420/420 291s 285/291
462sh 460/460 329w 330/328
535m 530/530 404w.,b 403/407
412/415
580m 585/590 456w 452/455
605m 605/- 479m 475/479
646m 650/650 507s 512/506
742m 740/750 580vw 580,
769m 765/760 763w 765/763
1008vs 1010/1000 815w 812/815
1046sh 1040 843vw
1091s 1090/1090 976w 975/976
1139s 1140/1150 1032vw 1035
-/2300 1099w 1095
-/2870 1120
1123

1136
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Table 4.6(d)
Silica HB clay Kaloex clay Clay GBB Assignment
IR R IR R IR R IR R IR R
54w 55s
128m 107w 128 a.-qum'tz38
143
146s 148m m . 39
kaolinite
193m 193m 194w
206m,b 207 a~quartz38
262w 264w 257 a-quartz34 265 a-quartz38
. .37,
277s 277s 277w 280 m"f’°°““°3 ’
275 albite>’
279vw 270 kaolinite3®
347s 345s 347w
356w 356 a-quartz38
362 a~quartz34; 370
374w 371s 365w | 381w | 3TIw microcline3’; 370
albite3”?
398w | 395w | 397w 394 a-quartz>8
432s 430s 430m 427 bentonite?4 '
4425 438w | 4505 a-quartz>4
461w | 464s 467 bentonite?4 464 a-quartz>8
471vs 471vs 471s
517m 510sh a-quartz34
37
540vs 539vs 538s 530 “;‘;ml“‘ez 3330
albite:
598sh 590 bentonite24
650 microcline3’; 650
647w 648sh albite3’
693m 693m 693m 696m 693w a-quartz3*
4 740 microcline3’; 750
756w 751w 754w albite37
779m 780w 775m a-quartz34
797m 797m 792w 794 k?°";"t°2 ;796
bentomte2
846 bentonite?4
878sh 883 bentonite24
1006s 915s 914m 914m 910 kaolinite??; 920
bentonite?4
939W 9338h 937sh 972w 938 kaohmtezz
1084s 1006s 1005m 1008s 1005 kaolinite®2
1022w | 1033vs 1032m 1032s 1030 kaolinite®2
1097m 1102w 1107m 1116 kaolinite?2
1162 a-
1172sh | 1154w
quartz>8
3621s 3618m 3622w 3620 kaolinite?2
3652m 3651w 3654w 3651 kaolinite22
3666w 3665sh 3672w 3668 kaolinite?2
3694s 3694s 3698m 3696 kaolinite?2
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Table 4.6(e)
o Mill addition . .
Silica GBB Bentonite Assignment
IR R IR R IR R IR R
128m 128 a-quartz38
206m,b 207 a-quartz38
262w | 264w 257 a-quartz!8 265 a-quartz38
356w 339w,b 356 o-quartz38
374w 362 a-quartz!8
398w | 395w | 388w 394 a-quartz38
18.
4425 4755b 4665 450s a-quartz™; 467
bentonite?
461w | 464s 468b 464 a-quartz38
_ 18.
517m 523s 510sh o-quartz’™,
525 bentonite®
594w 590sh 590 bentonite?4
626w 629 bentonite2*
693m 693w o-quartz!8
779m 779 | 795w 775m o-quartz!8 a-quartz®8
797m 802w 796 bentonite24
845w 846 bentonite?4
886w 883 bentonite?*
981b | 914w 920 bentonite?4
1022w 11305 0 1016sh 999 bentonite?4 1072 a-quartz’8
11)0845’ 1048s,b 1043 bentonite?*
1108s 1117sh 1116 bentonite?*
1154w 1162 a-quartz38
1172sh 1200sh
1637w 1636 bentonite?4
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Table 4.6(f)

Boric acid

Infrared

Assignment - H;BO,26

Raman

Assignment - H;BO;%5

547m

35w

607sh

104w

647m

119w

674w

210m

208m

741sh

500m

498m

793m,b

881s

880s

884m

1169w

1165sh

1194s

1195 s

1227sh

1420sh

1468s,b

1471 s,b

2263w

2345sh

2263w

ca 2260

2345sh

2363w

ca 2360

2514w,b

ca 2510

3223s,b

3223 s,b

3745w
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Table 4.6(g)
Borax
Infrared Assignment - borax?’ Raman Assignment - borax?’
85w 73w 78w, 90m
113m 107w 120m
139w 161w
162sh 191w 160w
176m 319w
213m 220s 346m 36lm
234w 235s 384m 390w
282sh 407w
306w 320vb 461m 474m
372w 530wbr
406w 576vs 590vw
445w 430w
448m 465m 766m 776mbr
525s 525w
618s 590w 842w 860w
665sh 660w 945m
773w 710w, 785w 996w 975m
816s 1640vw
833s 828s, 890sh 3140s
948s 947s 3359s,b 3357s
997s 1003vs 3428s,b 3400s, 3447s
1039sh 1038sh 3491s,b 3495s
1072s 1078m 3568m,b 3575s
1128s 1132s
1151s 1140sh, 1175w, 1235m, 1282m
1356s 1350vs
1386s 1385w
1429vs 1424s, 1483vs
1650s 1580w, 1656m
1684s 1710sh
2151w
2336w
3206sh 2875w, 2910w, 3060sh
3369s 3357vs
3447s
3505s 3503s
3583m 3560
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Table 4.6(h)
Magnesium carbonate
Infrared Assignment - MgCO;4! Raman Assignment - MgCO;*0
431m 362-459 212
594m 735
667w 1119w 1096
743w 747-763
802m
877sh 876-911
885m 876-911
1422s 1446-1599
1483s 1446-1599
Table 4.6(i)
Calcined alumina
Infrared Assignment - ALO,;2° | Raman Assignment - Al,0,28
319s 460w ca. 450 (514.5 nm)
365s
406sh
449w 460m
493m
478s,b 600s, 660sh
771sh 850s
1379sh
1505sh
1650wb
Table 4.6(j)
Antimony oxide
Infrared Assignment - Sb,0,30 | Raman Assignment - Sb,0330
179 84w 87
272 120w 121
334b 386 144
404 191m 193
482 218
617 255s 256,
741s 744 298
959w 952,971 359
374w 376
434
451w 452

717




Table 4.6(k)

GGA coating | GBA coating | GBB coating | GBC coating | MBA coating Assignment
IR R IR R IR R IR R IR R IR R
305 303 Cr20333
321(w) 320 330 microcline33; 328 albite36

425w 435w Cr,0,!8

520 510 CuCr,0,!°

538w 540m 5555 Cr,0,18
450 amorphous silica%; 551 Cr,0,33; 475 B-

549 554wb 560m,b 367mb 480 w.b 0-Si, Si-0-Si'4; 550-1200 Si0,, Si-0-Si!3
593m | 611w | 591m 586w 597m 600s AL,0,2%; 605 CuCr,0,!% | 609 Cr,0,33

637w 642w | gagen | 622w ' 635 Cr,0,18
663m 660m 660s Al,0,29; 665 Borax?’

687w.,b 679w,b 702w.b 689w.b 683w,b 697 o-quartz38
740m 745m T48w 750 albite37; 720 B-0-B32 -

775w 775m 775 a-quartz34
841w 838m 847w 840w 839m 850 SiO,”
860w 862w 862 B,0;"°

883w 895w 893w 890w 893, 894 silicates?2; 900 SiO,!3

917w 915w 915w 907w 914w 915 kaolinite3?
1204vs 1207vs 1250vs 1231vs 1198vs 1265 B-032

1292w 1296w 1296w 1250-1500 B-O14,800-120012
14805 1408 1467m, 1467, 14515 1400 B-0'5; 1350 BO,32
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Figure 4.5 Raman spectra of porcelain enamel coating surfaces.
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Figure 4.6 Infrared reflectance (ATR) spectra of porcelain enamel coating

surfaces.
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Chapter Five
Chemical Resistance

5.1 Introduction

In this chapter acid and alkali corrosion resistance of ground coat porcelain
enamels, often used as a single functional coat are investigated. Five commercial
coatings were fabricated and tested and the effects of mill additions, clay and

silica content on the chemical resistance of one of these were determined.

When discussing corrosion of enamelled specimens, corrosion of the enamelled
coating and the metal substrate need to be differentiated. Using a passive barrier
(glass coating), usually prevents corrosion of low carbon steel, but this barrier can
undergo acid and alkaline corrosion and the glass can be selectively leached in

corrosive environments.

This chapter mainly discusses the corrosion when the enamel layer is exposed to
acid and alkali, which destroys the finish. Any exposed underlying metal
corrodes by a different corrosion mechanism but it mainly is an electrochemical
process. The most common corrosion is uniform attack over the entire exposed

surface, which often leaves a scale or deposit of corrosion products.

Many factors affect the corrosion rate of vitreous enamel coatings and these can

be classified into primary and secondary factors.

Primary Factors - corrosion of the enamel as a solid matter (glass-network

decomposition related).

Secondary Factors - the enamel coating is not homogeneous or solid but

contains bubbles (pores) that may affect corrosion resistance.
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Corrosion resistance is normally discussed in terms of the solid matter, that is,
glass structure. However, once the glass is attacked, bubbles in the coating may
also affect the dissolution process. The affect of bubbles on corrosion potential is
presented after examining the corrosion potential due to primary factors.
Opacifiers/colouring pigments are used in enamel coatings and therefore their

affect on corrosion potential also needs to be determined.

5.1.1 Solid Glass Composition
Composition of the commercial coatings was identified using ICP (Table 3.6).
The basic glass matrices used in this investigation are made up of the following

types of oxides:

1. Glass formers, which are SiO, and B,O;. These form the main structural
network.

2. Modifying oxides, which are Na,O, K,0, CaO and MgO. Modifiers change
the glass lattice, distorting the basic structure of the glass formers, thus
weakening the bonds and promoting easier melting. This improves fluidity and
workability of the glass-enamel.

3. Intermediate oxides, Al,O;. This oxide plays an important part in the glass
matrix by acting as a glass former or modifier depending on the availability of
modifying ions.

4. Adherence oxides, NiO and CoO.

5. Colouring pigments and opacifiers, which include TiO; and Cr,0;.

The glass structure or network principally determines chemical resistance
(ignoring the affect of any secondary factors on corrosion). Porcelain enamels are
complex alkali metal borosilicates. The glass structure is based on a network of
mainly SiOj tetrahedra and some BOj triangular units (arrangements). The B,0;
is introduced to reduce the melting point but breaks the Si-O bonds, thus creating
an irregular network. The lattice interstices contain alkali metals such as sodium
and alkaline earth metals such as calcium. Introducing alkali and alkaline metals
into the lattice further disrupts the network, so more Si-O bonds are broken. The

alkali metal oxides (also called modifiers) do not participate in the network but



Chapter 5 — Chemical Resistance 138

provide extra oxygen ions to the lattice, thereby increasing the O/Si ratio.
However, AI** can be incorporated into the composition by substituting for Si**

when using an oxygen ion from an adjacent alkali compound (Equation. 5.1).

