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ABSTRACT

An investigation into the devel opment of sheet steel
groundcoat enanel from local raw materials was carried out.
These | ocal raw materials included: fel dspar, quart z,
magnesite, whiting, baryte and nanganese di oxi de.

Several formul ations were made. a the five
formulations that yielded best performance properties,
enanel B had the highest local input of raw materials of 84
percent, followed closely by Dwith 78 percent, then A wth
71.5 percent, C with 68 percent and finally E wth 64
percent. Borax or boric acid constituted about 95 percent of
the forei gn input.

The raw materials were snelted and fritted using the
quenchi ng nethod of fritting. Conplete fusion of batch raw
materials was attained after 1.5 - 3 hours. Enanel E had
the lowest maturing tenperature of 1080°C, followed by A
with maturing tenperature of 1115°C, C and D had 1150°C
maturing tenperature while B matured at 1200°C.

The enanels were applied on |ow carbon sheet steel test
pi eces. Firing was carried out at 840°C - 880°C for 4 -12
m nutes. Firing at the higher tenperature range for shorter-
time yielded better performance properties than at |ower-
tenperature range for longer tine. The enanel ed sanples
were tested for fundanental performance properties. The

coating thickness varied from 0.40mm - 0.48mm
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Wen heated and quenched for eight successive
temperatures of 170, 175, 180, 185, 190, 195, 200 and 205°C,
the enanel ed sanpl es showed no signs of crazing, flaking off
or cracking. When exposed to a 10 percent solution of
citric acid for 15 mnutes, enanels B, D and E showed no
damage in appearance and relative cleanability while A and C
failed this acid resistance test. There were no resultant
damage to the enanel coating when subjected to inpact test.
The order of gloss and desired colour is:

E>A>D>C>B
Wien conpared with industrial standands 1; and 1|, all the
formulati ons A, B, C D, and E vyielded successful

performance properties but enanel E proved nost successful.
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CHAPTER ONE

1.0 INTRODUCTION

Enamel is defined as & vitreous or glassy inorganic
coating bonded to metal by fusion at a temperature above
4300C (Lee(1%4é1)). A coat applied directly to the base metal
is called the groundcoat which functions as the intermediate
layer between the metal and the cover coat which provides
the final surface. Into the maKing of enamel goes such
materials as Ffeldspar, borax, quartz, flourspar, kaolin,
magnesite etc. These materials are wusually Ffritted to
render soluble materials insoluble, reduce the toxicity of
toxic materials, reduce excessive shrinkage during firing of
enamelware and to attain better and more uniform colours,

Enamel frits used in enamelware industries in Nigeria
are mainly import. The problem imposed by inadequate foreign
exchange in recent years has affected the enamelware
industry very adver<sely with a concsequent increase in the
prices of the enamelwares, The demand for enamelwares both
for domestic and industrial purposes has been on the
increase annually. The availability of steel resources
(iron ore) and the presence of <teel plants as the Delta
Steel and the Ajackuta csteel plants and numerous steel
rolling plants favoured the choice of steel as a base metal

for both domestic and industrial applications in Nigeria.
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The demand for enamel coating because of its highsr
protective and decorative quzalities over ordinary arganic
coatings for stee) and the high foreign exchange spsnding on
enamel frits - combined to z=timulate the search for local
szourcing of the enamel. The obi=ct being to replace most of
the ingridients in the zname)l Ffrits with locally available
substitutas,.

Thiz investigation is aimed at determining these local
raw materials suitability for groundcoat  snameld frit
production and determining their pesrformance properties. In
this report, literature on groundcoat enamels and the local
raw  matsrials are reviewed. The general groundcoat
application tYtschniques and matal preparations are alzo

presented.




CHAPTER TWO

2.0 SURVEY OF LITERATURE

This zsurvey of literature contains an up—-to date
documentations of the origin and past works on enamels and
especially sheet steel groundcoat enamels, This includes
historical background, economics and uses, classifications,
composition and raw materials, milling, metal preparation,

enamel properties, defects and controls.

2.1 Historical Background

Enamelling is an old art which dates back to the 4th
century B.C. 1t was perhaps first practised by metal
workers in Asia and Europe for the purpoze of covering
silver or copper jewelry with colonred enamels, The first
commercial enameling of sheet steel and cast iron was

accomplizshed in 1850 in Germany and Austria (Leed(iF&1)),

Porcilain - enameled metal art objects have been
identified with early civilizations in the middle East,
specifically in the Mediteranegan area and the Orient. It is

believed that the Knowledge of techniques for creating
decorative porcelain enameled objects was passed from one
Medi teranean group to another. The Egyptians, Greeks,

Romans, Spaniards and Arabs practised this art.



2.2 Uses and Economics

Porcelain enamel as a coating on metal performs many
important functions. It protects the metal against
corrosion, decorates the metal and resists the attack of
alkalijes, acids and othesr chemicals. It is a sanitary
coating importing no odour or taste. Porcelain snamels are
used to provide readily cleanable surfaces and to provide
zpecial effects 1like electrical, optical and chemical
effects.

Because of its sanitory aspects, its protective and
strengthening function to the metal, and its decorative
character, porcelain enamel has been genersally adeopted as
the most suitable material for bathtubs, laundry appliances,
ranges, sinks and refrigerator liners. The decorative and
corrosion-resistant aspects of this coating have led to its
many wWses in architectural applications. Because of
extremely low porosity and resistance to chemical attack,
the enamel has found  widespread use in the dairy,
pharmaceutical, brewing and chemical industries. FPorcelain
enameled tanks and vessels made of heavy - gauge sheet steel
or cast iron are commonty wused in these industrial

applications,



2.3 Clazsification for Enamels

Enazmels can be classified in a numbepr of ways Common

classifications (Dthmer (1245)) are as follaws:

t. According to Function:
- Groundcoats;

- Cover coats;

2 According to Service:

- Acid resistant;

Alkali resistant;

1

Hot water resiztant;

Chemical resistant;

1

Abrasion resistant;

Electrically resistant;

- Thermal zhock resiztant;

3. According to Composition:
- Alkali borosilicate;
- Titannias
- Lead-bearing;

- Leadless enamels;

Fhosphate;



4, Adccording to Metal Trpes:
- &hest 3z3teel (low carbon, epameling iron,
enameling shteel

- LCast iran;

1

Aluminium;

- Copper, goid, =2ilverj

Stainless steel}

5. According to Decorative Charzcter:
- Clear;y

~ Colored;

{

bihi teys
— Stipplead;
- Matte

- Glossyy

Semi~Mattey

- Beading;

4. According to Opscifying Material:

= Titaniag

Zirconiaj

- Antimony Oxide;

}

Mol ybdanum

7. According to Method of Application:?
- et process;

~ Dry processy
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According to Trpe of Froduct:
- appliances;y
~ Cooking utensils;
- Sanitary ware;
~ Chemical equipmenty
= Jewelry;
- AaArchitectural panelss
- Signs;

-~ Hot - water tanksg

7. gecording to Firing Temperature:
~ Mard/high fire (545-2380°L73
- Medium temperature (800-8452573

~ Low temperature ¢ 730-800°°7 ;

2.2.1 Classification of groundcoat enamels

According to Martin (1973, porcelain enamel

groundcoats are primarily of three types:

1.

Sheet cteel groundcoats which are smelted

-hcrasilicate glasses with cobalt, nickel and

manganese oxides present for adherence.

The cast iron wet process groundcoats which are
ﬁsua1ly semi-vitrecus in nature,

The dry procesz cast stush groundcoats which are
smelted borosilicate glasses without or with =
minimum of cpbalt, nickel or manganese as adherence

promoting oxides in the smelt.



2.3.2 Claszsification of sheet steel groundcoat snamsls

The various types of shest stee) groundcoxts fal) into
several categories based wupon maturing temperaturs  and
method aof wuse (Martin (12732). That s whether thz
groundcoat is fired at a higher temperature and aor longs-
time than the covercoat or whether it i3 uszed as a “high
speed’ groundcoat in which the groundcoat land covercoat ars
fired in the samee timsz-temperature cyrcie.,

Many of the current production steel groundcocoats 372
fired eithar at a higher temperature or a longer time than
the cowzrcoat. In a2 large number of plants however ancd
particularly those whiczh have only one continuous furnacsa,
the groundcoat is fired in the =ame time-temperature crcia
as the covercoats, This type of operation requires oz
so-called high speed 3roundcoats which must fire out at a
relativaly L tempzrature i E} short time cyclz,
Groundcoats of this t-pe in addition to being fast firing3,
muszt not =zag, boil or blizster when refimed at their medizn
burning temperature when the cover coat or covercoats am=2

applied.

2.4 Enamel Compositicn and Raw Makterials

Enamels can be formulated with a wide range of physical
and mechanical propsrties including 3 good degree of
hardness and exceltent chemical resistance. The basic
ingredient of all snamels 1z =2 glass or +rit made .p

primarily of inorganic compounds or minerals,



The compositions of the ground and cover coats differ.
The combinations used depend on the specific application.
When the ware is to be subjected to temperature variations,
the metal will expand or contract, In such applications,
both the ground zand covercoats must have cosfficients of
thermal expansion or contraction similar to that of the base
metal.,

The basic materials used in enamels may be clazsified

into six major groups:

1. Refractory materials eg. silica or Kaoling

2. Fluxing materials eg. lead oxide, zinc oxide,
borax, soda ash, cryolite, fluorspar etc;

3. Opacifiers eg. tin oxide, antimony oxide, sodium
antimonate, zirconia, titania etc;

4. Colouring oxides eg. oxides of cobalt, copper,
iron, nickel, manganeze etc)

S. Floating agents eg. clay, bentonite, gums,
ammonium alginate =fc;

4. Electrolyters eg. magnessium carbonate, borax,
sodium nitrite, potash afum, soda ash, ammonium
carbonate, sodium aluminate, calcium chloride,
magnesium chloride, epsom salts =stc.

