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Preface - third edition

In the past 15 years many discussions have taken place to revise the books written by Dr. A. .
Andrews through various revisions, and I am included among those having suggested such a revision.
We can now celebrate the initiative and efforts of Dr. Silvano Pagliuca and Mr. William D. Faust since this
revision of the original book is now in our hands. The first book, Enamels, published in 1935 and the
revision, Porcelain Enamels, published in 1961, provided an excellent foundation in the technology of
porcelain enamelling; these books have been extensively used all over the world. In the writing of new
Porcelain (Vitreous) Enamel and Industrial Enamelling Processes it was the authors deliberate
intention not to substantially change the original book but to update and expand it with the numerous
developments over the past 50 years. Since 1961 there have been significant changes in enamel/frit
chemistries, enamel application techniques (i.e. electrostatic powder), base metal chemistry and
processing, metal preparation processes, and end-product attributes/requirements. There are an
additional five appendices on new topics of interest to enamellers. This third edition reflects the status
of porcelain enamelling technology in the early 21st century. Over the years this book has been an
invaluable resource for industrial enamellers, frit developers and all students of porcelain enamelling.
Our industry is focused on delivering better porcelain enamelled end-products to the consumer
while improving manufacturing efficiencies and controlling complex production processes. Porcelain
(vitreous) enamelling has progressed as contemporary technologies are employed, new materials are
developed, and superior processes are implemented. The many regional organizations who comprise
the International Enamellers Institute including the Porcelain Enamel Institute, as well as IEI itself,
have been key contributors to the growth of porcelain enamelling technologies by their work to provide
venues for the exchange of technical information and the dissemination of this information to porcelain
enamellers in published literature. This has truly been an international cooperative effort which you will
notice in the English text and in the use of both metric and English units of measurement.

Sincere thanks must also be given to the contributions of the many material and equipment
suppliers, industrial enamellers, engineers, scientists, designers and artists who have helped grow
the application and use of this technology by sharing the results of the development work with their
industry colleagues. Too numerous to mention are the many others within this industry who have made
substantial contributions to porcelain enamelling technology as well as to the many people who have
encouraged and supported the authors in this revision effort. While there is certainly more information
on the topic of porcelain enamelling available in today’s wealth of literature, it is the intention of this
Third Edition, as it was Dr. Andrews’s intention, to put much of it into one book. The readers and users
of this book will greatly benefit from both the historical foundations of porcelain enamelling as well as
from the combined porcelain enamelling experience of the two authors for this revision. Please use this
book as you work in porcelain (vitreous) enamelling and remember that there is a wealth of information
to support you in your daily efforts. Remember to share the book with your co-workers and also share, as
you are able, your new discoveries with your enamelling industry colleagues around the world. Together
we can help keep porcelain (vitreous) enamel developing as an important, valuable engineering material
for new products that will help improve the quality of life for everyone.

For me, it has been a great privilege to have been a participant in this effort and I congratulate the
authors. Porcelain (Vitreous) Enamel and Industrial Enamelling Processes exhibits the diligent
work by Dr. Pagliuca and Mr. Faust in this third edition; and we pay tribute to them for having that
same pioneering spirit as Dr. Andrews.

Cullen L. Hackler
Executive Vice President
Porcelain Enamel Institute, Inc.
September 30, 2011, Mantova
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High temperature electronic enamel use for burn-in board
for integrated circuit packages

Oxidation rate of steel at high temperatures

Can type oven cavity showing areas of maximum flexing and enamel cracking
(areas of enamel cracking correspond to the general location
of the heating sources)

Tension and compression side of coated steel section

Metal core electronic substrate with backing porcelain (vitreous) enamels
to control deflection. Elpor® is a trademark of Heatron, Inc

Reflection of light

Refraction of light

Refraction of a light ray

Dispersion of light by a particle of higher index than the medium
Apparatus for determining gloss and whiteness of enamel coatings
Light emitted at an enamel surface

Diagram showing interrelation of reflectance, reflectivity, and opacity
Reflactance vs. mill additions of opacifier

Cooling curves

Nucleation, crystallization, and viscosity

Effect of P,0, on titania crystallization in enamels

The colour circle

The colour cylinder

Visible spectrum illuminant ¢
Visibility curve for the normal eye
Curves for X, Y, and Z
Chromaticity diagram