AL’'05% + Na,"0% = 2[AI** (0%/2)4 Na'] Eq.5.1

5.1.2 Chemical Attack Mechanisms
Acid Attack

Eppler! summarises the principal mechanism for acidic attack as an ion exchange
process between a modifier (principally alkali) ion in the glass and a hydrogen ion
in the solution (Equation 5.2). This does not disturb the basic glass structure
because hydrogen ions diffuse through the modifier-depleted surface to the

interface of the unreacted glass, where ion exchange occurs.
H+ (solution) + Me+(glass) = H+(glass) + Me+ (solution)  Eq. 5.2

Alkali Attack

Surface corrosion in an alkali solution involves ion exchange leaching and
dissolution. The hydroxyl (OH) group from the alkaline solution also takes part in
the reaction by penetrating into the network, causing destruction.2 Glass leaching
occurs when hydrogen ions in the solution react with the glass matrix, causing
alkali ions in the glass to be ionised.> As the concentration of alkali ions such as
Li*, Na" and K in the enamel increases, the number of non-bridging oxygens
(NBOs) in the glass also increases. This increases ion exchange leaching, causing
a larger hydrated layer to form at the glass surface. Dissolution of the hydrated

layer occurs more quickly than dissolution of the bulk of the glass.3

Eppler' describes the principle mechanism of alkali corrosion of a glass structure

as:

Si-O-Si + NaOH = Si-O-Na + Si-OH Eq.5.3
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The predominantly silica glass network then dissolves from sequential attack by

alkali hydroxides on the fundamental Si-O-Si bonds of the glass structure.!:#

5.2 Chemical Resistance Testing
5.2.1 Acid Test Weight Loss Results

Of the five commercial enamel formulations investigated, matte black A (MBA)
enamel coating had the lowest resistance to boiling citric acid solution and vapour
(Figure 5.1; Table 1 - Appendix 6). Because the average weight loss after 2.5 h
exposure (366 * 113 g/m’) was extremely high, samples were not tested at longer
exposure times. The variation in the large areas of coating removed from the

MBA sample resulted in the high standard deviation.
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Figure 5.1 Average weight losses of commercial enamel coatings after 2.5
hours of surface exposure to boiling citric acid solution and vapour. (n=6)
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Gloss green A (GGA) and gloss brown A (GBA) samples also had large weight
losses (67 and 71 g/mz) after 2.5 h exposure to boiling citric acid solution (Figure
5.1), therefore were not tested for longer periods. GGA and GBA enamels had
similar weight losses (and standard deviations) because they have similar
compositions (Table 3.1), differing only by the colouring oxides added. The
weight loss of 67-71 g/m” is much higher than the 25 g/m? specifieds for cooking
utensils and bathtubs. However, the service conditions of the enamel coatings on
outdoor gas cookers and wood burners will be less demanding than for cooking
utensils, so this weight loss (indicating acid resistance) may be acceptable. Gloss
brown B (GBB) and gloss brown C (GBC) coatings had negligible weight loss
after 2.5 h exposure to both acid solution and vapour, so the test period was

extended. After 24 h exposure to boiling solution, GBB samples had lost 3.6 +
0.5 g/m* and GBC samples had lost 9.9 + 4.3 g/m? (Table 1 - Appendix 6).

Enamels with less than 5 g/m® weight loss after 2.5 h are classified as acid
resistant (Table 1.9). Thus, GBB could be classified as acid resistant. The data
obtained that appliances coated with matte black enamel have lower chemical

resistance than gloss enamel coatings.

5.2.2 Alkali Test Weight Loss Results

Of the samples tested, MBA coating had the least resistance to hot sodium
hydroxide after 48 h (Figure 5.2 and Table 2-Appendix 6). If only comparing the
gloss coatings then GBB and GBC are the least resistant to alkali corrosion (10.4
+ 0.6 and 13.2 + 0.9 g/m’ respectively after 48 h). This result is the opposite of
the acid resistance test, where GBB and GBC had the best resistance.
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Figure 52. Aversge weight loss of comme reial enamels after surface exposure to hot
sodium hydroxide for 48 hours. (n=6)

5.2.3 Explanation of Results

Triangular Composition Diagrams

To help explain corrosion and predict chemical resistance of vitreous enamels,
triangular composition diagrams were developed from the ICP data. This type of
diagram has been used for vitreous enamels with various oxide formulations, to
examine differences in colour and opacification of various enamels®’ and for
chemical properties and chemical resistance of vitreous enamels® (Figure 5.3).
Behrenbeck et al® proposed that higher SiO, + B,0O; contents increases acid
resistance whilst a higher ZrO, (RO;) content increases alkali resistance. The
composition diagrams used by these authors do not include Al,O; and its

relationship with modifiers.

Kingery et al® and Chiang et al'0 report that up to 30 mole% alkali oxide is needed
to convert BO; triangular units to BO, tetrahedra. However, above this
concentration the alkali may behave as a modifier, increasing the NBO content
between tetrahedra. Horton3 reports that the ratio of tetrahedral to triangular

boron has not been determined for complex glasses such as porcelain enamels.
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This is because porcelain enamel systems contain SiO,, B;03;, Al,O;, R,O and
RO, which directly affect the arrangement of the network.

678 are insufficient to

The composition diagram (Figure 5.3) in the literature
explain the corrosion properties of the enamel coatings used in this study because
they contain Al;O; (Table 3.6) and the Al,Os/modifier oxide equivalence is not

constant for enamels tested. This variation will have a large effect on chemical

resistance.
S10, + ByOy
RO = alkali oxides
RO = alkali earth oxides
RO, =metal dioxides
R0+ RO RO,

Figure 5.3 Composition diagram for porcelain enamels.”®

Doweidar!! assumed that Al,O; associates with an equal quantity of modifiers to
form AlQ, tetrahedra. When (Al,03/R,0)<1, the conversion occurs at two AlO4
tetrahedra per Al;O; molecule. The remaining R,O (alkali oxide) will form
silicate units containing NBO ions. For this investigation, the number of NBO per

unit depends on a ratio that must also involve B,O; and SiO,.

To help explain the corrosion data obtained, and to predict chemical resistance of
enamels, two composition diagrams for phases in the glass matrix were
developed. Each diagram is based on different sets of oxide formulations that
impart different specific properties and therefore chemical resistance to porcelain

enamels.
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There are three regions in each composition diagram. Composition diagram 1
(Figure 5.4) has the glass forming oxide SiO,, the alkali oxides R,O, and R;0;
whereas composition diagram 2 (Figure 5.5) includes the RO modifiers with R,0.

SiO; provides chemical resistance to the system, so enamels with high SiO,
contents (i.e. towards the apex of the diagram) should have greater chemical
resistance. High alkali and alkaline earth oxides are loosely attached to the
network and easily removed, which reduces chemical resistance. Varying R,O
and ALO; contents gives different structural properties and therefore different
corrosion potentials. In both composition diagrams, B,Os; and Al,O; are
combined because amorphous B,0; (like AI’*) can increase connectivity from
triangular BO; units to tetrahedral BO4 units with local charge compensation from
alkali additions. RO introduces divalent cations to the network, which occupy
two rather than one NBO, thus improving glass durability. Composition diagrams
were developed with and without RO to see if RO content affected corrosion

potential.

Discussion of Composition Diagrams

The commercial enamel coatings GBB and GBC have the highest mol% of SiO,
and are near the centre where R;O/R,0; = 1 (Figure 5.4). They also had the
highest acid resistance of the enamels tested (Figure 5.1) because compact
tetrahedra are formed, with most of the alkali additions increasing connectivity
thereby reducing NBOs. The modifiers assist charge neutrality, with AI*",
forming AlOj tetrahedral units and increasing connectivity from triangular BO;
units to tetrahedral BO4 units. When compact tetrahedra are formed, density
increases and fewer NBOs are available to attract hydrogen ions from the
chemical reagent. MBA enamel is at the furthest bottom-right of the composition
diagram, indicating excess R,Os3 and the lowest SiO; content. Its lower chemical
resistance is because it has a less dense structure and excess Al,O;, acting as
modifier ions, which are easily leached during chemical attack. However,
Diagram 1 (Figure 5.4) does not indicate that GBB and GBC compositions have
lower resistance to alkali attack than GBA and GGA.
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50% Nay0 + K0 (R;0) 50% A1,05 + B,Os (R;05)

Figure 5.4 Composition diagram 1 for Si0,-R,03-R,0 system (mol%).

When RO is included in the compositional presentation (Figure 5.5) the relative
positions of each enamel changes slightly. The increase in modifiers content
shifts all enamels towards the bottom left comer [R,O + RO]. There is a larger
shift for GGA, GBA and MBA towards the [R,;0 + RO] region because they have
more RO than GBB and GBC enamels. When RO is included in the composition
matrix, all enamels other than MBA have [(R,O0+R0O)/Al,03] >1. This implies an
excess of modifier ions, which form NBOs that are readily attacked by hydrogen

ions.
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50% R,0+RO 50% Al;05 +BoOy R09)
Na;O IVIgO
K,0 CaO
BaO

Figure 5.5 Composition diagram 2 showing SiO,-R,03-R,0-RO system (mol%).

When explaining chemical resistance properties, composition diagram 2 does not
allow for valency differences between R,O and RO. Modifier oxides such as CaO
introduce divalent cations into the network. These occupy two NBOs instead of
one, thus improving resistance to alkali attack. GBA and GGA enamels, which
were more resistant to alkali attack, have higher RO concentrations than GBB and
GBC. The latter two also have lower alumina concentrations (Table 3.6), so there
is insufficient AlO4 tetrahedrals to tie up all the alkali ions. Excess alkali ions
would be more readily leached by hydrogen ions, giving higher weight loss for
GBB and GBC samples during alkali attack. However, as for composition
diagram 1, the enamel composition with the highest acid resistance (GBB) occurs

when (R,O+RO)/R;0; is close to 1 and SiO; content was greatest.

Composition diagrams are useful in explaining and predicting chemical resistance
(and in particularly acid resistance in this study) for porcelain enamels. They

allow for different phases in the glass matrix, which impart different properties
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and influence resistance to corrosion. The components used in these diagrams do
not account for all the phases in the enamels that may affect the chemical
resistance. For example, TiO, is used for opacification but also increases acid
resistance.!> GBB and GBC enamels have more TiO, than other commercial

enamels, (Table 3.6), which further increases their acid resistance.

3.3 Chemical Resistance Testing of Trial Formulations

Gloss brown I to IV (GBI to GBIV) were produced by adding various mill
additions to the original commercial GBA (Table 5.1).