Since porcelain enamels are substantially glassy
coatings, the composi tion is based on glass-forming
ingredients. The principal glass formers are By03, Si0jp,

and P;0s. Other glass formers such as BeD,, Asz03 are
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impart wunusual properties for enamel glasses. Phoszphate
glasses although low melting and commercially economical are
generally not sufficiently resistant to alkali attack.

While it is difficult to describe the zpecific action
of each ingridient in the porcelain enamel composition, some

generalities csan be exprezsed as follows:

1. An increase in 5i0, content increases firing
temperature and acid resistance and lowers the
expansion coefficient.

2. An increase in alkali content decreases firing
temperature and acid resistance and raises the
zxpansion coefficient,

3. AN increaze in the Als05 and Zr0,
content increases alkali resistance.

Most sheet steel groundcoat enamels are cobalt bearing.
Table | shows typical compositions of cobalt blue groundcoat

ename]l for zheet iron and steel (Lee(l1%51)),
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Table 11 Compositions of Cobalt Blue Ground-ooat Enamel

for Sheet Iron snd Steel

Ingridients Batch Weight Percent

1 2z 3 4 5 & 7

Feld=zpar 245.3 20.7 27.1 22.0 20,3 22.0 3I=2.5
Bor ax 35.4 £5.2 20.0 a20.0 39.5 az.g9  37.4
Auar-tz 14.48 19.8 20,35 27 .0 22.5 o0 17,2
Soda aszh 2.4 &4 7.8 5.0 5.0 &,0 5.4
Soda niter - 5.0 5.0 4,4 4.7 2.3 -
Fluorspar 5.3 7.9 &. 10 .0 4.0 3.0 3.9
Red lead ~ - - - - 2.2 -
Cobalt oxide 0.2 0.4 0.5 0.4 0.4 0.2 0.3
Manganesa

axida .4 .3 1.2 2.0 1.0 .5 0.5
Mickel oxide - - - 1.0 0.4 - -

2.94.1 Nigerian enamel ray materials

The MWigerian gnamel industry development dependes on an
abundant =suppty of raw materials. MNigeria is blessed with a
Yarge nuymber of mineral rezaurces for the enamel industry» as
presented in Tabkle 2, Figure A2 of Appendix F its the

mineral resources develolpment map of Migesria as reprodyced
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from GSN (1?237). Some of the raw materials are in mere
existence as they are not capable of being worked
economically at least for now. The profitability of the
mineral deposits depend upon the cost of winning, treating,
transporting and marketing the products upon the price they
command in the markKet and upon the degree of support or
protection afforded by Government through trade and taxation
policies.

ODistances in Migeria are great, railwars are few and
road transport is expensive. This has a serious effect on
the development here of low priced minerals which cannot
sustain large charges for handling and transport,

The chemical minerals which are important in enameling
industry include salt and brines, borax, nitrate, sodium
carbonate, potash, sulphur, calcium and magnesium oxides,
Sulphur is perhaps the most important chemical mineral but
unforttunately, occurence of native <sulphur has not been
reported in Nigeria GSN («{%37). Salt is wused in the
manufacture of industrial chemicals 1ikKe =soda, <sodium
bicarbonate, caustic soda etc. However, the few indigenous
zoyrces of =alt are by no means sufficient for the country’s
needs most of which have to be met by imports.

Much of the country has already been examined by
geologists but s would be premature to say that there are

na further deposits of useful minerals awaiting discovery.



Table 2: MNigerian Ename]l Raw Materials

Raw Material Function Location
Baryte Flux (Cross River),(Benue),(Gongola),(Plateau),(Anambra)
Beryl Flux (Plateay), (Kwara)
Bizmuth Flux (Plateau), (Benue)
Clay Refractory Jos(Plateau), “ankara (Katsina),(Sokoto),(Bongola),
(Anambra), (Imo), (Ogun), (Ondo), (Bendel).
Feldspar Refractory Egbe-Okene (Kwara), Dshogbo, Ijere (Dndo)
Gwoza (Borno), Abeokuta, (Gongola)
Fluorite Flux Afu hill (Plateau), Akwana-Arufu (Benye)
Glass Sand Refractory/ Enugu, Port Harcourt, Ughelli, llLagos,
Glass former (Imo), (Ondo)d.
Tron Stone Colourant Mt, Patti (¥wara), Agbaja, Birnin Kebbi,
Igala area, Udi hills (Anambra).
Kyanite Refractory Sabon Birnin Gwari (Kaduna)
Lead Flux Zurak, Abakaliki, {(Plateau), (Benue),
(Gongola), lzon (Niger).
Limestone Flux Mkalagu, Calabar, Ukpila, Ewekoro, Yandev,
Sokoto, Ashaka, Jakura.
Manganese Flux Itobe (Benua), Elebu (Kwara), Burum (F(T),
Igbetti (Oyo), Tsa-Kasinta (Gongola).
Manganese Colourant Calabar, Zamenda, Zaria-Funtua.
Mica Refratory Kabba-Egbe (Kwara), Calabar.
Holybdienite Cpacifier/ (Kwara), ‘Benued, Bendel), (Niger),
Acherence
Phosphate Glass former Abeckuta, (Ogun), (Imo), (Sokoto), (Bendel)
Ouartz Refractory Okene, Oshogbo, liero, Gwoza
Salt Discolorizer  (Benue), (Anambra), (Imo), (Cross River),
(Plateau), (Sokoto), (Gongola), (Bauchi).
Sillimanite  Refractory Ibadan (0y0)
Soda Ash Flux Tula, Geidam, Yusufari, Manga (Borno).
Tatania, Cpacifierr Jos and other Nigerian alluzal concentrates

Thorium Zircon
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Table 37 Summary of Chemical Composition of Major Local Raw Materials

Dxide Lomposition ()

&/No. Material Siﬂz Alzﬂa Fezna Cal Mol Kzﬂ Lol
i Feldspar
(Dkene) £3.5 18.% 0.20 b4 13,3 0.
2 Quart:
{Dkene) 9.7 0.2 0.1 0.}
2 Llay 44,5 2B, &4 Kil 1,30 18.7
(Kankara
4 Magnesite 4.7 1.0 b.5 3.5 424 4B.4
(Tsa
Kasimta)
9 Whiting
{Jakura) 1.17 0.42 D.14 94,79 0.84 2.6%
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2.5 Smelting and Fritting Operation

Soluble materials are not suitable for direct addition
in the enamel mixture but must be rendered insoluble by
incorporating them in an insoluble glass refered to as frit.
Fritting also renders toxic materials less toxic, reduces
excessive shrinkage during firing of the enamel-ware and

helps to attain better and more uniform colours,

2.5.1 Fritting rules

As an aid in the proper compounding of frits, certain
empirical rules have been derived which are helped in the
proportioning of the enamel ingredients. The rules only
serve as a guide as it is possible to prepare satisfactory
frits which violate one or more of the empirically derived
fritting rules., The necessary fritting rules as summarised

by Permelle (1273) is as follows:

1. The ratio of the RO group to the ROz should be between
1:1 and 1:2. This is to assure the ready fusion of the

frit.

2, The ratio of the alkalies in the RO group to the rest
of the members in the RO group should not be more than
1:1. This is to make certain that the +frit is

insoluble, The alkali content makes the frit soluble.
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3. The ratio of the B503 to the SiO; should bo no greater
than 1:2. This s to assure that the frit is

insoluble.

4, The alumina content of the frit zshould not exceed 0.2
equivalents, This s to zid in ready fusion of the

frit.

In most frits, it is desirable to have a2t lezst 0,095
equlvalents of alumina as it usuaily brings about a

better balanced frit.

2.5.2 Fritting procass

In fritting, the raw materials are weighed ocut and
mixed thoroughly in a ball mill or mixing mill, There are
different techniques wused in fritting a mixture. Two

me thods suggested by Lee (1741) are:

{. Drip frit furnace

2. Quenching;

When =mall batches or experimental batches of le2ss than 45
Kilograms are to be prepared, they can be melted in a
crucible type furnace, This is kKnown as the drip Frit
furnace procedure,. The crucible is generally made of
fireclay with a s=mall hole in the centre of the bottom. The
crucible s set in a =mall pot furnace. bihen heat 1is
appiled to the outside of the crucible, the material insids

gradually melts and runs out through the bottom hole. As
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the mixture melts, additional raw stock is f=d into the
crucible. The melted material is collected in a water -
filled «container placed underneath the crucible, An
alternative method iz to use the zame type of furnace, melt
the whole batch in a solid crucible, remove the crucible and
pour the molten frit into water. Thiz iz called quenching.
The principal purpoze of quenching is to make the frit more

‘Fl‘l?bte.

In commercial #ritting of large quantities, pot
furnances or rotary smelters are used. This can be periodic
but in mozt cases it is a continuous operation. The frit
batch is fed in at one end and the melten frit flows out and
into water, It is then dried after which it is ball milled
to the desired particle size distribution, Decomposition of
materials, gas ewolution and solution of decomposed
materials occur during fritting, <(Dthmerd{1245). Figure 1

zhows operational sequence for fritting operation.
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2.4 Milling Operation

The frit 1= a friable material easily reduced to =mall
particles by a ball-milling operation. The breaking up of
the glass frit into =mall-sized particles is carred out
either wet or dry (Othmer(1245)). Dry powders are uszed for
the dry process cast iron enameling. Dry powders are alszo
prepared and marketed for the subsequent preparation of
zlurries and =lips wuse2d in the wet process zpplication

techniques,

For shest-zteel znamelling, the porcelain snamsl frit
is ball-milled with clay, certain electrolytes and other
mill additions and water to form a stable zuspenzion. Thisz
clay— spported slurry of small frit parctiles is called slip
and has a consistency s=imilar to that of a3 thick coffee
cream (Dthmer (1%245), The ingredients comprising the mill
batch are carsfully controlled, The amount and purity of
all materials in the mill including the clay and water
affect the rheological character of the slips as well as a
number of properties of the Ffired enamel such as acid

resistance, reflectance and gloss,

Ball mill grinding is accomplished with porcelain or
high=-alumina balls 1.27 - 5.08cm in diameter. Ball size,
mill spesd, mill charge and ball charge are important
parameters in determining the optimum milling time required

for optimum size distribution in prepared slip. Groundcoat
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enamels ares ball-milled to a fineneszs of 95 percent of
zolids zmaller than 0.0074cm <200 mesh). Covercoats are
ground finer to %38 percent of solids finer than 0.0044cm

(325 mesh) (Dthmerd{l1%45)).