Relationship between leachability and time for unstable (curve 1) and stable
enamels (curve 2) in exposure to water and in relation to alkalis (curve 3)

Effect of glass components (composition 2Na,0-65i0,)
on its leachability by water (according to Turner and Dimbleby)

Relationship between leachability of enamel and temperature

Relationship between leachabilityof fluorine enamel and concentration
of acetic acid

Effect of glass components on HCI leachability (after Turner and Dimbleby) . .
The iron-carbon equilibrium diagram

Fe-C Diagram

Fe-C Diagram (detailed area)

The microstructure of ingot iron

The microstructure of mild steel

The microstructure of enamelling cast iron
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The microstructure of enamelling cast iron after the enamel was fired
A cast iron cupola

Dilatation-temperature curves, mild steel
Dilatation-temperature curves, enamelling iron

Sag characteristics of iron enamelling sheets

Cold rolled steel

Hot rolled steel

Steel manufacturing process (First step: making slabs)
Blast furnace raw materials

Blast furnace chemical reactions

Blast furnace chemical reactions

Basic oxygen furnace

The vacuum degasser

Continuously cast slabs and hot strip mill

Hot rolled steel manufacturing process

Pickler

Cold rolled steel manufacturing process

Box annealing

Cold rolled steel manufacturing process (Hot-dip galvanized & aluminized steel). 156
Comparison of sag resistance of selected enamelling steel
Porcelain (vitreous) enamel elasticity evaluation
Porcelain (vitreous) enamel elasticity measurement

Comparison of yield strength of four enamelling steels after firing
at 870°C (1600°F)

Folding and ribbing

Thinning vs. width variation of an elongated sample

Planar anisotropy
Forming limit diagram
Examples of welding joints

Resistance welding
Shielded metal arc welding
Submerged arc welding




Electro-slag welding

MIG welding

TIG welding

Resistance welding

Electron beam welding (EBW)

Geometry. Common welding joint types:
(1) Square butt joint; (2) Single-V preparation joint; (3) Lap joint; (4) T-joint 174

The heat-affected zone

Aluminium industrial grades

Aluminium-silicon state diagram

Alkalinity range of industrial cleaners

Alkalinity and acidity (pH value) of different compound at a given temperature.

ITonization of sodium hydroxide
The effect of buffer solutions
The effect of soap on the surface tension of water

Graphic representation of the action of the soap molecules at the oil-water interface

ITonization of different strengths of sulphuric acid

Flow sheet for preparing the metal for enamelling

Robotic immersion pickling line

Degreasing spray tunnel (outside and inside view)

Flowchart of a chemical pretreatment for steel enamelling
The wear of nozzles

Air consumption, air-power, and blasting time at different pressures
Comparison of %4 - and % inch nozzles at different pressures
Roughness parameters

Two types of rotating paddle wheels

Down draft blasting room

Induction sand blast gun

Abrasive feed for induction type gun

Gravity type sand blast gun

Pressure tank for direct principle blasting

Pneumatic abrasive handling

Mechanical abrasive handling

Water heaters grit blasting booth with rotating lances

Curves for conversion of raw batch to equivalents

Curves for conversion of raw batch to melted composition

Curves for conversion of melted composition to equivalents
Limitations in composition

Dielectric material, equivalent circuit, “Industrial Electrostatics”

Limits for sheet iron cover enamel compositions

XXX




Variations of antimony oxide, cryolite, and fluorspar in sheet iron cover enamels. 313

Typical printed circuit on porcelain (vitreous) enamel, Elpor®
is a trade name for an electronic enamel, Heatron, Inc

Relationship between process firing temperature and self-cleaning temperature

Flow sheet for frit making

Differential temperature curves during heating of enamel raw materials
Cumulative weight loss during heating of raw materials

Rate of evolution of carbon dioxide and oxygen with the furnace preheated
Rate of evolution of carbon dioxide and oxygen with the furnace preheated. . .
Crucible smelter