Table 5.1 Mill addition increases for trial formulations
(see Table 3.7 for full enamel batch formulations).

Coating Mill addition increase (wt%)
specimen Silica HB clay
GBA 0 0
GBI 9 0
GBII 0 9
GBIII 3 3
GBIV 4 0

Acid Resistance

Increasing silica content by 9 wt% (from 3 wt% for GBA to 12 wt%) increased
acid resistance (2.5 h exposure to boiling citric acid) from 70.8 + 17.9 (GBA) to
40.4 + 4.3 g/m® (GBI) (Figure 5.6 and Table 3 — Appendix 6). Adding 9 wt%
content of refractory material silica has made a more insoluble coating structure,
with improved acid resistance. GBI also had a lower bubble area than GBA
(Figure 3.12), which would decrease the surface area exposed to the acid.
However, adding only 4 wt% silica (GBIV) did not improve acid resistance. The
GBIV coating was more soluble and had a higher bubble area than GBI (Figure

3.12), which would increase the surface area exposed to the acid.
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Figure 5.6 Effect of different mill additions on average weight loss
of enamel coating surfaces exposed to boiling citric acid solution and
vapour for 2.5 h (n = 6).

Increasing silica by 3 wt% and HB clay by 3 wt% (GBIII) increased acid
resistance (weight loss of 56.7 + 4.7 g/m?), suggesting a synergistic affect from
the two mill additions. However, increasing the HB clay (+9 wt %) did not
improve acid resistance (weight loss of 64.5 + 8.7 g/m?). The large standard
deviation for the base formulation (GBA) meant that some of the changes

observed were not statistically significant (Figure 5.6).

Weight loss after 2.5 h exposure to citric acid vapour is similar for all samples
(Figure 5.6). GBI (+9 silica wt%) had the lowest weight loss (best resistance).
Although samples with higher silica contents had the best acid resistance, other
properties were affected. For example, GBI had the lowest adherence rating
(Table 3.10). Adherence for GBIl was greater than for GBI (Table 3.10).
Another disadvantage of adding extra HB clay was that the surface changed from
that of GBA (Figure la - Appendix 5) and became speckled with darker regions
(Figure 16a - Appendix 5). GBIII and GBA had similar appearance (Figures 17a
and la - Appendix 5) and the same adherence (Tables 3.5 and 3.10). GBIV,
which did not have a significant increase in acid resistance, also has a lower

adherence rating than to GBA (Tables 3.5 and 3.10).
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Alkali Resistance

GBI (+9 wt% silica), GBIV (+4 wt% silica) and the commercial enamel, GBA,
had similar weight losses (5.9 + 0.2, 5.8 + 0.5 and 6.4 + 1.1 g/m%/d respectively),
indicating that adding silica did not affect alkali resistance (Figure 5.7).

Weight loss (2/m*/d)

gloss gloss gloss gloss gloss
brown brown brown brown brown

A I II I v
Trial enamel coatings

Figure 5.7 Effect of adding different mill additions
to the average weight loss of enamel coating surfaces
exposed to hot sodium hydroxide for 48 hours (n = 6).

Increasing HB clay content decreased alkali resistance. GBII (+9 wt% HB clay)
lost 9.5 + 0.4 g/m*d compared with 6.4 + 1.1 g/m*d for GBA. Slightly
increasing HB clay (3 wt%) and silica (3 wt %) did not significantly change alkali
resistance (GBII - 7.0 + 0.2 g/m%d weight loss). HB clay, which contains mainly
Si, Al and a small amount of Ti (Figure 15-Appendix 3), is known as high bubble
clay!’3 and is used in ground coatings to achieve the desired set and bubble
structure. Increasing Si and Ti increases acid resistance, while increasing Al
increases alkali resistance. However, too high an alumina content has a
deleterious affect on acid resistance.-!'4 The alkali test results showed increasing
HB clay content (GBII and GBIII) made the enamels more susceptible to alkali

attack than the original gloss brown coating (GBA). Adding zirconium oxide or
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aluminium oxide (usually as zirconia or alumina) to the frit while maintaining a
high silicon dioxide content can increase alkali resistance of enamels.!2 Lightner
and Nobles!’ found that increasing clay from 1 wt% to 5 wt% increased alkali
resistance, probably due to the alumina in the clay. Although HB clay contains Si
and Al, increasing HB clay to 7% (GBIII) or 13 wt % (GBII) in the present study
did not increase alkali resistance of the enamels. The alumina content may have
been too high, resulting in the alumina acting as a network modifier and thus

decreasing alkali resistance.

5.4 Secondary Processes

5.4.1 Chemical Resistance and Bubble Structure

Coatings of the same composition should undergo the same corrosion when
exposed to a chemical reagent. However, if the coating contains bubbles, or

voids, a greater surface area will be exposed and a greater weight loss will occur.

A coating’s susceptibly to corrosion and the corrosive environment will affect the
initial dissolution rate. Corrosion penetrability on initial exposure to acid or alkali
is important before secondary factors such as bubbles or pinholes play a role in
the dissolution process. The corrosion rate can vary for different compositions. If
alkalis are easily leached out of the solution during the reaction process, this

would in turn raise the pH, causing accelerated corrosion.

The relationship of bubbles on corrosion behaviour of enamel coatings needs to be
considered. It was postulated that the greater the bubble to total area, the more

susceptible the enamel coating will be to chemical attack.'®

As previously discussed in Chapter 1, there is literature on bubbles in enamel
coatings!6-18 and equations help predict enamel durability! as a solid matter
(without bubbles). However, there were no reports that quantified the affect of
bubbles on corrosion of vitreous enamel coatings. This investigation explores the
correlation between bubbles and corrosion behaviour by plotting bubble area/total
area of coating with weight loss of commercial and trial enamel coatings after

exposure to acid and alkali solutions.
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5.4.2 Bubble (Entire Coating Depth) and Corrosion Performance

Initially, the bubble area across the entire depth of the coating was examined to
correlate weight loss after exposure to acid and alkali solutions. However, no
correlations or trends were observed (Figures 5.8). Examining cross-sections after
the corrosion tests revealed that corrosion in all enamel samples other MBA
penetrated only to a certain depth and not to the substrate. The corrosion for

MBA penetrated 80 microns from the surface into the coating.
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Figure 5.8 Average weight loss versus bubble area/total area for (a) commercial coatings
after acid attack, (b) commercial coatings after alkali attack, (c) trial coatings after acid attack,
and (d) trial coatings after alkali attack.

One reason acid corrosion did not progress further into the coating is because
alkali ions are leached under acid conditions and a silicic skin may have formed
on the coating surface. The barrier layer (hydrated) that forms on the surface
stops further diffusion of ions into and out of the surface, thus slowing corrosion.
The barrier layer doesn’t form under alkali attack but the rate of glass removal by
alkaline solutions also may slow with time.'® The rate of attack slows when large

amounts of glass go into solution."
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If the coating only dissolves close to the surface, then bubbles in the lower region
will not be involved in the corrosion process, and only bubbles in the upper region
will have a significant affect. This process is shown in Figure 5.9. Bubbles in the
lower region (Figure 5.9a) do not affect the surface area and therefore, corrosion
resistance. However, bubbles closer to the enamel surface (Figure 5.9b) are
directly involved in the corrosion mechanism and provide a larger surface area for

corrosion to occur.
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Figure 5.9 Schematic-showing: (a) bubbles positioned far from surface, not
affecting corrosion, and (b), bubbles positioned closer to surface, affecting
corrosion.
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The region near the surface of the coating, therefore, can significantly affect the
corrosion mechanism because it determines the surface area exposed to a
corrosive environment and consequently the rate the glass will dissolve. Thus,
there is an initial depth into the coating where bubbles and total bubble area is
more significant. It is suggested that the bubble area in an arbitrary upper zone

depth should be correlated with chemical resistance.

Cross-sections of enamel coatings after exposure to corrosive media (Figure 5.10)
shows the typical corrosion depth into the coating. The average corrosion depth
was found to be approximately 20 um so it was proposed that this should be the

depth of the upper zone for investigating if bubble area correlated with corrosion.
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Figure 5.10 SEM micrograph of GBA coating cross-section
after surface exposure to boiling citric acid (2.5 h).

Bubble area, expressed as a percentage of the area in the top 20 um, for each
enamel coating was measured and compared with percentage bubble area

for the entire thickness (Figure 5.11).
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Figure 5.11 Percentage bubble area of entire thickness and top 20 um for each

coating.

In most coatings other than MBA, the proportion of bubbles in the top 20
pm is less than that over the entire coating thickness. In MBA, bubbles

were uniform across the entire region. The lower proportion of bubble area
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in the top 20 um for most coatings implies that bubbles will have less

influence on corrosion rate than if measured across the whole layer.

5.4.3 Bubbles (Top 20 pm) and Corrosion Performance

There is a general trend for weight loss to be correlated with proportion bubble
area in the top 20 um of coating (Figures 5.12). For example, MBA has the largest
bubble area and highest weight loss (Figure 5.12a and b). The same trend can be
seen for the other commercial enamels (Figure 5.12a and b), supporting the

hypothesis that upper bubble area influences corrosion.
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Figure 5.12 Average weight loss versus top 20 pm bubble area/total area for (a)

commercial coatings after acid attack, (b) commercial coatings after alkali attack, (c) trial

coatings after acid attack. and (d) trial coatings after alkali attack.
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Although corrosion and upper bubble proportion in trial formulations appear to be
directly correlated (Figures 5.12c and d), the effect was not significant because of

the large experimental variation.

Glass formulation should have the most significant affect on the corrosion ability
of glass. When examining the affect of bubble structure as a secondary factor on
corrosion, some of the discrepancies could be due to the differing compositions.
It is recommended that future studies on corrosion resistance of coatings should
use a single composition and examine the affect of firing different bubble
structures on chemical resistance properties. Bubble structure in the upper zone is
critical and this information could be used with the primary factors to help predict

corrosion rates.

5.5 Summary

Enamel corrosion was examined in terms of primary factors such as solid matter
(glass network decomposition related) and secondary factors such as non-
homogeneity of the coating caused by bubbles. Composition diagrams were
developed that could account for the phases in the glass matrix that give different
properties and therefore influence the rate of corrosion. These composition
diagrams helped explain corrosion data and predict chemical resistance. The
enamels in the region of higher SiO, content with similar modifier to R,0O5 ratios
were more acid resistant because more compact tetrahedra formed, reducing the
number of NBOs, thus decreasing ion exchange between hydrogen ions from the
solution and modifier ions from the coating. Enamels placed further to the bottom
right of the composition diagrams indicate excess of R,O; and less SiO,. This is
correlated with lower chemical resistance because the structure is less dense and

excess AI’" act as modifier ions, which are leached during acid attack.