2.4,1 Mill room practice equipment

The following pieces of equipments are wused to

accomplished milling (pemcoll1%41)):

| Ball mill with dense, non-porous spherical poreczlain
balls.

2, Pestle and mortar for 2xperimental batches

3. Scales - it is advisable to have an accurate grain and

or gram scale for measuring very =small or experimental

quantities,

4. Screens are provided for zcreening enamels beforse use.
Mechanical secreeningy devices are far uperior to

stationary s=creens,.

3. Magnetic seperators - permanent magnet or electric
magnets.
2.4.2 Milling criteria

Pemco (1%461) recommended that the ball charge zhould
always be Kept at S0-55 percent volume of the mill for the
most efficient milling. One~-half of the balls should be

S5.08cm in diameter and the balance of the balls should be
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2.54 - 1.27cm in diameter. Worn down balls should be
replaced. The water content of the mill should be carefully
controlled as excess or insufficient water increases milling
time. The mill should be charged to the rated capacity as
increasing the frit charge increases grinding time while
decreasing frit charge causes excessive wear on linning and
balls.

Table 4 shows the mill speeds for given diameters of
mills as recommended by Pemcao (175810, Reduced =peed
decreases efficiency of milling while excessive speed is

disadvantageous.

Table 4: Mill Speed for Given Diameters of Mills

Incside Diameter of Milldicm) R.p.m. of Mill
228.40 17
182,88 20
152.40 23
122.00 25
?1.44 30
76,20 35
41.00 35
45.72 40
20.50 a0

Laboratory Jar Mill S0-40




Mill zhould be charged up to threse—-quartsr mark with
frit and other mill additions. Materials are weighed with
an accuracy consistent with the volume of material being
added. Materials are generally zdded to the =mill in the
following order: oxides and or opacifizrsz Ffirst:
electrolytes; clayy frity and finally water,

Fineness of the milled enamel i3 controlled by the
grinding time while zpecific gravity is controllzd generally
by water content of the slip. After the mill has run the
proper number of revolutions or for the propsr length of
time, a sample of enamel is removed and tested for fineness,
[f this test zhows that the ename)l is =till too coarse, the
mill should be run until it tests to the required fineness.
Table S5 shaows the characteristic of fineness of grinding of
zeveral commercial enamels 3z recommended by Fsemco (1741).
Mill may be drained with gravity flow to discharge it or 1 f
large quantities are to handled, it may be =mptied by air
pressure. Screening can take place as mill is smptied. For
initial screening, a coarse sieve of =2ither 20 or 30 mesh
(0,023 or 0,054cm? iz satisfactory. Thiz is followed by 40
or S0 mesh sieve for sheet iron groundcoat and S0 or &0 or
even possibly 80 - mesh =zisve for szsheet iron covercoat
enamels. After screening enamel should pass through a
magnetic seperator. Socme iron contamination will probably
occur from door frames but magnetic ssperation will remove

most of it.
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Table 5: Characteristic of Fineneszs of Grinding Enamels

Enamel Specific Gram Residure on 200
Gravity Mezh from K100g sample
Shezt iron ground coat 1.40 - 1,45 4 - 8

Sheat iron whits

covercoat (antimony

bearing) 1.80 - 1.%70 2+ &
Sheet iron while

covercoat Cantimony freed) 1.30 - 1.%0 i -3
Sheet iron coloured

covercoat 1.80 - 1.70 i =3
Sheet iron black edge 1.80 - 1.85 1 - 4

2.4.3 Mill Additions

The quantity of esach material to be used as a mill
addition is generally given by the frit manufacturers,
Minor deviation from these recommendations may however be
necessary. Once the proper mill additions have been
determined, they =zshouyld be adhered to rigidly. The
following go into the making of balanced enamel =lip

(Pemco(l?4120:
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Clay = clay in ename)l acts in the following ways:
- Acts as a floating agent,
- Acts as a binder for the dry or bisqus enamel
- Has an opacifying actiong
-~ Acts as a refractory to increase the firing

temperaturs or extend the firing rangs;

I

Affects the =z=tructure of the fired snamel.

Bentonite - Bentonite iz a highly colloidal trpe of
clay having about five times the suspending power of
ardinary clay,

Feldspar, Mepheline Syenite and OQuartz, Theze
materials are added in =mall amounts to the mill batch
to increasze firing temperature or firing range of some
enamel=.

Opacifiers - Opacifiers are added to increasze the
covering powsr or reflectance of white esnamels, They
are not generally wused Iin excess of 4 percent,
Npacification is due either to fine subdivision of
opaque particles of opacifring agent or to creation of
extremely fine bubble structure in enamel gloss which
acts to distract light striking the surface.

Colouring oxides - Colouring oxides are added as mill
additions to white enamel to produce pastel colours.
Thexy are wsed generally with clear $rit to produce
strong or brilliant colours. Colourants are compossd

of metallic oxides. Stability of colours wvaries from
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one colour to another and als=o with typs of enamel.
Colourants are szeldom added in amounts in excess of 4-5
percent, Oxides generally increase refractoriness of
enamel glass. Table 4 is the quide to the use of
colourants as reported by Nelzon (17440,

b Electrolytes - Electrolytes act to flocculate the clay
and promote suspenzion of the enamel frit particles in
the slip. El2ctrolytes most commonly used with various
enamels as reported by Pemco (1941) is shown in Table
7. Cazare must be taken not to use excessive amounts of
electrolrtes as excessive amount destrors gloss of

spnamel.

p Water - Minerals carried in zolution in water may act
as electrolytes and this mineral content may wvary from
place to place with variations in water hardness:
Therefore deionised water is preferable and it may be

necessary to install water softening plant.

Table 8 lists typical maxima and minima for the most common
mill additions and slip characteristics of sheet stes]

groundcoat as recommended by Pemco (1741).
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Table &: Guide to uvuze of Colourants
Colour 2<ide Parcentage Temperature Atmozphere
Bl ack Cobalt 1 - 2 Ay Either
Manganese 2 -4 Any Ej ther
Cobatt 1 Any Either
Iron 2 any Either
MangQarns=ze 3 AR Y Either
Blue Cobal t g6.5-1 A Either
Turguoise
Copper 2 -5 Loty Oxidizing
3late klue
kel 1 - 3 L m Dxidizing
Brown Rutile 9 Ay Feducing
Chromim
Ggith Mgl,
Znid) 2 -5 Lty Either
Iron 2 - 7 Ay Oxidizing
Magnanese 5 Any Eithepr
nickel
{with Zinc) 2 - 4 Any Either



Gresn Copper ANy Dxidizing
Gray-green
hon ANy Feducing
Nickel~
Magnesia L ow Oxidizing
Red Pink Chrome
and Tin Ay Oxidizing
Coral -
Chromiem Low Oxidizing
Purple~
Manganese Any Oxidizing
Copper Ay Reducing
Iron Lo Oxidizing
Tan Iron Any Either
Manganesse ANy Either
Rutile ANy Either
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Yellow Antimony
¥allow
stain 3 -5 Low Either
Uranium
yell g S - 3 Loy Dxidizing
2irconium
Vanodium
stazin 3 - 10 Any Either
Pure Tin 3 Any Either
white
Weazk blue
white Titanium g - 12 Any Either
Bhite Zirconium 2 -12 AR Either
e akl
¥allaw
white Aatimany 10 - 12 any Oxidizing
White Zirapax
(fritd 10 Any Eifﬁer




Table 7: Electrolytes Most Commonly Used with “Yarious

Enamels
Enamel Electrolrtes Normal
Formul a
limit per
100kg
Sheet iron groundcoat Borax S00-750g
Magnesuim Carbonate 0-255g
Sodium nitrite 0-25%5g
Sheet iron covercoat Magnesuim Carbonate 127.5-25359g
Sodium nitrite 0-25S9
Sheet iron acid Potasium carbonate 0-2559g
Resisting covercoat Armonium carbonate 0-4259g
Sodium aluminate +
Sodium nitrite 0-255g
Sodium aluminate +
Aluminate calcium chlride 0D-255qg
Cast iron enamels Magnesium carbonate 172.5~255g

Sodium nitrite 0-127.99g
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Table 8: Typical Optimum for Ccmmon Mill Additions and Ship

Characteristics of Sheet Steel Groundcoat Enamels

Mill addition/Characteristic

Optimum Yalue

Frit

Clay

Refractory

Borax

Magnesium Carbonate
Bentonite

Odium nitrite
Milling fineness

Specific gravity

Pickup
Application weight
Fired thickness

ater content

100Kg
11-22kg

0-44kg

0-1kg

0-375g

0-37Sg

0-3759

4-12g/200 mesh
1.58-1.44 dip
1.482-1.48 spray
250-40g/m% cylender
90-2509/m2
0.005-0.015cm

37-42 percent
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2.4.4 Milled enamel storaqge

In addition to providing a bank of milled enamel,
storage allows aging of enamel. Enamel should be allowed to
age for 2-24 hours before being used. Aging permits the
enamel to  cool and allows entrapped air to escape.
Excessive aging is deleterious to working properties howsver
particularly for the acid-resiting enamels. Storage tank
should be metal lined with porcelain enamel, Tanks should
be equiped with blunger or paddle which should be run
periadically to prevent enamel from settling in the tank.
Blunger should be run one minute in CRVE-N five

(Pemco(1%9512).,

2.7 Mestal Preparation

Sheet-metal parts are formed by the well-kKnown
processes of stamping, bending and shearing. Welding if
needed is carriezd out in such a way that the welded joints
can be enameled without defects. Enamelling cannot be
successful unless the metal 1= thoroughly cleaned and kKept
clean until the enamel coat s fired. The cleaning and
pickling process is a preparation of the metal base
(Othmer(112453)., Figure 2. is the operational sequence of

the metal preparation process,



Forming

Samdblasting/Finishing

'

Cleanitng
Pickling

Mickel Flashing

Meutralizing

Drring

Fiqure 2Z: Matal Freparation Seguence
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2.7.1 Metal cleaning and pickKling process

Metal cleaning and pickling process generally requires
sandblasting, washing in a boiling solution of a cleaner,
rinsing in water, immersing in hot/cold chemical =olutions
and finally rinsing in water, The last rinsing operation is
critical and important because it has to remove 2all traces
of acid.