Hearth smelter

Typical continuous frit smelter

Air-gas pressure relation in a smelter

Rotary smelter

Plan view of an electric smelter

Vertical section of electric smelter

Schematic diagram of an induction furnace with skull crucible

Effect of ball mill speed on milling

Flow sheet for the wet process milling of enamels

Flow sheet for the dry process milling of enamels

The relations of the properties of porcelain (vitreous) enamel slips
with frits of different densities

Irwin slump tester

Typical dry milling process flow chart for ready-to-use
Typical mixing and application process for wet RTU
Surface active material reaction with glass particles
Batch ball mill ready to mill frit for electrostatic application
Milling process for electrostatic frit powders

Leaching of slips in enamel frits

Consistometer curves

Plant type consistometer

Gardener mobilometer

Rotational viscometer

Mobility curves

Consistency curves of non-Newtonian liquids. a-plastic, b-pseudo-plastic,
c-dilatant, d-enamel slip

Consistency curve showing thixotropy behaviour of plastic material
Consistency curve of dilatant material
Consistency curve of plastic material exhibiting thixotropy and dilatancy

Enamel application by flowcoating for stove pipes and built in ovens

Flow sheet for the application of sheet iron and wet process cast iron enamels. . .
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100.
101.
102.
103.
104.
104.1

104.2
104.3
104.4

104.5
104.6
104.7
104.8
104.9
104.10
104.11
104.12
104.13
104.14
104.15A
104.15B
104.16
104.17
104.18
104.19
104.20

104.21
104.22A
104.22B
104.23

104.24

104.25
104.26
104.27
104.28

104.29

Flow sheet for the application of dry process cast iron enamels
Spray gun head

Spray gun patterns

Effect of the length of the hose on the pressure

Effect of the atomizing pressure on the liquid pressure

Electrostatic spraying with automatic guns and an example
of a control system panel and an electrostatic dry powder gun

IMlustrates the forces on enamel particles during the application process
Back ionisation phenomena

IMlustration of faraday cage phenomena and an approach to improve
the application inside a “concave” area

Schematic representation of particle size distribution of an enamel powder
Typical enamel powder particle size distribution, laser granulometry
Adhesion measuring equipment

Influence of resistivity on powder adhesion versus time

General effects of ambient humidity on spraying properties

Influence of temperature on application parameters of powders
Influence of resistivity on spray rate of powders

Fluidisation of an enamel powder with varying air volume or pressure
Sames AS 100 fluidity meter

Influence of air fluidisation and fluidity on spraying

Psychrometric diagram

Hygrometric diagram

Schematic of spraying equipment

Overview schematic of powder spraying operation

Typical industrial spraying line

Parameters of gun positions and operation. After Gwaltney

Overlapping pattern of gun spraying to achieve good overall
powder application. After Gwaltney

Industrial method of coating closed tank water heaters
Wet spraying, horizontal configuration
Dry powder spraying, vertical configuration

Magnified view of CO, laser marks on titanium white enamel surface
(100% Pulse, 60% Speed)

Schematic of an anodic deposition tank for electrophoretic
application of enamel

Cathodic deposition of porcelain (vitreous) enamel coating
Diagram of EDE application system
EPE Process at Miele & Cie

Substrate parts supported along cut edge (left) and hanger showing
contact points and insulated hanger rod with exposed contact points

Bath constructions with stirrer, the work piece is shown on the right hand side . .
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104.30  Two types of membranes for removing liquid from tanks
104.30A EPE-System: Simplified schematic of electrodeposition stages
104.31  Adherence mechanism - Enamel firing curve

104.32  Adherence mechanism - Stage 1, support oxidation

104.33  Adherence mechanism - Stage 2, iron oxide stabilization

104.34  Adherence mechanism - Stages 3 and 4, support corrosion
and dendrite formation

104.35  Enamel cross-section showing typical ground coat adherence
at steel-enamel interface after firing

104.36  Solubility of hydrogen in pure iron

105. Ground coat firing

106. Cover coat firing

107. Flow sheet for firing sheet iron enamels

107.1 Flow sheet for dry and wet ball milling of sheet steel enamels
108. Flow sheet for firing wet process cast iron enamels