Increasing mill addition silica from 3 to 12 wt% increased the coating's acid
resistance but did not change the alkali resistance. Increasing HB clay from 3 to
12 wt% decreased the alkali resistance. This is also postulated to be due to excess

of AI**, which act as modifier ions.
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There was no correlation between bubble area over the entire depth of the

coatings and weight loss after acid or alkali exposure. This was explained as

corrosion generally being less than total coating depth because a barrier builds up

on the coating surface over time, which inhibits further ion diffusion and prevents

further corrosion. Therefore only bubbles in the top region the coating influence

corrosion.

There was a general trend for increased corrosion to be correlated with increased

bubble area in the top 20 pm of coating, suggesting that upper bubble area is an

important factor in chemical corrosion.
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Chapter Six
Study of Porcelain Enamel
Coating and Pinhole Defect

6.1 Introduction

In this chapter, the phases present in a commercially used single-coat enamel
(GGA) on steel substrate system are characterised using Raman microscopy, X-
ray diffraction (XRD), scanning electron microscopy (SEM), and energy
dispersive X-ray analysis (EDS). The change in distribution and types of phases

due to the pinhole defect phenomena is also investigated.

6.2 Characterisation of a One-Coat Porcelain Enamel’

6.2.1 Optical Microscopy

An optical micrograph of a polished GGA coating cross section (90° to the
surface) is presented in Figure 6.1 (200x magnification, dark field illumination).
The microstructure consists of several visible phases and contains spherical solid
and gas “bubble” inclusions. The enamel coating is approximately 145 pm thick.
The enamel coating has a light coloured phase, approximately 65 um thick,
adjacent to the steel. This phase is due to iron oxide diffusion into the enamel
coating during the enamel/steel firing process. Other researchers have also

observed iron oxide diffusion into enamel coatings.!-3

*Part of this research was published "Raman Spectroscopy and Scanning Electron Microscopy
Study of a One-Coat Porcelain Enamel" The Ceramic Engineering and Science Proceedings 20(3),
39-51, 1999.
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} Rean

- #—— Enamel coating
44— Diffusion

4 Steel substrate

Figure 6.1 Optical micrograph of enamel coating cross-section using dark field illumination.
A to E indicate the positions at which Raman spectra were obtained.

6.2.2 X-ray Diffraction

The phases of the GBA surface were initially characterised using XRD (Figure
6.2). Two crystalline phases, a-Cr,0, (A) and SiO, (&), were determined using the
standard ICDD cards #38-1479 and #46-1045 respectively. The XRD pattern also
has a broad background profile at ca. 30 degrees (20) due to the amorphous silica

matrix present in the porcelain material.

Relative Intensity
o

20 (degrees)

Figure 6.2 X-ray pattem of gloss green A enamel coating surface (A= CryO3 and @ = 3104,
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6.2.3 Raman Microscopy

The phases present in the porcelain enamel matrix of the GGA coating were also
determined using Raman microscopy. The materials used to fabricate the
porcelain enamel coating and the literature values of major Raman bands for these
compounds are summarised in Table 6.1. The enamel batch is comprised of
mainly frits, which form an amorphous matrix when the raw materials quartz,
feldspar, borax and other components are smelted. Mill additions such as silica,
clay, opacifiers and colouring oxides used in the enamel batch could contribute to
significant phases in the enamel coating. The compounds borax, sodium nitrite
and magnesium carbonate are present only in trace amounts since there is
significant decomposition from firing. These are unlikely to contribute to any

major phases in the fired enamel coating.

The Raman microprobe technique gives information about the surface and near-
surface band vibrations since the focal cylinder of the incident light, formed by the
optical microscope objective has a typical diameter and length of approximately 1
pm to 2.5 pum respectively.* A surface area as small as 1 pm can be resolved to
collect Raman spectra. Hence, individual components in a heterogeneous sample

can be selectively investigated.

Raman spectra, using the 514 nm laser line, were obtained at various points across
the polished cross-section of the enamel coating (a to e as indicated in Figure 6.1).
The Raman spectra are shown in Figure 6.3 and the corresponding band positions
are listed in Table 6.2. At different depths through the coating cross-section, the
Raman spectra show differing profiles. The predominant band observed at 549
cm is assigned to a-Cr,0, with reference to the literature.> Several weak bands
at ca. 305, 345, 525 and 611 cm™ are also assigned to a-Cr,0,. A weak band
observed at ca. 456 cm™ for cross-section positions b and d, was assigned to a-
quartz.6 At position e (the enamel-steel interface), only weak bands were
observed, assigned to a-Cr,0,. The presence of a band at approximately 845 cm

in the spectra of all the coatings is attributed to SiO,’.



Table 6.1 Solid components used to fabricate GGA enamel coating (enamel batch composition).

Component  Composition Purpose Raman band positions (cm™) from literature*
Frit Amorphous borosilicate frit 450br, 800, 1050 (amorphous silica)®
207, 356, 464, 1085, 128, 265, 394, 401, 450, 509, 697, 795,
Silica Quartz, SiO, refractory
807, 1072, 1162, 12356
Oxide Cr,0s, FeCr,0, colouring 303, 351, ca. 397, 530, 551, 6095
HB Clay SiO, (quartz) and kaolinite refractory See Silica and Kaolex clay
Kaolinite 130sh, 143m, 197vw, 245w, 270m, 336m, 418sh, 431m,
Kaolex Clay ) refractory
Al,0,.28i0,.2H,0 463m, 516w, 638m, 710vw, 751w, 790w, 915w
Bentonite 75, 132, 162, 202, 264, 290, 360, 429br, 608, 708, 800, 916,
Bentonite . suspending agent
(M*)(M™)(S1,A1)30,(0OH),.H,0 1033, 1105, 116210
Hvds 78w, 90m, 120m, 160w, 361m,390w, 474m, 530wblj, 590vw,
By ous Borax (Na,B,0,.10H,0) flux 776mbr, 860w, 975m, 1640vw, 3140s, 3357s, 3400s, 3447s,
orax
3495s, 3575511
Magnesium electrolyte-
MgCO, 212, 332, 735, 1096, 146012
Carbonate flocculater
Sodium )
o NaNO, increases set 119s, 154m, 827m, 1325s13
Nitrite

*Relative intensity: vw = very weak, w = weak, m = medium, s = strong, br = broad, sh = shoulder

193J2( 210YU1J PUE uNE0)) PWEU UTE[33104 Jo Apnis — 9 1a)dey))

091



Chapter 6 — Study of Porcelain Enamel Coating and Pinhole Defect

161

Raman Intensi

(©)

(e)

T T T T T T T T T
100 200 300 400 S00 600 700 600 9S00 41000

Wavenumber (cm™)

Figure 6.3 Comparison of Raman spectra of the enamel-coating

cross-section obtained at positions a to e from Figure 6.1.

Table 6.2 Raman band and assignments (cm™) observed for the GGA cross-section.

Position
(a) (b) (c) (d) (e) Assignment
305w 302w 315w 302w 318w a- Cr,0,°
345w 350w 350w 352w a- Cr,0,°
456w 467w a- quartz®
525w 527w a- Cr,0, 5
549s 554s 552s 554s 555w o- Cr,0, 5
614w 611w 611w a- Cr,0,%
687w,br 686w 699w
842w 844w 843w 839w 841m Si0o,’

Relative intensity: w = weak, m = medium, s = strong, b = broad
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6.2.4 SEM and EDS Analyses

The study region for the porcelain enamel coating and steel substrate is shown in
Figure 6.4. The qualitative EDS Spectrum used to represent the background of
the coating cross-section (Figure 6.5a) was collected from a 140-um square
region. Typical penetration depths are in the order of micrometers (1-3 um),
therefore this technique can be considered a sub-surface to bulk analysis. Intense
peaks, corresponding to Si and Fe, were observed. As porcelain enamel coatings
are complex alkali borosilicate, the intense Si peak was expected. Boron is
present in the coating as shown by ICP analysis (Table 3.6), but cannot be
detected by EDS due to the element’s low atomic number. The high Fe peak is
postulated to be caused by iron oxide diffusing into the enamel coating during the
firing process. The spectrum also contains a relatively intense Ca peak (Figure
6.5a). Ca may originate from calcium carbonate often added to the mill of a

ground coat charge as a fluxing agent and/or to alter the bubble structure!.

Coating

Substrate

13821 10.0kV

Figure 6.4 SEM micrograph displaying a cross-section of enamel coating
and steel substrate. Qualitative spectra were taken at points a to d (see
Figure 6.5) and semi-quantitative at profile (see Figure 6.6).

The EDS spectrum taken from the "bubble structure" (point b, Figure 6.4) has a
very low count rate of 233 counts after 100 seconds compared with 2090 counts
after 100 seconds for the background (Figure 6.5a and b). This low count rate for
the spectrum is due to the pore (or bubble) where the sample was taken. There
was an intense Fe peak and less intense Si, Ca, Cr and Ni peaks in the spectrum.

The count rate at point (c) is also much lower than the background count rate,
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which suggests it may be a pore. The dominant peak in spectrum Figure 6.5¢

corresponds to Cr. This corresponds well with the Raman spectroscopic data,

where the predominant band at phase was assigned to a-Cr,0O;.

Background Presets 182 secs
Verts 2098 counts Dispe 1 Elapseds Glees Greer B Prasets 108 ce:s
St poe 190 secs Verts 233 counts Diege 1 Elapseds 18 seis
Fe
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Figure 6.5 Comparison of EDS spectra of GGA coating cross-section obtained at positions a-d

from Figure 6.4.

The EDS spectrum (Figure. 6.5d) of the inclusion at point d (Figure 6.4), has a

high-count rate, indicating that the inclusion is solid. The predominant peak is Si,

which is part of the amorphous silica phase or a crystalline quartz phase.

6.2.5 Elemental Profile

A semi-quantitative EDS analysis profile (Figure 6.6) of the cross-section shown

in Figure 6.4 indicates that the enamel coating has a high Fe content.

This

corresponds to the light coloured phase in Figure 6.1 (approximately 0 - 65 um

from the steel-enamel interface). Low levels of Fe (approximately 5 wt%) are

present above this phase to the surface of the enamel coating. As expected, the
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steel substrate has a high Fe content and low levels of other elements such as Ca,
Si, Mn, Co.

The elemental profile (Figure 6.6) shows that the enamel has a high Si content.
Si, as silica, is one of the major constituents of the enamel coating. However, the
Si concentration gradually decreases from 15 pum to the interface (0 pm), which

matches an incremental increase in Fe concentration towards the interface.