The pickling =olution generally contains & percent
sulphuric acid by weight and is heated to a temperature of
45-70°C., If hydrochloric acid is used, the concentration is
11 percent and the solution 13 Kept at room tezmperature. In
some operations, an additional pickling operation is
required in order to eliminate fish-scaling. This is a
nickel dip process which gives a better bond with the
groundcoat., The solution contains nickel sulfate and
ammonium sulfate with sufficient acid or base to give the
deszired hydrogen ion concentration. It is wussed at a
temperatures of 70-30°C. The metal is immerzed in the
solution for a period of S-10 minutes (Leed1241)),

Mickel dip solutions can be made by adding 110g of
double nickel salt, 7g of boric acid and 79 of ammonium
carbonate to 4 litres of water, The neutralizing solution
is made of 3-4 percent of alkali (sodium oxide) made up of
soda ash, borax or trisodium phosphate and water, This bath

is heated to a temperature of &5-70°C for maximum
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efficiency. After the metal products are removed from the
neutralizing solution, they are immediately drisd,

The composition of the cleaning solution depends upon
the type of the oilm greaze and solid material to be
removed, including the amount and type of drawing compounds
yzed in the metal forming operations,

lhere oil or greases are present which cannot be
removed by ordinary cl2zaning methods or when =trxin has been
created in the forming process which must be reliesved before
the enamelling operation is begun, znealing or burning off
I3 nNecessary. Here the ware i3 placed in a muffle furnace
at 440-720°C and heated until all the oil or grease i3
burned off. Operation may require from one to three minutes
or longer depending upon the amount of oil covering the ware
and wupon the weight of the load entering the furnace

(Lee(1941)).,

2.3 Sheet Stesl Groundcoat Enamelling

Sheet steel groundcoat enamelling operation consists of
metal preparation, enamel application drying and firing of
the enameled ware. Figure 3 iz the flow scheme for sheet
steel groundcoat enamelling process.

Sheet steel denotes steel cold-rolled and supplied in
the shape of flat sheet, The chemical composition of the
steel sheet used in enamelling shall be as stated in Table ¢

(NISC1274)) .,
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Figure 3: Flow Digqram of Sheet Stael Groundcoat Epamelling
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Table ?: Chemical Composition of Enamelling Sheet Steal

Carbon Manganese Phosphorue Sulphur
Trpe Max . % Max . % Max .% Max .%
Ordinary 0:15 a 0.040 0.040
Drawing 0.12 0.50 0.0S0 n,.050
Deep Drawing 0.10 0.50 0.040 0.040
Extra Deep
Drawing 0.10 0.350 0.03S 0.035

2.3.1 dApplication methods

Application of sheet steel groundcoat enamels generally
occurs immediately after the metal ware is prepared,
Enamels can be applied by dipping, spraying and or slushing.

Dipping is usually prepered whenever possible since it
iz a more economical process, Labour costs are lower and
frits usage is reduced since a thinner weight can be applisd
more evenly and handling or processing losses of the
materials are minimized. In selecting a piece of ware to be
dipped, it is neceszary to ensure that the shape is regular
enough that the enpamel will cover all faces, will drain
uniformly over the area and will not hang-up on brackets or
reversze flanges. In dipping operation, the ware is immersed
in a dip tank and szhaken with a pair of tongs to throw off

any excess enamel,



Where dipping i3 not desirable or feasible, the
groundcoat is usually =prared either by automatic sprar or
individual hand spray guns. The automatic spray machines
are the more economical and deposit a more uniform coating
of enamel on the metal surface. Many parts are so designed
that they do not lend themselves to automatic spraying and
muzt of necessity be entirely hand sprayred.

Some parts which #ither because of design or weight of
the part are impossible to dip or spray are slush dipped.
In slushing, the ename) mar be applied to the ware by bucket
or hose and allowed to drain into a sump. In many caszes, it
is desirable to ‘cup’ or =lush the wet groundcoated piece in
the area of drain streak with additional epamel in order to

eliminate cor minimize the drain streak Martin(l?73)).

2.83.2 Enamelling furnace

The furnace is the heart of avery enamelling
installation since other pieces of equipment depend
upon the stze and design of the furnace. Enamelling
furnaces may be divided into two principal types
(Smi th(19278)).

1. Box—type furnace - Here a2 single load of ware is fired
at a time.

2 Continuous furnace - Here the ware is loaded at one

point and discharged at another paint.



Furnaces may be muffle type, fired with oil or gas.
Electricity is sometimes used as a direct source of heat
without muffle. Gas may be used as radiant tube furnace
without muffle. Firing may be intermittent or continuous.
The furnace should be designed to heat the ware from rocm
temperature to firing temperature in minimum time.
Prolonged drying or slow heat will induce tearing on the
enamel surface. With a box type or intermittent furnace,
time must be allowed for the furnace to recover firing
temperature after the cold ware is placed in the firing
zone. Intermittent furnaces wusually require S5S-15 minutes
for recovery. In continuous furnaces, the enamels can b=
fired from room temperature to maturity in 23-12 minutes
depending only upon the weight of the charge and the time
required for the mass to reach top temperature. The speed
of the continuous furnace can be adjusted to compensate for
the wvarying masses being +fired. Condition of operating
parts of furnace should be checked at regular intervals,

Cleanliness of all operating parts is the rule.

2.8.3 Drying and firing

Enamels should be dried as rapidly as possible after
the application. I+ allowed to stand around, especially in
groundcoat application, rusting may take place. Orying s
accomplished by application of heat and circulation of air
around the parts to be dried. Theoretically, the most

satisfactory drying conditions are those in which drying
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takes place from the metal out, the outside being the laszt
to dry. Too repid drring may cause tearing or curling or
similar defects,. Rate of drying should be as uniform as
possible over entire zsurface. Operating temperature of
dryer need not be above 1S0°C. Air circulated through dryer
for drying purposes should be clean. Here again,
cleanlinezs of all operating parts is the rule.

The opesration of fushing an enamel on metal (= Known as
firing or burning. It i= during this process that the
groundcoat enamel developes a bond between glass and metal,
The ename!, applied to the surface of metal in finely ground
particles of qglass, fuses together to form a dense,
homogeneous mass of the desired physical properties such as
resistance to acid, z2brasion, and dirt or discoloration. In
a continuous tunnel-type furnace, each coated item
progresses through the furnace supported on firing racks
especially desiagned to withstand long service at the
repeatad cycles of heating and cooling. Gradual heating and
cooling of the ware occur more with continuous firing than
with intermittent methods. Furnace temperatures in the hot
zone of continuous furnaces and box furnaces i3 establiszhed
to mature the coating 1n a matter of minutes. Groundcoasts
firing in a box furnace would be on the order of 3-4 minutes
at 850-330°C, Covercoat firing is generally carried out at
shorter times and slightly lower temperatures, Enamel

firing temperature = of course relatted to the coating
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composition, the metal thicknezs and the type of metal
(Othmer(1941)) .
The various stages through which the enamel composition

passes on 1t3 way to the finished glassy coat may be brisfly

enumerated aszs: dissociation of the original component,
chemica) combinations, sintering, fusion and
crystallization. Theze operations are well defined but

frequently overlap and may be rep=ated in some degree as the
temperature rizes and new compounds appear and disappear.
When enamel begins to fire, first it turns black, then it
ztarts to melt and draws up into pockmarked little balls.
At this point, some banemental is exposed betwesn the tiny
enamel nodules before the melting enamel zoftens and spreads
over it again., If a blast of cool air from the open furnace
door should strike the exposed metal at this time, firescale
will form quickly and will 1likKely interrupt the normal
fusing process., All sorts of aggravations can result. The
enamel may leave most of these scaly spots completely bare,
pits can form, discolorations may occur in the enamel or
partly fired lumps may congeal and stubbornly resist later

firing (NMelson(l1744)).
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2:;9 Properties of Enamel

Each pocelain 2namel composition is dessigned =0 that
certain fundamental performances of the enamel are realised

such as;g

- Good adherence to substrate
- Thermal expansion fit to the metal and residual

streszeas

m

- Cesired chemical properties such as acid
resistance, hot water resistance or alkali
resistance

- Desired physical properties such as abrasion
resistance, thermal shock resistance, high

gloss, high reflectance and desirable colour.

2.7.1 BGood adherence to substrate

It has been Known that cobalt bearing materials
incorporated in the +frit composition would enhance the
adherence of the enamel to sheet steel and that adherence
and wetting are associatted, Under oxidizing conditions,
the enamel glass wets the metal and the oxide on the metal
surface tends to dissolve into the enamel layer. Under
reducing or neutral conditions for enamel firing, the oxide
originally on the metal surface becomesz completely dizsolved
and the glass then fails to wet the metal surfzce,

Othmer (1%45) stated that the mlechanism of adherence
can be considered to fall into two main types. Dne 1=

phrsical adherence involving the phrsical gripping of the
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glass by a rough metal surface roughened mechanically prior
to enamelling or roughened during enamelling by the
corrossive attack of glass on the metal and by dendritic
attachments to metal +forming during the enamel - firing
treatment, The other adherence mechanism involuss the
chemical bond of the metal, metal oxide and enamel glass,
Adherence in porcelain enamel terminology generally refers
to the amount of glaszs remaining in an impacted fractured

area of the porcelain enamel srztem.