109. Flow sheet for firing dry process cast iron enamels

110. Early full-muffle box type German furnace

111. Semi-muffle box type, gas or oil fuel

112. Intermittent-fired box type, gas or oil fuel

113. Modern box type muffle furnace with V-bottom

114. Modern muffle type with heat reclaimer

115. Modern sanitary ware furnace

116. Floating flue type

117. Electric box type furnace

118. Circular slotted-roof type and circular hearth-conveyor type
119. Designs for modern continuous furnaces

120. Modern U-type continuous furnace

121. The air curtain in a continuous furnace

122. The air seal

123. A section through the firing zone of a continuous furnace
124. The floor-conveyor type furnace

125. Elevation of furnace for controlled-oxidation process
125.1 Humpback configuration

125.2 Dog leg configuration

1256.3 Double dog leg configurations

1254 Casablanca air circulator

125.5 Skew radiation shielding

125.6 Burner system with recuperator for capturing exhaust heat for pre-heating
combustion air

125.7 External heat exchanger
125.8 Fuel air ratio for natural gas firing

125.9 Ratio control system with automatic programmed controls
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Typical computer controlled furnace system

Convection enamelling furnace firing alimunium cookware
The fusibility of sheet iron ground coats in °F

The effect of fluorides on the fusibility of sheet iron cover enamels (°F)
Cones fusion test

Button cylinder test

Mould for test specimens - Method A

Fusion flow rack

Details of mould for test specimens - Method B

Fusion block

Temperature curve for maximum heat absorption test
Comparison of fusion methods

Plan for a firing test of a sheet iron ground coat
Interferometer equipment.

Schematic diagram of Orton dilatometer system

Coefficients of thermal expansion for steel and a typical ground coat
porcelain (vitreous) enamel

Data developed by the Orton model 1000D dilatometer
The heating microscope, MISURA 3
Typical heating microscope curve recorded by MISURA 3

The thermal story and the fingerprint of the glass in term of Sintering,
Softening, Sphere, Half Sphere and Melting Points. ........................ 561

Extensometer

Relative emissivity in infrared range for various coating materials
Diagram of absorption and emissivity

Reflectance curves

Solar selective coating of indium oxide doped with tin oxide on a
ground coat showing solar thermal properties

Glassy material melt viscosity model

Relationship between change in log viscosity of glass and temperature
Relationship between change in log viscosity of glass and working ranges
Wetting of solid body by melt

Equipment for determining wetting angle

Specimen for sag test

Sag test data.

Diagram representing top view of specimen in clamped position
and showing locations of clamps and of lines traversed by gage. ............. 582

Enamel colour and opacity values

Diagram of multipurpose reflectometer

Measuring unit for the photoelectric reflection meter

General Electric Company, automatic recording spectrometer
Hue circle — CIE X and Y values of colour space
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Diagram showing numerical values assigned on R,, L, a and b scales
Colour difference exposure unit

Pinholes

Method for preparing cross sections

Crack patterns

Electron micrographs of anatase and rutile crystals

Two coat/one fire enamel interface showing possible surface
contamination resulting in gas evolution and surface reaction material
being drawn into the enamel layer

The elemental composition of specific areas of a micrograph is possible
with the Energy Dispersive Spectroscopy associated

with the Scanning Electron Microscope

Impact test machine

Typical impact failure

Drop weight adherence testing devices

Typical bonding range of two coat/one fire enamel on low carbon steel
Assembly drawing of deforming press

Detail of deforming die. ............... . 623
Sectional assembly drawing of adherence meter

Detail showing exposed metal for ground wire connection

Chart showing increase in the percentage confidence that a difference
between two determinations is not due to chance fluctuations, with increase
in the ratio d/e', in which d is the difference and e'the statistical error
in the determination of d, as described in the text

Plate test apparatus

Pull test

From photograph of the paths of the steel ball on an enamel specimen,
after inking. Ink was retained where the ball penetrated the surface

and gouged out the enamel. Each stroke was made at constant load,

and a definite load increment was added between strokes, from left to right . ..
Diagram of apparatus for making the gouge test,

showing schematically the electrical connections

Enlarged diagram of the results of a stroke by rolling the steel ball
under load, causing gouging out of the enamel over approximately 60
per cent of its path. Shaded areas in upper view indicate gouged-out
sections of the path of the ball. Vertical lines in lower view represent
specified positions of cross hair in microscope, for measurement

of the length of gouged-out sections

Combined results of several series of strokes in gouge tests made
on single enamel. Increase of per cent gouge with the load
on the ball follows approximately a “normal” S curve