6.2.6 EDS Elemental Mapping
Areas of highest brightness in the EDS spectrum (Figure 6.7) correspond to higher

concentrations of the specified element. For example, the map for Fe (Figure 6.7,
top middle) shows high Fe concentrations in the steel substrate with Fe dispersion
from the substrate to approximately 70 um into the coating. The Fe map matches
the elemental profile (Figure 6.6), which shows high Fe concentrations in the

substrate and decreasing amounts through to the coating surface.

There are high concentrations of the element Co (used for adherence and
colouring) in the substrate and small concentrations in the coating (Figure 6.7,
centre). The Fe Kf peak overlaps and exaggerates the Co Ka peak, in the EDS
spectra, so the intense Co distribution seen in the substrate is possibly an artefact
of the system. Ni like Co is used for adherence. The Ni map (Figure 6.7, bottom
centre) displays a mostly even dispersion throughout the cross-section. The Ni
concentrated at the interface between the coating and substrate is postulated to be
from substitution with the iron oxide at the interface when the enamel is fired onto

the steel.
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Figure 6.6 Elemental profile of enamel coating on steel cross-section.
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Figure 6.7 EDS elemental concentration mapping of cross-section.

Si (top right of Figure 6.7) is dispersed throughout most areas of the coating,
constituting a high percentage of the porcelain matrix. Cr (left centre) is dispersed
in small discrete regions in the coating cross-section. There appears to be higher
concentrations of Cr around the pores within the coating. This corresponds to the

EDS spectrum given in Figure 6.5(c).

6.3 Study of Pinhole Defect

6.3.1 Description

The pinhole defects investigated in this study originate mainly from large bubbles
in the ground coat (single coat), and can also result from under-firing the coating.
If the large bubble extends to the surface, a pinhole or blister is formed. Figure
6.8 schematically illustrates the formation process of a pinhole defect. Initially
there is a large bubble in the central region of the coating (Figure 6.8a). When the
bubble moves closer to the surface (Figure 6.8b), a depression or dimple forms in
the surface of the coating above the bubble because gases in the bubble contract
during the cooling stage of the firing process. The enamel at the surface may then

fail, with the pinhole extending to the bottom of the bubble (Figure 6.8c).
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Figure 6.8 Schematic of pinhole defect

The pinhole defect is detrimental for several reasons. Firstly, this defect can be
seen by the naked eye, and hence it spoils the appearance of the enamel coating.
Secondly, the pinhole can be the origin of corrosion if the steel substrate is

exposed at that point.

6.3.2 Microscopy

The appearance of a pinhole defect similar to what is observed using the naked
eye is shown from stereo microscopy in Figure 6.9. The pinhole from the surface
perspective, using optical microscopy (Figure 6.10), is approximately 30 um in

diameter and has a concave ring (depression from the coating surface to the hole).
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Figure 6.9 Stereo micrograph of enamel coating surface showing a pinhole.

Another example of a pinhole defect from the surface perspective at a higher
magnification, observed using SEM, is shown in Figure 6.11a. This defect
appears as a depression (or dimple), probably created when the bubble contracted
during the cooling stage of the firing process. The small perforation at the top left
of the depression (Figure 6.11b) could have occurred when gas was released

during or after the firing process, causing the enamel coat to burst outwards.

by —

Figure 6.10 Surface perspective of pinhole using an optical microscope (bright
field illumination. \
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Figure 6.11 Surface perspective of a pinhole using SEM; (a) whole defect
region and (b) perforation region.

A cross-section through a pinhole defect (90° to the surface) in GGA coating was
prepared for SEM by polishing through to the defect. Figure 6.12 shows that at
the top of the defect the coating surface is slightly concave, so a depression (or
dimple) would be observed from the surface (as seen in Figure 6.9). Beneath the

surface (Figure 6.12) is the void or pore of the so-called pinhole defect.

18.0kV Xeeo

Figure 6.12 SEM micrograph of pinhole in cross section of sample

(a to h indicate positions at which Raman spectra were obtained).
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6.3.3 Raman Microscopy of Pinhole Region

The Raman spectra of samples from the pinhole region (positions a-h, Figure
6.12) are shown in Figure 6.13. The spectrum for position (a) has only one very
weak band at 845 cm™ (Figure 6.13a). This band is present in all spectra (Table
6.3) and is most likely attributed to SiO,”. There is a sharp band at approximately
550 cm™ in profiles b to g, which is assigned to a-Cr,0,.5 This compound is used

for colouring in enamel coatings.

The spectrum for point b (Figure 6.13b) taken at the side of the defect also has a
band at 461 cm’ indicating the presence of the silica phase, a-quartz. The
spectrum at position (h) was obtained from another region, away from the defect
as a reference of the coating glassy matrix. Only a band for a-Cr,O, can be

identified in the spectrum.

pann, (a)

(b)

Raman Intensity
¢,
e
{
84

0 500 1000 1500

Wavenumber (cinr'')

Figure 6.13 Raman spectra from pinhole region of
sample cross-section (Figure 6.12).
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Table 6.3 Raman band and assignments (cm™) from spectra of pinhole region (Figure 6.13).

Position
@) (b) (©) (d) (e) ® (8 (h) _ Assignment

123vw a- quartz®
191w a- quartz®
300vw  304vw 309vw  31lvw 306vw  a- Cr,0,5
350vw  349vw  352vw  346vw 350vw  «- Cr,0.°

357vw a- quartz®
461m a- quartz®
527vw 526vw a- Cr,0,°
555s 551s  553s 555s  554s 553s 550s a- Cr,0,’
615vw  6llvw 615vw  61lvw 61lvw  a- Cr,0,°

842vw  839vw 845w 843w 843w 843w 843m 841w Sio,’

Relative intensity: vw = very weak, w = weak, m = medium, s = strong, b = broad

Raman spectra of the defect region were also taken from the surface of the
porcelain enamel coating sample (see Figure 6.14). One spectrum was taken
along side the pinhole defect and compared with a profile within the defect region.
The band positions and assigned phases are listed in Table 6.4. The major
compound in the Raman spectra is a-Cr,0,. The main difference in the spectrum
of the surface and from within the defect region is the presence of bands assigned
to a-quartz.6 This observation corresponds with the results from the following

EDS elemental mapping.

\
\ T
MWM«NWAW&MM. (a)
)

M
‘%&WJ WMMWMWW (b

T

25 500 1000

Raman Intensity

Wavenumber (cm™)

Figure 6.14 Raman spectra of GGA surface and defect region, (a) spectrum of

coating alongside defect, (b) spectrum from within defect region.
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Table 6.4 Raman band and assignments (cm™)
for GGA surface, (a) and dimple (b and c).

Position

(a) ) Assignment -

116vw a- quartz®
160w

198vw a- quartzb

464s - quartz6
530vw a- Cr,0,%
554s 555s o- Cr2035

a- Cr,0,%

845m 843vw Sio,’

Relative intensity: vw = very weak, w = weak, m
= medium, s = strong, b = broad

6.3.4 EDS Elemental Mapping

Cross-section

The dispersion of the elements Si, Al, Fe, Na and Cr within the defect cross-
section was investigated using EDS elemental mapping (Figure 6.15). The areas
of highest brightness correspond to higher concentrations of that particular

element.

The EDS map for Fe (top left, Figure 6.15) shows high Fe concentrations in the
steel substrate. Fe is also present in the coating due to Fe oxide diffusion from the
interface into the coating. This corresponds to the profile in Figure 6.6 and the
elemental mapping shown in Figure 6.7. There appears to be high Fe
concentrations below the pinhole. This may have formed during the firing process
when a gas bubble opens at the surface and exposes the base metal to ambient
oxygen. Fe oxidises extremely rapidly and hence would give rise to the very high
iron oxide levels in the zone beneath the pinhole. Conversely, it is possible that
the outward diffusion of Fe was stopped by the pinhole resulting in accumulation

of Fe at the edge of the pinhole.
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Figure 6.15 EDS elemental mapping of sample cross-section of the
pinhole region.

A defect, known as copper head because of its reddish colour can result when iron
oxidation contaminates the enamel coating.!-16:17 [t is typically associated with a
pinhole in the enamel layer when a large bubble opens up during firing, exposing
the steel to oxygen. The iron oxidises and mixes with the glass enamel, producing

the red colour.

The elements Si, Al and Na (from their respective maps, Figure 6.15) tend to be
evenly dispersed in the coating around the defect region. However, there are
higher concentrations of Si, Al and possibly Na in the upper left side of the
pinhole, indicating that these elements are part of a sodium-alumina-silicate phase.

The Raman spectrum taken at a similar area at the side of the defect (point b,
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Figure 6.13b) indicated the presence of a crystalline silica phase (a-quartz) as well

as chromium oxide (a-Cr,0,).

The chromium map (Figure 6.15, bottom left) indicates that Cr clusters in small
discrete areas around the pinhole. This is similar to the elemental mapping of the
GGA coating cross-section (Figure 6.7), which showed higher concentrations of
Cr at the boundaries of the bubble inclusion within the enamel coating. Cr is part
of the compound, chromium oxide (a-Cr,0,) identified by Raman analysis
(Figure 6.13).

Surface

Elemental mapping a pinhole from the surface shows that there is a higher
concentration of Na on the left surface of the defect (Figure 6.16, top left). The
aluminium dispersion map also shows higher concentrations of aluminium in the
same region (Figure 6.16, towards bottom left). Si (Figure 6.16, bottom left) is
found in all areas of the coating around the defect. The Cr (Figure 6.16, top right)
dispersion map corresponds well with the mapping of the cross-section. Cr is
present in small discrete areas with higher densities around the edge of the defect
(similar to Figures 6.7 and 6.15). Ni and Co are sparsely scattered around the

pinhole.
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Figure 6.16 Elemental mapping of pinhole region from coating surface.

6.4 Summary

The phases present in a single-coat enamel on steel substrate system were
characterised using Raman microscopy, and EDS in conjunction with SEM.
Raman microscopy gave information on the crystalline phases present in the
enamel coating and pinhole defect region and expands the information collected

from EDS.

The Raman spectra of a cross-section of coating indicates a predominant band at
549 cm™, corresponding to a-Cr,0,, and a weak band at ca. 456 cm™, which was

assigned to a-quartz.

The EDS elemental profile and mapping indicated that the porcelain enamel has a
high Fe content on the metal surface to 65 um into the coating. This is postulated
to be due to iron oxide diffusing from the substrate into the enamel coating during
the firing process, and is part of the adhesion mechanism. The major
compositional constituent, Si (as silica), was well dispersed throughout the

coating, while other elements such as Ca, Mn, Ni and Co were present at lower



Chapter 6 — Study of Porcelain Enamel Coating and Pinhole Defect 176

percentages. EDS elemental mapping also indicated high Fe concentrations below
the pinhole defect. One reason that caused this effect was the original bubble
opening at the coating surface and exposing the base metal to oxygen, thereby
increasing iron oxidation and diffusion below the defect region. Conversely, it is
possible that the outward diffusion of Fe was stopped by the pinhole resulting in
accumulation of Fe at the edge of the pinhole.