2.9.2 Thermal it and residual ztrezzes

During firing, porcelain enamel glass becomes less
viscous a3  temperaturs is increased, At the elevated
temperatures, the 2namel is ralatively fluid and it conforms
to the configuration of the metal surface. As the coating
is cooled from the high temperature of firing (3S0-880°C)
the fluid glass does not maintain a stress for any
measurable length of time, As cooling proceeds, the
coefficient of expansion (or contraction) of the coating
exceeds that of the =stesl and tensile streszes begin to
develope in the coating. The tensile stress continues to
increase on cooling until the expansion coefficient of the
glass equals that of the metal, As cooling continues
further and the coefficient of the glassz becomes less than
that of the metal, the tensile stress in the coating
decreases and compressive stress developes (Othmer (1941)),

Thermal expansion comparisons of coatings and metals

have often been used in the determination of residual
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stresses in the coatings. Residual stress analysis must
take into account the cooling rates, the  viscosity
characteristics of the glass, the relative thickness of the
metal and coating and the modulus of 2lasticity of coating
and metal throughout the temperature range in which stress
is developed. At high temperatures, the glass behaves
essentially as a wviscous material, changing to wviscous
elastic to principally elastic as the temperature decreases,
Thermal expansion values can be calculated from measurements
of thermal deflection of enamel - metal composites. Thermal
expansion coefficients in the temperature range of 0-300°C
can be calculated using additive formula by Othmer (1%241):
P = A’XA+B’XB+C’XC+ -------------- 1

Othmer (1241) listed factors for  calculating thermal
expansion for wvarious oxides and further gave the linear
expansion coefficients for common materials in the porcelain
enamel system as shown in Table 10,

Table 10 Linear Expansion Cosfficient for Common Enamel

Materials

Material Linear Expansion Coefficient
Stee 11.7x10™%
Groundcoat 10-11x10~%
Covercoat 8-10x10"%
Aluminium 23.5x10™%

Cast iron 10.5x10™%
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The modulus of =lasticity of the composite system of enamel
glass and steel has been shown to lie between the modulus of
the glass and that of the metal. Othmer (1%41) reported
that the composite modulus can be calculated by the

expression:

=03 (E -E.) + E, =—mmmmmmm———————
E. = 03 (E,-E) + E (2)

Othmer (1%41) also reported some phyrsical propertiss of

enamel glass zas shown in Table 11.

Table 11: Phyrsical Properties of Enamel Glass

Property Value

Densi ty 2.5 - 3.5 (g/m))
Hardnessz S5=46 (moh’s scale)
Tensile strength 3.45-10.34 x 107 (N/m<)
Compressive strength 1.38-2.75 x 107 «N/m?)
Modulus of eslasticity 5.5 -8.27 x 1010 a/m?)
Dielectric constant 5 - 10

2.7.3 Desired chemical properties

The resistance to alkali and acid attack is evaluated
on the basis of loss in weaight, loss in gloss or
cleanability of the surface. A citric acid spot test (104
is used as a room temperature test for acid resistance of
glossy light-coloured enamels. In the =pot test, loss of
gloss and cleanability are determined in a gqualitative

manner .
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2.2.4 Desired physical properties

Porcelain enamel i3 considered the most scratch
resistant and hardest of coatings. In surface abrasion, the
rate of abrasive wear increases with time and in zubsurface
abrasion which follows, the constant higher rate of wear
continues. Abrasion resistance can be esvaluated by the loss
of gloss or loss of weight.

Fesistance of porc2lain enamels to failure by tharmal
zhock was dsveloped for enamels for cookKing utensils and
other items subjected to high temperatures in service.
Thermal shock tests involve repested cyrcles of heating and
quenching with water, Heating for each successive cycle is
carried out at progressively higher temperatures,. =
vissible fracturing as =2videnced by spalling constitutes a
failure. Water is an ezpecially zevere quenchant. Thermal
shock failures with water resuylt from the water wvapour
entering the enamel larer at the instant of shock. This
water vapour condenses in the crack and in the bubbles of
the enamel near the cracks. On subsequent heating, the
entrapped water expand:z to causze s=palling to the enamel
layer. Thermal shock resistance is a direct function of
enamel thickness, Thin coatings provide excellent thermal
shock resistance (Othmer (17&1)).,

Other physical properties as impact resistance, good
appearance etc, are also desirable in the enamel

composition.
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2.10 Property Defects

Deviations from perfect continuity in porcelain enamel
coating and unusual departures from smoothness are given in
certain descriptive terms that developed with the porcelain
enamel technology. Groundcoat defects and groundcoat -
covercoat defects may be causzed by Ffaulty base metal,
improper fabrication; impraper cleaning procedurss, general
plant operational procedures including drying znd firing as
well as groundcoat - covercoat formulations., Martin (17730
lizsted =some of the more prevalent defects =2zpecially in

groundcoat =namels as:

- Fishscale

- Hairlines

- Sa39ing

o Blistering

- Copperheads

- Tearing

- Pitting

- Pinholes

- Bisque damage
= Orange peel

- Water streaking

- Reboil
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2.10.1 Fishscale

Fishscaling appears as a semi-circular fracture in the
enamel surface from which the chip has usually been removed
and are similar in contour to the zscale of a fizh. There
are three types of fishscales, two of which namely process
tfizhscale and delared fizshscale usually make their
appearance in the covercoat while the third =0 called
zhinnerscale is purely a groundcoat defet, In all cazes,
the actual defect iz caused by gas pressure at  the
groundcoat-metal interface due to the pressure of hrdrogen
gas comming from the metal at the point of poor adherence.
Shinnerzcales appear as wvery =mall chips on the groundcoat

surface and are due to an owver firing of the groundcoat,

2.10.,2 Hairlines

Hairlines are defects which make their appearance in
covercoats z2ither as dark or light coloured usuzlly present
in a stress pattern. Thiz defect i3 causzed by =treszezs in
the metal which cause 3 break in the enamel surface during

the esarly stages of firing operation. These stresses may be

dus to improper design, improper fabrication or to
non=uniform heating of large parts in the enamelling
furnace.

2.10.3 Sagqing
This is a sheet stee)l groundcoat defect which makes its
appearance after covercoat firings giving the covercoats the

appearance of hawving run or rippled. The defect occurs only
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on ware which has been fired in a vertical plane. The basic
cause of groundcoat =zagging is the inability of a given
groundcoat to retain sufficient wviscosity at covercoat
maturing temperatures. During firing of the groundcoat and
subsequently as the covercoats are fired, the groundcoat
absorbs iron oxide from the base metal., Since iron oxide is
a flux in groundcoats, it makes the groundcoat adjacent to
the base metal more fluid so that the groundcoat flows under
the covercoat during covercoat firing.

The best remedy but one which i= not alwars feasible is
the use of a harder or higher firing groundcoat and or a
lower firing covercoat therby producing a groundcoat-
covercoat combination in which the groundcoat s more
viscous at covercoat firing tempecatures. A nickel dip in
the metal preparation crcle is wvery beneficial in slowing
down the oxidation rate of the base metal and in reducing
the amount of iron oxide that the groundcoat must absorb.
Increasing the refractory mill addi tion i s also of
assjistance but i= limited by the groundcoat maturing

temperature.

2.10.4 Blistering

Blisters can usually be traced to the presence of szome
contaminants foreign to good enamilling practice, Since
blisters denote the presence of zome agents foreign to good
enamelling operations, thay can to a large extent be
controlled by rigid inspection and adherence to the commonly

accepted practiczs of good 2nam211ling and gQood house-
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keeping. Blisters ares often times caused by an excessive
amount of water wvapour or sulphur gases in the furnace.
Excessive groundcoat application thickness will cause
blisters or boiling dus to underfiring of the groundcoat in
the first fire and in the szubsequent complete burning of the

groundcoat in the covercoat fires.

2.10.5 Copperheads

Copperheads are sheet steel groundcoat defects which
have the appesarance of darkened copper coloured depressions
in the enamel. The consensus 1= that these reddizsh - brown
spots are concentrations of the oxides of iron in a silicate
matrix rezylting from saturation of the groundcoat with iron
oxide at that point. Since a copperhead is the result of
excessive localized oxidation, any step in #namelling which
will minimize such localized oxidation during firing or the
rusting of the base metal before firing will reduce
copperheads. The presence of excess chlorine in water, mill

additijons or the furnace atmosphere will causze copperheads.

2.10.8 Tearing

Tearing or crawling i1s a seperation type defect which
is more common to covercoats but is occassionally found in
groundcoats, In groundcoats, the defect i3 almost alwars
caused by a dirty metal surface. It may also be caused by
excessively Fine grinding, high application weight or
flexing of groundcoated parts in the bisque stage. Uhere

tearing is present and it is impossible to apply a thin coat
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and to grind at 2 norma) fineness, sodium nitrite additions

are very effective,

2.10.7 Pitting

Several incidences of groundcoat pits have recently
been traced to poorly functioning magnetic seperators which
wera not removing 2l) the magnetic iron in the groundcoat
slip., Excesszjive electrolytes in  the groundcoat mill
formular or excezsive zaging of the milled enamel will alszo

pit most groundcoats,

2.10,8 Pinholes
Pinholes are a function of the groundcoat and the

cleanneszs of the metal surface. Close examination of

(1]

pinhole defects will uszually show that the defect goes down
in the metal and that a depressed copperhead is present in
the bottom of the pinhole. A more fluid groundcoat with a
higher borax addition may be of assistance in minimizing

some of the defects.

2.10.7 Bizgque damage

Spray or dip groundcoat is wusually handled in the
bizque in transfering the ware Ffrom the dryer to the
furnace. Damage resulting from handling c3n best be
controlled by excizse of care in handling but failing this,
additional bisque strength in the groundcoat s required.
Increased clay or bentonite and decreaszed borax or sodium
nitrite will wuszually strenghten the bisque. Harder drring

may be of szome assistance,.
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Orange peel of sprared groundcoats is undesirable and
adversely affects the quality and appearance of the ware.
The advent of low pressure spraying equipment has helped
considerably in reducing the amount of orange peel with
spray groundcoats or covercoats. In general, spraring at
the proper set, minimum air pressure and optimum angle of
incidence and distance from the ware will minimize spray

arange peel.