Chart showing increase in the percentage confidence, that a difference
between two determinations is not due to chance fluctuations,

with the ratio d/e', in which d is the difference and e' the statistical error
in the determination of d, as described in the text

Deflection machine




Diagram showing standard torsion specimen
Sketch showing method of measuring width of formed specimens
Plot of torsion data shown in table 70

Flexure data showing load at yield point versus enamel thickness
or metal thickness

Flexure data on strength-weight considerations of Figure 172.
Load at yield point per unit weight plotted as a function of enamel
thickness or metal thickness

Schematic diagram of “GE” thickness gauge

Principle of the pocket sized thickness gauge

Flow sheet of test procedure for classification of treated specimens
Boiling-acid resistance apparatus

Punch and die for cutting out test specimens

Position of test units of boiling-acid resistance apparatus on hot plate
Change in dielectric constant with increasing temperature

Change in dielectric constant with increasing temperature for ground coat,
low-alkali borosilicate glass, and fused silica

Change in dissipation factor with increasing temperature for ground coat,
low-alkali borosilicate glass, and fused silica

Relationship between temperature and specific volume resistance of enamel.
(1) titanium, (2) fluoride, (3) antimony

Operational defects 1

Operational defects 2

Recative defects 1

Recative defects 2

Conventional wet enamels-procedural (process) defects
Electrostatic dry powder enamels-procedural (process) defects
Cast Iron 1 - Reactive defects

Cast Iron 2 - Reactive defects

Aluminium 1 - Procedural defects

Aluminium 2 - Procedural defects

Aluminium 2 - Reactive defects

Back emission defect

Bisque damage in white porcelain (vitreous) enamel 2 coats application
Blisters/boiling (cast iron)

Blisters (sheet steel)

Burn off- Direct on application

Burn off defect (ground coat)

Burn-off defect [Electrostatic porcelain (vitreous) enamel]

Burn-off defect (Metallographic cross-section 1)
Burn-off defect (Metallographic cross-section 2)
Carbon boil defect




Carbon in enamelling steel (Metallographic cross-sections)
Black speck

Black specks micrographs

Contamination by soil

Contamination by pre-treatment residues

Contamination by furnace scale

Micrographs of furnace scale contaminations

Black specks enclosed in a yellow halo

Multiple copperhead defects

Copperhead defect metallographic cross-sections

Crawling and tearing

Faraday cage defect

Fishscale “shiners”

Large fishscale defect

Micrographs of small fishscale defect
Grease mark defect

Grizzle (gasatura)

Enamel bubbles structure

Gun spit defect

Hairline defect

Micrograph of a hairlines defect
Chipping-off (Jumping) defect
Lamination defect

Micrograph of steel surface lamination defect
Micrograph of steel surface scratch defect
Lumps defect

Metallization defect

Orange peel defect

Pin hole defect

Poor adherence

Poor electrostatic powder adhesion defect
Enamelled steel pop-off defect

Enamel sagging defect

Micrograph of eggshell/pimply defect

Shore line defect.. . . ... .
Spalling defect (Cast iron)

Spalling defect (Sheet steel)




Star mark defect

Substrate damage defect

Scratch in the steel surface defect

Water lines defect

Water stain defect

View of the hydrogen permeation measurement apparatus
Permeation equipment

Permeation measured with Devanathan instrument compared
with permeation measured with the new apparatus

D calculated with time lag method
Example of fishscale defect developed by electrochemical process

Experimental curves and model fitting.
Numerical fitting of permeation curves: Ti steel

Glass Young’s modulus

A stress—strain curve typical of structural steel
Ductile materials stress-strain curve
Stress strain curve for brittle materials

Typical hardness range on different scales of porcelain (vitreous) enamels
(Shown as horizontal band)

Single ended radiant tubes

“W” radiant tubes

“P” and “Double P” radiant tubes

“P” radiant tube enamelling furnace

“S” and “Double S” radiant tubes

Enamelling firing furnace with double S radiant tubes and metal flue

Sketch of enamelling firing furnace with double S radiant tubes
and metal flue