The Raman spectra of a cross-section of the pinhole defect had a sharp band at
ca.550 cm’, indicating a-Cr,0,. Spectra of the coating away from the defect
region as well as the coating surface in the defect region showed the presence of
a-Cr,0; and a-quartz. EDS elemental mapping of the cross-section and the
surface of the coating showed Cr clusters in small discrete areas with greater

concentrations around the boundary of the pinhole defect.
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7.1 Conclusions

7.1.1 Phase Characterisation

The structural and compositional characteristics of five different commercial
porcelain enamel coatings and their component raw materials were examined
using Raman and infrared (IR) spectroscopy. These techniques extend data from
the more conventional analytical methods for characterising porcelain enamels -
energy dispersive X-ray analysis (EDS), inductively coupled plasma spectrometry
(ICP) and X-ray diffraction. Data showed that the enamels and the individual
components investigated were very complex with various amorphous and

crystalline phases.

The XRD and vibrational spectra of frit samples showed that amorphous phases
were dominant. The main compounds of the frits were determined as silicates and
borates. Vibrations (medium broad bands) characteristic of SiO4 tetrahedra (Si-O
and Si-O-Si at 950-1091 cm™), were found in both the Raman and IR spectra.
However, only the IR technique was capable of identifying the presence of B-O
bonds associated with B,O; (as BO; or BO4 units). The XRD data was in
agreement with the vibrational analysis. In all cases, a broad peak at

approximately 30° (20), typically associated with glass dominated the spectra.

By contrast, the colouring pigments appeared to be mainly crystalline. EDS
analysis showed that all the pigments contained Cr. From the IR and XRD

spectra, Cr was detected in many crystalline phases including FeCr,0s, Cr,0; and
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CuCr;04. The EDS, IR and XRD results also showed that all the pigments except
MBAL contained Si in the form of crystalline SiO,.

Vibrational spectroscopy and XRD data indicated that amorphous phases were
present in the fired glass enamel coatings. However, crystalline compounds could
be detected in the amorphous material of the glassy matrix. The dominant
components in the amorphous phase are borates and silicates. These compounds
were identified through the presence of their B-O-Si, Si-O-Si and B-O stretching
modes in the Raman spectra. The presence of amorphous silica was confirmed by
XRD analysis. The surface sensitive ATR-IR spectra of the coatings are
dominated by B-O stretching modes at 1200-1250 and 1408-1480 cm",
suggesting that borates are present at the coating surface. Many of the crystalline
phases in the fired enamel coating detected by XRD and vibrational spectroscopic

analysis including FeCr,O4, CrO; and SiO, matched those in the colouring

pigments.

Raman and IR spectroscopy provide complementary information on phase
compositions and should be used together. For example, Raman data of the
colouring pigment gloss green A did not reveal any distinct bands, mainly because
the laser light was absorbed by the dark pigmentation. However, bands in the IR
(absorbance) spectrum indicated chromite, quartz and amorphous silica, which

could be matched with the chromite and quartz phases detected using XRD.

Raman and IR spectroscopy data, supplemented with more conventional
analytical techniques for porcelain enamels, provide useful structural and
compositional information about porcelain enamels. This can be used to develop
new formulations that will improve porcelain enamel coating performance and

finish quality.

7.1.2 Chemical Resistance

Enamel corrosion can be examined in terms of primary factors such as solid
matter (related to decomposition of the glass network) and secondary factors such

as non-homogeneity of the coating caused by bubbles in the material.
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Composition triangular diagrams were developed by grouping different oxides
together. These diagrams can be used to predict how compositional changes
affect the chemical resistance of the glass matrix. Enamels with higher SiO,
content but similar modifier to R,O; ratios on the SiO,-R,03-R;0 composition
diagram, (for example GBB), have greater chemical resistance because more
compact tetrahedra are formed. These are associated with less modifier ions being

available for ion exchange by hydrogen ions from the acid solution.

Of the enamels tested, the MBA enamel had the least resistance to acid and alkali
attack. The SiO,-R;03-R,0 composition diagram indicated this enamel had
excess R,0; and the lowest SiO, content. Its lower chemical resistance is due to a
less dense structure; the excess Al,Os acts as modifier ions and are easily leached

during acidic attack.

There was no correlation between bubble area over the entire depth of the coatings
and weight loss after acid or alkali exposure. However, there was a general trend
for increased corrosion to be correlated with increased bubble area in the top 20
um of coating. This indicates that that the upper bubble area rather than the
bubble area through the coating depth is an important factor in chemical
resistance. The barrier that builds on the coating surface with time during acid
attack inhibits further ion diffusion and prevents further corrosion. Therefore,

only bubbles in the top region of the coating influence corrosion.

Increasing the silica content of GBA commercial coating from 3 to 12 wt%
increased its acid resistance but not its alkali resistance. However, other
properties such as adherence were adversely affected. Increasing silica from 3 to
7 wt% also reduced adherence rating. The extra silica may have made the coating

too refractory (hard) and weakened the enamel-steel bond.

Increasing HB clay in the coating from 3 to 12 wt% decreased alkali resistance.
This is probably because the alumina content was increased sufficiently changing
its function of network former to network modifier. Adding HB clay also gave
greater adherence than the addition of extra silica. However, the surface

appearance changed and became speckled with darker regions. Increasing both
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silica and HB clay by 3 wt% improved the acid and alkali resistance of the GBA

enamel without adversely affecting adherence or appearance.

7.1.3 Coating and Pinhole Study

Raman microscopy analyses of the crystalline phases present in the GGA coating
and near pinhole defects were used to extend EDS spectral and elemental mapping
information. The Raman spectra of a coating cross-section revealed bands
indicating a-Cr,0; and a-quartz. The EDS elemental profile and mapping
indicated high Fe content on the metal surface to 65 pm into the coating. This is
caused by iron oxide diffusing from the substrate into the enamel coating during

the firing process, and is part of the adherence mechanism.

Raman microscopy cross-sectional studies of a pinhole defect also indicated the
presence of a-Cr,0O3;. By contrast, a-Cr,0; and a-quartz were detected away
from the defect region. The high Fe concentrations detected by EDS below the
pinhole defect were caused by the original bubble opening at the coating surface
and exposing the base metal to oxygen. This increases iron oxidation and

diffusion below the defect region.

Elemental mapping showed similar dispersions of Si and Al throughout the
enamel cross-section. However, Si and Al concentrations increased at the upper
edge of the pinhole defect, indicating that these elements are part of an alumina-
silicate phase. Elemental mapping also revealed the presence of elemental Cr
clusters in small discrete areas of the coating. Greater concentrations of Cr were

found around the margin of the pinhole defect.

7.2 Recommendations for Future Work

Increased knowledge on the structural and compositional characteristics of
complex porcelain enamel glasses will help identify factors that affect corrosion
and wear, which can be used to develop new formulations and/or processes to
replace the current finish technology. Glass formulation has a significant affect

on the corrosion resistance of glass. Further development of composition
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diagrams are recommended to sufficiently explain and predict corrosion from
alkali attack by allowing for the differences between R,O and RO modifiers and

their affect on corrosion.

This research showed that bubble area also affects the corrosion of porcelain
enamels. Bubble structure in the upper zone seems to be the most important.
Further corrosion studies are recommended using only one base composition, and
a standard process but changing the type and number of bubbles in the coating,
and especially in the upper zone. This information would extend the current work

on the affect of composition on the corrosion resistance of enamel coatings.

Further studies are needed to elucidate the corrosion mechanism of enamel
coatings. This will help develop formulations with improved corrosion resistance.
Common methods for quantitatively measuring corrosion are time consuming and
use expensive equipment. It is recommended that inexpensive and easily
performed analytical methods be developed so industry can quantify and/or
predict acid and alkali resistance. The qualitative tests used by most companies

may incur subjective errors and cannot be used for inter-company comparisons.

During firing, iron oxide diffuses from the base metal into the enamel coating and
could affect the mechanical and chemical properties of the porcelain enamel.
Future work could be carried out to quantify the diffusion of iron from the
substrate into the enamel as a function of time and temperature, and determine

how this affects enamel characteristics.

Other studies that could be undertaken to further characterise porcelain enamel

coatings include:

. Identifying the Raman and IR spectral bands associated to the enamel
coatings in this study that could not be easily matched with current
literature.

. Characterising cover coatings and their enamel batch components using

Raman spectroscopy, IR spectroscopy, XRD, EDS and ICP.
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Use of other techniques such as X-ray fluorescence (XRF) and nuclear
magnetic resonance (NMR) to help understand structural and
compositional characteristics of porcelain enamel coatings and their

enamel batch components.
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Boiling Citric Acid Test

The following methodology is taken from the Australian Standard AS 2219.1.4 —

Determination of Resistance of Vitreous Enamel Coatings to Boiling Citric Acid.

(a) Position one panel on the bottom of the test apparatus with the test surface
exposed to the test solution. The top of the cylinder is formed by another test
panel with the same enamel or by a stainless steel panel. Screw down the

three wing nuts to make the apparatus airtight.

(b) Pour 350 mL of the citric acid solution into the socket for the return flow
cooler, replace the latter and switch on the heater. As soon as the citric acid
begins to boil (2 to 4 bubbles per second) adjust the heater control so that the

citric acid solution gently boils during the remainder of the test.

(c) The test period shall be 2.5, 6 or 24 hours, as specified in the relevant product

specimen.
(d) At the conclusion of the test period, empty the test apparatus and after cooling
rinse with distilled water. Remove each test panel from the apparatus and

wipe it three times with a sponge moistened with distilled water.

(e) Carefully remove any packing residues from the edges of test panels and dry
the test panels for 2 hours at 110 + 5 °C.

(f) Cool in a desiccator for 2 hours. Reweigh to the nearest 0.2 mg to obtain the

final mass.

The extent of corrosion is calculated in grams per square metre (g/m?)
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Hot Sodium Hydroxide Test

The following methodology is taken from the Australian Standard AS 2219.1.1 -

Determination of Resistance of Vitreous Enamel Coatings to Hot Sodium

Hydroxide.

(@

(b)

(©)

(d)

(e)

®

Locate the test panels in the protective envelope and position in the test
apparatus with the test surface exposed to the test solution. Screw down the

fixing screws to make the apparatus water tight.

Place the sealed test apparatus in the hot water bath at 80 £+ 0.1°C in such a
way that the frame plates are just submerged. Allow panels to remain for 10
min before filling the apparatus with approximately 320 mL of hot test
solution (80 + 1°C). Allow any air bubbles to escape and seal with the
stopper. Cover the bath to prevent loss by evaporation. The thermostatically
controlled bath should regain the test temperature within 20 minutes.