2.10.11 Water streaking

Water-streaking or “rat tail” is chiefly a hollow ware
defect, although it occasionally appears on flatware., It is
cayzed primarily by an excessive relative humidity in the
dryer which will supress surface evaporation of water long
enough to permit the water in groundcoat slip to run and
erode the surface of the coating. Maintenance of low dryer
relative humidity is beneficial. Control of a water
streaking defect may be assisted by dipping or sprarying at a

higher specific gravity.

2.10.12 Reboil

Reboil is due to the svolution of gases from the base

metal when it is heated to enamelling temperatures. The
greatest evolution of gas occurs in the 400-440°C
temperature range. Harder groundcoat firing in arder to

burn out these gasez during groundcoat fire and more fluid

groundcoats and covercoats which will allow the gases to
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pass and then heal over have been the most szuccessful cures
for this type of defect, Obviously, the preferred course is

to avoid use of reboiling steels,

z2.11 FProperty Controls

Enamel plant control of milled groundcoats iz confined
to checking the fineness, specific gravity, set or pick-up,
appliczation or spray weight and water content.

Othmer (1241) recommended the following tests of

phrsical and chemical praperties of porcelain 2namsl:

- Adherence

~ Thermal expansion fit
- Acid resistance

- Haot water resistance
- Alkali resistance

- Abrasion resistance

- Thermal shock resistance
- Impact resistance

- High gloss

- High reflectance

- Desirable colour

- Flatness of porcelain enamel flatware
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CHAPTER THREE

3.0 INST ATION AND EQUIPMENT

Various instruments and equipment were used in this
research work but only the main equipment set up are
described in this section. Other equipment not described in
this section are mentioned appropriately in the experimental
procedure. The only equipment described in this section is

the crucible mould.

3.1 The Crucible Mould

Two types of mould were used - the hump mould made of
Cardboard paper is made to the shape and size of the desired
crucible. Clay slip for the crucible is draped over the
mould and pressed to conform to it.

Plaster of parris (gypsum) mould was used to reproduce
crucible shapes. It is made approximately 25 percent larger
than the desired final size in order to allow for shrinkage

of the crucible during drying and firing.

Figure 4 illustrates the hump mould while Figure S5 is the

plaster mould.



Figure 4" The Hump Mould
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CHAPTER 4

4.0 EXPERIMENTAL PROCECDURE

The experimental procedurse 1s divided into sesven
stages: Crucible development and productiong body
preparation; enamel proportioning, smelting and fritting;
mill room operations; metal preparation; snameling operation
and quality control tests, Each of theze operations i3

describzd in this chapter.,

4.1 Crucible Davelopment and Production

In the course of carrying out this r2search work, the
problem posed by inavailability of fireclay crucibles was so
crippling that it was necessary to develope and produce the
fireclay crucibles used in this work, Moreso the =namel
ingredients attacked and damaged other crucibles like Mickel
crucibles uzed in initial experimental trials., The initial
crucibles were produced using hump mould method. The need
for a uniform size and zhape of crucibles led to the usze of

plaster of paris mould.

4.2 Body Preparation

The clay and grog were screened using a 30-mesh (5%0
microns) sjeve for best particle size and to separate the
too coarse particles, This screening was necessarr to

minimize ths porosity of the crucible. Too coarse particles
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do not produce the desired plasticity and workKability in the
clay,

Using Armfield sensitive gram - weighing balance, 70
percent raw clay (Kankara KkKaolin) was weighed inta a
U-blender with 30 percent calcined clay (grag). Grog was
used for the crucible body because it acts to open up the
clay body for more uniform drying. The grog also minimizes
shrinkage and the subsequent cracking of the crucible.

Even clays from the =same bed will wary slightly in
chemical and phyrsical qualities, Thus the clay and grog
were mixed dry in the YU-blender in order to achieve a
uniform and workable body. The mixture from the VU-blender
was poured into a bath and =nough water added for the wet
mixing which brought about the plasticity of the clay body.
The wet body was wedged and Kneaded to obtain a uniform
consistency, The wedging and Kneading is also responsible
for the removal of zair bubbles from the clay slip.

Two moulding meathods were wused. In the hump mould
method, a carboard mould of the szhape and size of the
desired crucible was used to form the crucibles. Plastic
clay was pounded and rolled with the head of the hand to the
desired thickness in the bath floor. The resulting slab was
then draped over the mould and pressed to conform to it,
The excess clay was trimmed off, Care was taken to use only
the right amount of clay as too much of it resulted in
unduely thick and heavy crucible while too little resulted

in thin, light and collapsible crucible that was too fragile



after firing. Moiztened paper towsl was shaped s=moothly
over the mould beforz the clay application, The crucible
formed after drying slightly and was removed without
sticking.,

In the plaster of paris mould method, the clar-grog
mixture was mixed with water to a consistency of syrup
(casting slip). Dried P.O.,P. moulds were filled with
casting =lip. The material remain2d in the mould from 2 to
3 minutes and then the excess slip was removed from the
mould by pouring it out (drain casting). The result of this
operation is a uniform coating of slip 1nside the mould.
The slip <coating became firm and strong and gradually
zeperated from the mould as it dried. 1t was then freely
removed from the mould the crucibles formed by any of the
methods were carefully dried in an electric oven. When the
cruciblezs were thoroughly dried out, they were subjected to
the first or bisque firing in the slectric furnace.

The crucibles were fired to 1200°C and zoaked at this
temperature for upwards of two hours, The fired crucibles
were then removed and allowed to «caol, The 1Z00°C
temperature 13 the maximum temperature of the furnace and
hence constrained further heating. The operational sequence

for the crucible production i3 shown in Figure é&.



Clay Grog

| l

Sceening(30-mezh)

Proporticning

DI"Y Ml'&|ng |

l

Wedging and Kneading

Moulding

l

Orying (1S0-200°0)

l

Firing (1200°C)

l

Property tests

Fiqure &: Operation Sequence for Crucible Production




4.3 Ename] Proportioning, “melting and Fritting

The basic ingredients of all th2 enamel formulations
wers made up primarily of inorganic chemical compounds and
minsrals, The wuyse of refined chemicals which are mostly
imported was reduced to the barest minimum. Materials used
were2 mostly those minerals with proven abundant reserve In
the country in their relatively pure state.

In this work, several formulations were prepared,. The
qualities imparted ta the ename | br the different
ingredients were best understood by making several
formulations with varying proportions of theses ingredients.
Triaxial diagram for quartz, feldspar and flux as
illustrated by Figure 7 was wused 23 an easier 3nd more
organised proportioning system, By wuwszing this triaxial
diagram, considerable esffort and time was saved by
concentrating an those arezs where meaningful results were
expected. Clay was wused in place of quartz in the formula
where additional alumina was to be zupplied other than that
supplied by feldspar. Many fluxes were wused in the
faormulations and had the advantage of extending the firing
range of the enamel and enchanced more complete fusion of
the ingredients with emergent fewer enamel defects. Table
12 is summary of batch enamel formulations while Table 13 is
the corresponding oxide formulzxe. Detailed calculations of

oxide formulae are presented in Appendix E.



The ingredients were correctly weighed using a very
sensitive aArmfield gram-weighing balance and thoroughly
mixed in the WU-blender before :=melting. The thoroughly
micad enamel ingredients were placed in the Ffireclay
crucibles and s=mslted in an Armfield box type slectric
furnace according to the =melting =z=cheduls in Figure 3.

Decomposition, gas evolution and solution of L=z
ingredients occured during smelting. After the molten glass
was smelted to a uniform and homogeneous liguid, which took
from 1.5 hours to 2 hours of more, the crucible was
withdrawn from the furnace using tongs and the molten liquid
was quenchzd by pouring in a than stream into Sath of water.
Thiz is called quenching. This quenching shattered the
whole mazs into tiny fragments called frits. The frits were

removed from the water and drisd.

Figure 7: Triaxial Piagram for Enamel Blending
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Tables 12Z2:

Summary

of Batech Enamel Formulations

&1

Material

Weight Percentages

Feldspar
Quartz
Kaolin
Boric Acid

Fluar=par

Maqnesite
lthiting
Soda Az=h

Zoda Mitre

Barium Carbconate

Salt

Cobalt MNitrats

Manganese Dioxide

NickKel Carbocnate

A B c D E
32 30 35 25 25
20 24 23 25 25
- - - 10 -
20 13 13 15 20
20 - 2.0 - 3.0
- 1.0 1.5 2.0 -
2.5  S.0 - &,0 -
5.0 5.0 - 4.0 1.5

5.0 3.5 - 2.0 -

2.0 =.4 0.5 2.0 4.5
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Table 13: Summary of Oxide Enamel! Formulations

ODxide Percentages in Formulations

0xide e B c D E
K0 S.2 87 7.3 4,6 4.8
Nay0 3.8 0.6 7.0 3.9 7.7
a0 10:3 9.8 7.8 5.2 9.4
MgO 1.3 3.8 - 3.1 0.01
Fes0a 0.08 0.1 0.1 0.3 0.1
B0 13.7 10.0 12.5 10.1 14.2
A1503 743 &% 8, it S
5i0, 49.8 S3.9 S& 56.3 S51.9
Mn, 2.0 0.9 0.5 1.9 4.5
Ba0 4.7 - - 4.6 -
CoO 0.2 0.4 0.4 0.5 0.3

NiQ 0.8 0.4 - 0.4 0.8
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4.4 Mill Room Operations

The mill room practice involved grinding of the frit
and screening, proportioning of the mill batch, property
qual ity control of the milled batch and storage.

Motar and pestle was used in the grinding operation
because of the =mall quantity of +Frit batches. The only
diadvantage of mortar and pestis was the excess time and
manpower required to reduce the frits to desired particle
size, Dry grinding was used, The fineness of griding of
enamel batch was tested by screening. 4-8 percent residue
on 200 mesh (74 microns) was ideal. Coarse particles were
returned for regrinding.