After 48 hours remove the test apparatus from the bath and pour off the test

solution. Rinse the test apparatus with distilled water.

Remove the test panels from the apparatus and the protective envelope. Wipe
them three times with the sponge moistened with acetic acid and finally rinse

in distilled water.

Carefully remove reside of the protective envelope from the test panels and

dry the test panels for 2 hours at 110 + 5°C.

Cool in a desiccator for 2 hours. Reweigh to the nearest 0.2 mg to obtain the
final mass.

The extent of corrosion is calculated in grams per square metre per day (g/m?d)



Inductively Coupled Plasma Spectroscopy (ICP)

A GBC Integra XL Inductively Coupled Plasma Atomic Emission Spectrometer
(ICP-AES) was used for quantitative analysis of the powdered frits and enamel
coatings. The University of Waikato Chemistry Department performed this

analysis.

The digestions were carried out in 100mL polypropylene beakers, which were

soaked overnight in 2 M HNOs, then rinsed with distilled water and dried.

HF was used for digestion of the glass powders samples for analysis. To each
sample, 14 mL of HF and 6 mL of AR grade HNO; were added. The solutions
were evaporated overnight leaving a residue. 40 mL of 4 M AR grade HNO; was

added and warmed to dissolve the residue and create the digest solutions.

For validation and quality control, method blanks were prepared by carrying them

through the digestion procedure along with the samples.

Samples were analysed in a single batch manually. Between samples the sample

probe was washed with distilled water.

Multi-element standard solutions were used to calibrate each run, and were

prepared in the same final acid matrix as the samples.
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Figure 1 Raman spectra of porcelain enamel coating surfaces.
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Figure 2 Infrared-reflectance spectra of porcelain enamel coating surfaces.
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Figure 4 Raman and infrared spectra of frit A2.
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Figure 6 Raman and infrared spectra of frit A4.
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Figure 8 Raman and infrared spectra of frit B1.
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Figure 10 Raman and infrared spectra of GGA colouring pigment (GGAL1).
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Figure 11 Raman and infrared spectra of GBA colouring pigment (GBA1).
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Figure 12 Raman and infrared spectra of MBA colouring pigment (MBA1).
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Figure 13 Raman and infrared spectra of GBB colouring pigment 1 (GBB1).
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Figure 14 Raman and infrared spectra of GBB colouring pigment 2 (GBB2).



Appendix 4 — Vibrational Spectra

210

Raman
Intensity
(Arb. units)

Infrared
Absorbance
(Arb. units)

Infrared
Absorbance
(Arb. units)

Far-IR

Mid-IR

Raman

T T T T T T T
200 400 600 800 1000 1200 1400

Wavenumber (cm™)

Figure 15 Raman and infrared spectra of silica.
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Figure 16 Raman and infrared spectra of HB clay.
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Figure 18 Raman and infrared spectra of feldspar.
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Figure 19 Raman and infrared spectra of bentonite.
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Figure 20 Raman and infrared spectra of borax.
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Figure 21 Raman and infrared spectra of magnesium carbonate.
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Figure 22 Raman and infrared spectra of calcined alumina.
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Figure 23 Raman and infrared spectra of antimony oxide.
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Figure 24 Raman and infrared spectra of clay for GBB.
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Figure 25 Raman and infrared spectra of mill addition used in GBB.
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Figure 26 Raman and infrared spectra of boric acid.
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1. Visual Examination of Commercial Coatings

Visual (human-eye) examination of the GBA (Figure 1b) surface after exposure to hot
sodium hydroxide (48 hours) exhibited some loss of gloss from etching. The citric acid
solution tested (2.5 hours) gloss coating surfaces highlighted a total loss of all gloss
(Figure 1c). The panel surface exposed to the boiling citric acid vapour (Figure 1d)

exhibited a partial loss of gloss and areas of liquid staining from vapour condensation.
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Figure 1 GBA test panels after exposure to hot sodium hydroxide for 48 hours (b), boiling
citric acid solution for 2.5 hours (c) and acid vapour for 2.5 hours (d). Control=(a).

After 48 hours of exposure to hot sodium hydroxide, the surfaces of GBB panels (Figure
2b) were etched and there was a total loss of all gloss. However, there was no visible
deterioration after the panels had been exposed to citric acid solution and vapour for 2.5
hours. After exposure to boiling citric acid for 6 hours (Figure 2c), the test area was
slightly discoloured but there was no weight loss (see Figure 5.1, Chapter 5). There was
no visible deterioration on the surface of the test panel after exposure to citric acid vapour
for 6 hours (Figure 2d). After 24 hours, the visible change in gloss was greater for citric
acid solution (Figure 2¢) and vapour (Figure 2f) testing. This was also reflected by the

greater weight loss (Figure 5.1-Chapter 5).

The surface of GBC coating, after exposed to hot sodium hydroxide for 48 hours

exhibited a high proportion of corrosion (Figure 3b). The surface has a film, which in
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places has spalled (or etched) to expose underlying layers. There is some loss of gloss
after citric acid solution testing for 2.5 hours (Figure 3c) and slightly more after 24 hours
of testing (Figure 3e). The panel exposed to citric acid vapour for 2.5 hours (Figure 3d)
shows very little deterioration and only slightly more deterioration when exposed for 24
hours (Figure 3f).
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—

Figure 2 GBB test panels after exposure to hot sodium hydroxide for 48 hours (b), boiling citric
acid solution for 6 hours (c), acid vapour for 6 hours (d), boiling citric acid solution for 24 hours
(e) and acid vapour for 24 hours (f). Control=(a).
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Figure 3 GBC test panels after exposure to hot sodium hydroxide for 48 hours (b),
boiling citric acid solution for 2.5 hours (c) acid vapour for 2.5 hours (d), boiling citric
acid solution for 24 hours (e) and acid vapour for 24 hours (f). Control=(a).

The MBA surface, exposed to the hot sodium hydroxide, for 48 hours, exhibits etching of
the top layer (Figure 4b). Many of the MBA samples examined after 2.5 hours of
exposure to boiling citric solution, exhibited a high percentage of the steel substrate, due
to large areas of removal of the enamel coat (Figure 4c). The MBA coating therefore has
little resistance to boiling citric acid. The surface exposed to citric acid vapour showed

some deterioration and water staining (Figure 4d).
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Figure 4 MBA test panels after exposure to hot sodium hydroxide for 48 hours (b),
boiling citric acid solution for 2.5 hours (c) and acid vapour for 2.5 hours (d). Control=(a).

2. Optical Microscopy of Commercial Coatings

This section shows optical microscopy examples of surfaces before and after acid and
alkali corrosion tests. The surface variations for the coating surfaces, using dark field and

bright field illumination, are given in Appendix 4.

Examination of GBA and GGA coating surfaces showed they had undergone similar
deterioration. This was expected because they have the same composition other than

their colouring oxides. Only GBA micrographs are shown in this appendix (Figure 5).

The GBA coating surface shows a good bubble structure before testing (Figure 5b). After
48 hours of exposure to hot sodium hydroxide, the surface exhibited corrosion and many
holes (pores) can be clearly seen (Figure 5h). After 2.5 hours of exposure to boiling citric
acid solution there was a lot of deterioration (leaching) of the enamel coating and the
surface had a powdered glass (granular film) appearance (Figure 5d). The surface of the
GBA sample displayed some micro cracking after it had been exposed to boiling citric
acid vapour for 2.5 hours (Figure 5f). This is caused by tension in the coating from
thermal expansion mismatch (thermal expansion coefficient much higher than the
substrate). There are also regions with a glassy type appearance (presumably silica), as

can be seen in the upper centre section of the micrograph.
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The surface of the GBB coating shows good bubble dispersion before testing (Figure 6b).
After exposure to hot sodium hydroxide, the surfaces of the GBB samples deteriorated
substantially (Figure 6h). This deterioration is also illustrated using bright field
illumination (Figure 6g). The surface of the GBB sample showed little corrosion after 24
hours of exposure to boiling citric acid solution (Figure 6d) and vapour (Figure 6f), and

the bubble structure was still apparent.

The original surface of GBC samples display well-dispersed bubbles (Figure 7b) and
lighter brown coloured phase and darker black coloured areas (Figure 7a). After
exposure to hot sodium hydroxide, the surface had deteriorated and the bubble structure
disappeared (Figure 7h). The centre of the micrograph shows a region of high corrosion
(depressed region resulting from etching or spalling), with a fresh surface exposed
beneath the top surface layer. Most of the corrosion on GBC samples exposed to citric
acid solution (over 24 hours) appears to have occurred where the darker (black coloured)
phase exists (Figure 7d). This region shows a glassy appearance and tension cracks
(Figure 7c). Corrosion has also occurred after 24 hours exposure to acid vapour (Figure
7f), although this is less pronounced compared to boiling citric acid solution tested

samples.

Unlike gloss-type coatings, the surface of unexposed MBA samples is rough (Figure 8b).
The bubbles observed are dispersed more intermittently. All MBA samples corroded
when exposed to alkali or acid. After exposure to hot sodium hydroxide, the surface
became rough and exhibited many holes and pores (Figure 8h). Samples exposed to
boiling citric acid solution had the most corrosion, including areas where the enamel had
been completely removed to expose the steel substrate (Figure 8d). The sample corrodes

when exposed to boiling citric acid vapour but the steel substrate is not exposed (Figure

109).
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Figure 5 Optical micrographs of GBA surface befor
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0 micron

e testing (a) using bright field illumination
(BF) and (b) using dark field illumination (DF). GBA surface after exposure to: (c) boiling citric
acid solution for 2.5 hours (BF) and (d) (DF); (e) acid vapour for 2.5 hours (BF) and (f) (DF); (g)
hot sodium hydroxide for 48 hours (BF) and (h) (DF)
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Figure 6 Optical micrographs of GBB surface before testing (a) using bright field illumination

(BF) and (b) using dark field illumination (DF). GBB surface after exposure to: (c) boiling citric

acid solution for 24 hours (BF) and (d) (DF); (e) acid vapour for 24 hours (BF) and (f) (DF); (g)
hot sodium hydroxide for 48 hours (BF) and (h) (DF).
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Figure 7 Optical micrographs of GBC surface before testing (a) using bright field illumination

(BF) and (b) using dark field illumination (DF). GBC surface after exposure to: (c) boiling citric

acid solution for 24 hours (BF) and (d) (DF); (e) acid vapour for 24 hours (BF) and (f) (DF); (g)
hot sodium hydroxide for 48 hours (BF) and (h) (DF).
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Figure 8 Optical micrographs of MBA surface before testing (a) using bright field illumination

(BF) and (b) using dark field illumination (DF). MBA surface after exposure to: (c) boiling citric
acid solution for 2.5 hours (BF) and (d) (DF); (e) acid vapour for 2.5 hours (BF) and (f) (DF); (g)
hot sodium hydroxide for 48 hours (BF) and (h) (DF).
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3. Scanning Electron Microscopy (SEM) and Energy dispersive X-
ray analysis (EDS)

The severe reaction when the GBA coating surface was exposed to boiling citric acid
solution was examined using EDS in conjunction with SEM. A granular layer was
formed (Figure 9a) and tension cracking also occurred. Some of the regions in the
micrograph show pores, which possibly were bubbles that were exposed to the reagent
hence accelerating the corrosion of the layer in these regions. The micro cracking from

these pores appears wider than those in other régions of the micrograph.

A qualitative EDS spectrum of a section of the enamel coating observed in Figure 9(a) is
given in 9(b). The spectrum displays mainly Si, therefore elements that were present in
the coating surface layer before testing (see Figure 26-Appendix 2) were leached into the
solution during the test. A low magnification (approximately 25x) micrograph of the
GBA coating surface (Figure 9c) shows the granular film or powdered glass appearance
that commonly occurs in severely reacted enamel coatings. Block-like particles due to
micro cracking in the layer can be seen at higher (approximately 2500 times)
magnification (Figure 10a). The spectrum for the composition from the centre particle

(Figure 10a) shows an intense Si peak.

Figure 9(a) SEM micrograph of GBA surface after
exposure to boiling citric acid (2.5 hours).
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Figure 9(b) EDS spectrum showing composition of
region from Figure 9(a).
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Figure 9(c) EDS micrograph of GBA surface at low
magnification (approx. 25x magnification).

Figure 10(a) SEM micrograph of GBA surface after exposure to
boiling citric acid for 2.5 hour using high magnification (approx.
2500x).
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Figure 10(b) EDS spectrum showing composition
of region from Figure 10(a).

High magnification (4000x) of a cross-section of the GBA coating, is given in Figure 11a.
The EDS spectrum (Figure 12b) indicates that the corroded region from Figure 1la
contains mainly Si and some Fe and Zr. Zirconium is used to increase acid resistance, so
its occurrence is not unexpected. Particles from an area in the top of the SEM micrograph
(7000x magnification) of the surface of the GBA coating (Figure 12a) were anaiysed
using EDS (Figure 12b) and found to be mainly Si with small amount of Fe and Zr.

The surface of the GBA coating developed many micro cracks after being exposed to
citric acid vapour (Figure 13a). The deterioration after exposure to acid vapour was much
lower than when exposed to acid solution. The hole in the bottom left of the micrograph

is likely to be a bubble that was exposed to citric acid vapour.

The EDS spectrum of the surface (Figure 13b) is very similar to that of the melted surface
(Figure 26-Appendix 2) and indicates that little leaching of the oxides has occurred, in
contrast to the result from surface exposure to the acid solution. The spectrum (Figure
9¢) of a sample from within the hole shown in Figure 13a indicates very small silica
content, in contrast to the spectrum for the surface, which has a higher silica peak
intensity. The other elements in the spectrum of the sample from the melted surface are

also present in the sample from the hole, but their concentrations have increased.
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Figure 11(a) SEM micrograph of GBA cross-section near surface after exposure to
boiling citric acid for 2.5 hours (approx. 4000X magnification). Square box shows region
where EDS spectrum was taken (see Figure 11b).
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Figure 11(b) EDS spectrum showing composition of region from Figure 12(a).

Figure 12(a) SEM micrograph of GBA cross-section displaying particles near surface

after exposure to boiling citric acid (2.5 hours) using high magnification (approx. 7000X).

Square box shows region where EDS spectrum was taken (see Figure 12b).
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Figure 12(b) EDS spectrum showing composition of particle from Figure 12(a).

Figure 13(a) SEM micrograph of GBA surface after exposure to boiling citric acid
vapour (2.5 hours). Displays micro cracking and hole.
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Figure 13(b) EDS spectrum of GBA surface after exposure to citric acid
vapour (2.5 hours).
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Figure 13(¢) EDS spectrum of GBA hole region from surface,
after exposure to citric acid vapour (2.5 hours).

4. Elemental Mapping

Elemental distribution mapping of the GBA coating after each corrosive test was
performed. The mapped surface, after exposure to boiling citric acid solution (2.5
hours), is displayed in Figure 14.

Figure 14 EDS elemental concentration mapping of GBA surface after exposure to
boiling citric acid solution (2.5 hours).
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The element Si (top right) is displayed in all sections of the remaining coating (that hasn't
disseminated) after the acid solution testing. The voids in that developed in the coating
surface (see micrograph) after exposure to acid appear as dark areas in the Si map. Many
other maps featured intermittent scattering of the elements. The element Ca was widely
distributed over the surface of the sample before it was exposed to acid (for example, see
Figure 6.16), but only small amounts were detected in the corroded samples (Figure 14),

therefore leaching of this element has occurred during the testing.

S. Visual Examination of Trial Coatings

All test panels of variations of GBA (that is, GBI to IV) have a similar appearance
(Figures 15-18). There is surface etching and total loss of gloss in the exposed to citric
acid solution. Panels exposed to acid vapour show some discoloration and water staining
from vapour condensation. Test panels exposed to hot sodium hydroxide also corroded

and lost gloss.
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Figure 15 GBI test panels after exposure to hot sodium hydroxide for 48
hours (b), boiling citric acid solution for 2.5 hours (c) and acid vapour for 2.5
hours (d). Control=(a).
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Figure 16 GBII test panels after exposure to hot sodium hydroxide for 48 hours (b),
boiling citric acid solution for 2.5 hours (c) and acid vapour for 2.5 hours (d).
Control=(a).

Figure 17 GBIII test panels after exposure to hot sodium hydroxide for 48 hours (b),
boiling citric acid solution for 2.5 hours (c¢) and acid vapour for 2.5 hours (d).
Control=(a).
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Figure 18 GBIV test panels after exposure to hot sodium hydroxide for 48 hours (b),
boiling citric acid solution for 2.5 hours (c) and acid vapour for 2.5 hours (d).
Control=(a).

6. Optical Microscopy of Trial Coatings

The surface of GBI enamel coating before testing exhibits a bubble structure (Figure
19b), with a higher density of bubbles in the lighter coloured areas. After exposure to hot
sodium hydroxide solution for 48 hours, the panel is corroded, the bubble structure was
lost, and there are holes in the coating (Figure 19h). After exposure to citric acid
solution for 2.5 hours (Figure 19d), the surface of GBI sample was etched to reveal a
powdered glassy substance (similar to the effect observed for GBA). Surfaces exposed to
citric acid vapour for 2.5 hours display glassy areas with micro cracking, whilst other

areas appear unaffected by the vapour and retain their bubble structure (Figure 19f).

After exposure to hot sodium hydroxide for 48 hours, the surface of GBII samples (Figure
20h) have some holes and there are more light phase regions than on the surface of GBI
(which had an even distribution of the light and dark regions (Figure 19h). The surface of
GBII after 2.5 hours exposure to citric acid solution (Figure 20d) is similar to that of GBI
(Figure 19d), except for the larger voids in the etched surface. The surface exposed to
citric acid vapour for 2.5 hours (Figure 20f) has more micro cracking than occurred with
GBI (Figure 19f). The surface appearances for GBIII and IV (Figures 21 and 22) after
chemical testing are very similar to GBI. The GBIV surface exposed to citric acid
solution for 2.5 hours has larger void regions than the other enamel coating surfaces.

This is reflected in the higher weight loss (and hence greater corrosion).
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60 micron

Figure 19 Optical micrographs of gloss brown I surface before testing (a) using bright field
illumination (BF) and (b) using dark field illumination (DF). Gloss brown I surface after exposure
to: (c) boiling citric acid solution for 2.5 hours (BF) and (d) (DF); (e) acid vapour for 2.5 hours
(BF) and (f) (DF); (g) hot sodium hydroxide for 48 hours (BF) and (h) (DF).
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Figure 20 Optical micrographs of gloss brown II surface before testing (a) using bright field

illumination (BF) and (b) using dark field illumination (DF). Gloss brown II surface after
exposure to: (c) boiling citric acid solution for 2.5 hours (BF) and (d) (DF); (e) acid vapour for 2.5
hours (BF) and (f) (DF); (g) hot sodium hydroxide for 48 hours (BF) and (h) (DF).
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Figure 21 Optical micrographs of gloss brown III surface before testing (a) using bright field

illumination (BF) and (b) using dark field illumination (DF). Gloss brown III surface after
exposure to: (c) boiling citric acid solution for 2.5 hours (BF) and (d) (DF); (e) acid vapour for 2.5
hours (BF) and (f) (DF); (g) hot sodium hydroxide for 48 hours (BF) and (h) (DF).
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Table 1 Average weight losses with time for commercial enamel coatings after surface
exposure to boiling citric acid solution and vapour. (n=6)

Weight loss (g/mz)
2.5 hours 6 hours 24 hours
Coating sample solution  vapour solution  vapour solution  vapour
366.10 16.93 _ _ _ _
MBA +11285  +9.63
67.11 7.07 _ _ _ _
GGA +1335 2241
70.8 5.47 _ _ _ _
GBA +17.92 £2.97
0 0 0 0 3.65 1.24
GBB +048  +0.64
0.79 0.67 _ _ 9.88 5.72
GBC +1.23 +1.11 +431 241

+ = Standard Deviation; - = not tested

Table 2 Average weight loss of commercial enamel
coatings after 48 hours of surface exposure to hot sodium
hydroxide (n = 6).

Coating sample Weight loss (g/m?/d)
GGA 6.15 +1.43
GBA 6.44 214
MBA 26.55 +4.07
GBB 10.41 £0.61
GBC 13.15 +0.87

+ = Standard deviation

Table 3 Effect of adding different mill additions to the average weight loss of enamel coating
surfaces exposed to boiling citric acid solution and vapour for 2.5 hours. (n = 6)

Mill addition increase (wt%) | Weight loss (g/mz) after 2.5 hours

Coating specimen Silcia HB clay Solution vapour
GBA 0 0 70.8 £ 17.92 5471297
GBI 9 0 40.36 £4.26 4.131£0.24
GBII 0 9 64.47 £ 8.69 5.53+£0.26
GBIII 3 3 56.74 £4.73 5.53+2.01
GBIV 5 0 67.98 £4.91 5.02 +0.97

+ = Standard Deviation
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Table 4 Average weight loss of gloss brown A and trial mill addition variation
enamels after 48 hours exposure to hot sodium hydroxide (n=6).

Mill addition increase (wt%) Weight loss

Coating specimen Silica HB clay (g/m’/d)
GBA 0 0 6.44+1.14
GBI 9 0 590+0.16
GBII 0 9 9.50 £0.38
GBIII 3 3 6.96 £ 0.15
GBIV 4 0 5.81+£0.46

+ = Standard Deviation
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