Materials were added in the following order:
electrolytes, clay, gum frit and then water, The materials
were thoroughly mixed in the beaker with the glass rod. The
control of the milled groundcoats was confined to checkKing
the following properties: milling or grinding fineness,
specific gravity, pickup, application weight and water
content. The milled enamel was allowed to age for 8-29
hours before use, Aging allowed the softening and cooling
of the ename) and the escape of entrapped air. The milled
enamel was stored in the glass beaker and occasionally

stirred to discourage seperation of the enamel slip.
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4.5 tM=ta) Preparation

The metal preparation operation involuved the following
processes: sheet cutting, annealing, smoothening, alkali
bath, pickling, nickel dip and nsutralizing as illustrated

in Figure 2.

4.5.1 Shes=t cutting

The =steel sheeset was cut into convinient sizes and
shapes using a pair of metal shears. Piesces in the size of
30mmx40mm to 4S5SmmxSO0mm were mainly used. The steel sheet
was marked out into the desired sizes and shapes using metal
ruler and scribber. Shear blades were Kept sharp to ensure

smooth cutting.

4.5.2 Burning off or annealing

This was only used for steel stock with excess greases
and oil which could not be removed by ordinary cleaning
methods. The piece was placed in the furnace at $40-720°9C
and heated until a1l the oil or grease was burnt off. This
operation required from 1-3 minutes or longer depending on

the amount and type of oil or grease covering the piece,

4.5.3 Smoocthening

Steel sheets of 14 gauge or heavier were smoothenesd
without fear of  warpage, sagqing or other defects

characteristics of lighter gauges. This =z=moothening was
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done by the wuse of emery cloth. The files were used to
smoothen out sharp edges. The flat faces of the =steel
pieces were sz=moothed out on the anvil using the mallet,
Occasionally, grinding wheels were used to file out rough

edges and surfaces.

4.5.4 Alkali bath

Smoothening does not remove greass or oil that has bezn
absorbed into the metal,. This absorbed o1l or grease was
removed by zoaking the steel pieces in an alkali bath. The
alkali bath also removed organic contaminants, The alkali
solution was made up of S parts caustic soda, 5 parts =zodium
sulphate and 10 parts detergent in water. When the piece
was removed from this zolution, it was rinsed in hot water

at a temperature of 82-73°C for 3 minutes.

4.5.5 Picking or _acid bath

The pickling solution contained 11 percent hrdrochloric
acid and the solution was kKept at room temperature.
Occasionally, & percent sulfuric acid  heated to a
temperature of 80-85° was used.

Pickling removed oxidized metal, reduced discoloration
and soiling and enhanced metal softening. The pickling
process lasted for about 15-25 minutes or as long as it was
necessary to remove the scales., After pickling, the pieces
were rinsed in a hot water bath at a temperature of 82-83°C

for 3 minutes,
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4.5.4 Nicke]l dip

The nickel dip solution contained 14 parts nickel
sulphate, 1 part boric acid, 1 part ammonium carbonate and
water. The nickel - dip process gave a better bond to the
steel and groundcoat. The =saolution was used at a
temperature of 70-88°C. The meta) piecess were immersed in
the zolution for a period of S-10 minutes., The =steel pieces
were removed from this nickel =solution to 3 hot or cold

water bath for | minute or less,

4.5.7 Neutralizing bath

The neutralizing solution was made up of 4 percent of
alkali made up of soda ash, trisodium phosphate and water.
Thiszs bath was heated to a temperature or S0°C for maximum
efficiency. After the steel pieces were removed from the
neutralizing solution, they were immediately dried at a
temperature of 120°C in the oven. The pieces were then

gauged for thickness before enamel application.



Fiqure %:

Metal forming (shearing)

Annzaling

|

Sandblasting/=moothening

Alkali bath

Hot water bath

l

FPicking (Acid bath)

:

Hot water bath

|

Nickel dip

Cold/Hot water bath

Meutralizing bath

Drying

¢

Metal gauging

Operationa)l Sequence for Metal Preparation

47
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4.4 Enameling Operation

The enamelling operation involuved enamel application,
drying and firing.

Liquid enamel (slip) was applied by dipping the steesl
piece in the slip with the pair of tongs and allowing the
excess to drain off. Care was taken to ensure that the
enamel slip drained evenly and wuniformly without drain
streaks and as repidly as possible, The =lip was prepared
to have enough set to permit a desired weight of coating to
remain on the piesce after draining. Dipping was found more
economical than any other method of application since all
sides of the test piece was coated in one operation. Also
dipping ensured that the resultant coating was uniform and
free of bubbles or other defects,

Aafter the enamel slip had stopped draining and was
"set" pieces were placed on trivets placed at the “hearth’
of the furnace. With the furnace maintained at 150°C, the
pieces were dried for 11,2 - 21,2 minutes. Complete drying
was necessary before the piece was fired. A crusty feel to
the touch indicated complete drxing.,

With the trivet still in place in the furnace the
furnace was heated to the maturing temperature range of the
enamel . When this temperaturs was attained, the furnace
door was opened and with the pair of tongs, the bisque fired
test piece was placed on the trivet as quickly as possible
without disturing the enamel, The furnace door was
immediately closed to minimize heat losses. When the piece

had fired for about 2-3 minutes, the furnace door was cpened
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slightly for an instant to observe the firing process. UWhen
the piece became bright red and the enamel appeared shiny
and nearly smooth, it was withdrawn from the furnace with
the pair of tongs. It was cooled at room temperature. The
firing or burning process took between 3 and 15 minutes
depending on the =namel and the firing temperature, The
firing temperatures for the samples varied from 830°C to

?20°C,

4,7 Quality Control Tests

In assessing the quality of the finished enamel pisce,
standard methods of testing recommended by the Migerian
Standard Organisation (Nid: 48(1974) was used. The standard
covered enamelware having steel as the baze metal, This
standard is currently wused by all enamelware industries in
the country. The tests covered include coating thickness,
quench or thermal shock test, acid resistance, impact

resistance and finish.

4.7.1 Metals/coating thickness

The thicKkness of the metal and the coating thickness
were measured by means of 3 micrometer screw gauge at five
points in the test piece; each point was at a distance of
about 10mm or less from the former aone depending on the size
of the test piece. The average of 3zuch measurements was
taken as the thickness of the metal or coating. The overall
(metal + coating?) thicknezss minus the metal thickness gave

the coating thickness.
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4,7.2 Quench or thermal shock test

The test enamelled pieces from each enamel formula were
heated in the oven so that a steady temperature of 185°C to
195°C was reached in about 10 minutes, The samples were
quenched in a bath of water at room temperature. They were
dried and the heating and quenching was repeated eight
times, Heating for each cycle was carried out at
progressively higher temperature, The temperatures uszed
were {170, 175, 180, 185, 120, 195, 200 and 205 successively.
After undergoing eight cycles of test, the samples were
examined for possible signs of crazing, flaking off or

cracking.

4.7.3 Acid resistance tast

The test conszisted of a 1S minutes exposure of the test
piece to a 10 percent soclution of citric acid and evaluation
of the effects in terms of damage in appearance and relative
cleanability of the szurface resulting from the test,

The test piece was washed with warm 1 percent trisodium
phosphate solution, rinsed in warm water and then cleaned
with soft towel. The test piece was placed in the 10
percent citric acid solution at room temperature and after
about 1S5 minutes of treatment, it was removed, rinsed in
water and dried with a clean soft towel by blotting (not
rubbing). The grading was done 2 hours after the test,

The grading was of three categories as illustrated in
Figure 10 from the Figure Al and A2 were the passing grades.

Al passed dry-rubbing test and had no stain. A2 passed
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wet-rubbing and blurring highlight tests, 82 failed
wet-rubbing test and passed blurring-highlight test,

In the visual examination, the teszt piece was viewed at
various angles with rzspect to the light source and the eye
0 as to detect the difference between the surface and that
of untreated piece. Daylight made available within a feuw
metre of an outside window was used.

In the blurring-highlight test, a desk lamp with an
incandezcent bulb was used. The test piece was held so that
the image of the lamp bulb was abserved as a high-light in
the test piece, the line of vision being within 452 to the
surface. The eres wsre focussed on the image of the light
source and the test piece was zhifted to bring this image
into the test piece. Any colour difference in the enamel
due to staining was ignored. The test piece failed the test
if a definite blurring of the image was observed,

In the dry-rubbing test, four parallel lines were drawn
with the flat point drafting HB pencil on the test piece.
The lines were drawn with firm pressure. The szurface was
rubbed across the lines repeatedly with dry, clean soft,
cotton towel in the direction shown in Figure 10, The test
piece passed the rubbing test if the marks were completsly
removed from the test piece.

In the wet rubbing test, the =zame operation as in the
dry rubbing test was carried out with a new treated test
piece. A clean, zoft, cotton towel was dipped in water and
wrang and then wused to rub the pencil mark. The piece
passed the test if all the pencil marks were completely

removed,
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Fiqure 11: Rubbing Direction of the Rubbing Test

4.7.4 Impact resistance test

This test was carried out at ten different points of
the test piece. A stez! ball of 100g was allowed to a1l an
the enzmel coating from a height of S4Smm. The ball was
allowed to fall on ten different points of the test piece.
The piece passed the test if there was no resultant damage

to the 2namel coating.

4,7.9 Finish or qgloss tast

The enamelled piece was tested for noticable warpage,
uniformity of coating, complesteness of covering, szpots of
bare base metal, cracks pin-holes or crevices by wvisuyal
inspection. The pieces were also inspected for desired

colour, texture and gloss.
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CHAPTER FIVE

5.0 RESULTS &MD DISCUSSION

The results of this research work are presentsd in this

chapter.

5.1 Proportioning, Smelting and Fritting

Many formulations were =mel ted but only the five that
vielded best performance properties are dicussed.

Enamel B8 had the highest local input of 34 percent,
followed closely by D with 78 percent local input, then A
with 71.5 percent, C with 48 percent and E with 49 percent.
A, C, D and E showed ductile beshaviour of the smelted maszs
and shattered into =mall particles during quenching while B
was brittle and formed lumps on quenching. The fusion
(maturing) temperature increased with increase in clary or
quartz and decreased with increaze in flux content, Ename|
E had the lowsst maturing temparature of 1080°C, followed by
A with maturing temperature of 111S°C, C ;ﬁd D had maturing
temperature of 1150°C while B matured at 1200°C, Complets
smelting of the masses was attained atter about 1.5 hours to
3 hours. Salt petre (FPotasium nitrate) added in some
batches caused excessive Ffoaming especially in formula B
though it reduced drastically the =melting time, Table 14
summari1zes the local material content, smelting temperature

and time of the batches. Feazible region for sheet steel




groundcoat enamel formulaticns i3 presented in Figure &1 of
Appendix A while enamel raw materials and their

functionz iz presented in Appendix B,

Table 13:5ummary of Local Raw Material Content, Smelting

Time and Tezmperature of the Formulations

Formula Local Raw Material Maturing Maturing Time
Content 20 Temp.<(®9) (mins)
e 7153 111°5 150
B 24 1200 70
C 43 1150 1095
D 73 1150 130
E 44 1030 120

5.2 Enamel Slip Preparation

Cne disadvantage of the laboratory enamelling practice
was the extremely long grinding time necessary to pulverise
the frit to adequete finensess using pestle and mortar.
Though enamels A, C, D and E were +riable and proved less
difficult in grinding, B was very hard and proved very tough
on grinding.

4-3 grams residue on 200 mesh from 100g sample attained

after continuous grinding, secreening and regrinding gave

good results, Better results were aobtained using laboratory

ball mil, Grinding below this 1imit resulted to tearing in
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the enameled pisce while too coarse particles gave rough
surface characterised by coppsrheads. Aging for 24 hours
produced a soft =lip that uniformly coversd the matal
surface during dipping. N.5 - 1g of clay per 10g of frit
Qave best fit to the bisgque body while 0,.3-0,53 electrolytes
per 10g frit gave most successful results duringd firing,
The addition of enamelling gum did not give any additional
performance property in the final finish rather it
deteriorated the enamel slip after standing for 48 hours.
Table 15 summarized the mill additions uszed in the various
formulations and for various mix2s. Ikebedi clay which i3

very plastic wazs used in the mill additons.
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Table 1S: Mill Additions lsad
Slip MIx Frit{(g)? Enamelling Sodium Magnesium Clay (gd
Gum (g) Mitrate Carbonate
(q) ()
Al S - - 0.5 0.50
A2 S C.2 0.5 - 0.30
A3 S - 0.5 - 0.30
A4 3 - 0.25 0.:25 0.20
AS 10 0.5 0.8 - 0.30
B1 10 - 0.8 - 0.30
B2 10 - 4.4 - .80
B3 10 - - 0.5 0.50
C1 10 - 0.5 - 0.50
cz2 10 0.1 - 2.0 0.50
c3 10 - 1.0 - 0.20
D1 10 - 0.3 - 0.75
D2 10 - 0.4 - 0.50
D3 10 - 0.5 - 1.00
El 10 - 0.4 - 1.00
E2 10 - 0D.35 - 1.20
E3 10 0.2 1.0 - 0.50
E4 10 - 0.45 - 0.7S




5.3 Metal Treatment

Phy=zical metal treatment which involued sheet cutting/
annealing, sandblasting and smoothening in most cases gave
better and clasaner surface that produced better bond than
most chemically treated ones.

Pickling with & percent sulfuric acid at S0-85°C gave a
cleaner suyrfaca than pickling with hydrochloric acid <11
percent) at room temperature. Pickling with sulfuric acid
933 also faster., Metal pieces treated with MNickel solution
produced better bond than those that passed through ordinary
acid pickKling., The longer thz nickesl dipping the better was
the bond.

Meutralizing for 24 hours at room temperature gave better

result than fcr a very short time at 70-83°C,

S.4 Enarsling Operation

Aged enzmel slip gave =mooth and uniform coating on
dipping and draining. A very thick consistency of the slip
alzo assumed complete coverage of the metal surface in a
single drain. However, the thicksr the conziztency of the
zlip, the higher the coating thickness (zapplication weight)
and the higher the rizk of peeling in the fired body. 30-40
percent water content gave best rezult +For dipping.
Phrysically treated metal pieces required thicker consistency
because of 1ts sctreaking tendencies than the chemically
treated ones. Drying at 1S0°C for 1.5 - 2.5 minutes gave
better results than at a higher temperature for shorter

time. Drying at a higher temperature for a shorter time
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produced chalKing effect. The #firing schedule +for the
formulations and mixes are presented in Tables Al-AS of
Appendix C, The firing temperature somehow followed the
same trend as the smelting temperature. Dptimum firing
schedule for the optimum slip for all the formulations is
prezented in Table 14. The optimum slip was adopted from

Table 1S5.

Table 14: Op*timum Firing Schedule for the Formulations

Formula OCotimum Slip Optimum Firing Optimum Firing

Temp. (°C) Time (mins)
- Al 345-870 S-10
£ B2,B3 870-830 8-10
C Ct 850-3840 2-10
D 0t ,D2,D3 850-875S 6-12
E €1,E2,E4 240-355 4-3

5.5 Quality Control Tests

The resu’ts of the quality control tests which included
metal and cozting thickness, quench or thermal shock test,
acid resistance, impact resistance and gloss or finish are

herein presented.
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5.5.1 Metasl and coating thicknsss

Only metal pieces that were chemically treated without
sandblasting were selected for the purpose of determining
the metal thickness, The metal thickness (gauge) were
determined for these pieces and found to be the same for all
chemically treated pieces from the same stock without
zandblasting. This wuniformity aduvantage was taken to
determine the, thickness of the coating. The rezsult of five
sample teszst pieces are presented in Table 17, The metal has
3 uniform thickness of 0.95mm while the coating thickness
varied from 0.40mm-0.48mm. The metal thickness for
physically treated pieces varied significantly according to
the degree of sandblasting involved. An average thickness
of 0.75mm to 0.82mm being most common. The chamically
treated metal for this test was taken from the same batch as

metal thickness depended on the amount of etching involved,



Table 17t tHetal and Coating Thickneszss

Metal Pigce i 2 3 9 2
Metal Guage <mmd 0.%5 0.25 0.75 3.%5 0.735
Point “a7 Guasge <mm) 1.25 .42 1,33 t.a47 1.35
Paint ‘b’ Guage ¢mmd)  1.32  1.39  1.24 1.43 1.32
Faint ‘<7 Guage (mm? 1.33 .41 1,41 1.44 .29
Faint “d° Guags (mm) 1.35 1.37 .41 1.40 1.38
Foint "=’ Guage (mm) 1.40 1.233 1,4% 1.28 1,328
Auversge Buage (mm? 1.35 1.3% 1,40 1.432 .35
Coating Thickness omm) o, 341 0.34 .43 0.43 0,40

5.9.2 uench or thermal shock

All the Fformulaticons passed the thermal shock test as
no wisibkle sigRz of crazing, flaking off or <racking was
observed after wight successiwve crcles of heating and

quenching. The result of the test i3 presented in Table 13,

Ll
¢l
i



Table 13:

Buench or Thermzal
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5.5.3 fAcid resistance

The rezult of the acid resistance tests is presented in
Table 1%2. Enamels B,D and E passed the wizual and dry
rubbing test outright, Enamelz A and T showed a significant
damage in appearance after immersion in citric acid
zolution, Howesver the blurring highlight test conducted on
these A and C samples could not be relied upon for lack of
precision in carrying cut the test, The two enamel =zamples
passed the Dblurring highlight test and failed the wet

rubbing test,

Table 1?: &Acid Resistance

Test Vizual Dry-Rubbing Blurring Wet-Rubbing
FPizsce Test Test Highlight Test
Tezt

Al Fail - Pass Fail
A2 Fail - Pass Fail
B1 Fazs Pass - -
B2 Pazs Paszss - -
ct Fail - Paszs Fail
c2 Fail - FPazs Fail
D1 Pazs Pass - -
D2 Paz= Pass - -
El Faszs Pass - -

E2 Pass Pass - -
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Table 20: Comparative Oualities of Developed Enamels and

the Imported Industrial

Stock

Enamel Adherence Acid Impact Thermal Gloss Dessi- Remarks
to Metal Resis—- Resis- Stock rabls
Tance tance Resiz- colour
tance
- Good Fair Good Good High Good
B Good Good Good Good Low Fairly Copper
Good heads
present
C Fairly Fair BGood Sood High Good
Good
D Good Good Good Good Low Fair Slight
dizscolo
ration
E Good Good Good Good High Good
11 Good Good Good Good High Good
12 Good Good Good Good High Poor High

discolo

ration
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CHAPTER SIX

4.0 CONCLUSION

Based on the results of this investigation, the

following conclusion can be made.

1,

0f the five formulations that yielded best perfomance
properties, enamel B had the highest local input of raw
materials (84 percent), followed closely by D with 78
percent, then A with 71.5 percent, C with &8 percent

and finally E with &4 percent.

Enamel E had the lowest maturing temperature of 1080°C,
followed by A with maturing temperature of 1115°, C and
D had 1150°C maturing temperature while B matured at
1200°C, Complete smelting of the masses was attained

after 112 to 2 hours,

Enamel frite A, C, D and E were friable and proved lecss
difficult in grinding while B was very hard and proved

very tough on agrinding. Ball milling gave better

resul ts,

Pickling with & percent sulfuric acid at 80-85°C gave a
cleaner surface than pickling with hydrochloric acid
11 percent) at room temperature., Also pickling with
sulfuric acid was faster. Metal pieces treated with
nickel solution produced better bond than those that

passed through ordinary acid pickling.
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Drying the enameled piece at 150°C for 11/2 -21/2
minutes gave better result than at a higher temperature
for shorter time. Drying at a higher temperature for a

shorter time produced chalkKing effect.

Enamel E had the lowest firing range of 840 - 855°C
with firing time of 4 - 8 minutes, Enamel A followed
with firing range of 845 - 870°C and time of 5S-10
minutes. Enamel C had firing temperature of 850-840°C
and 8-10 minutes time. Enamel D had 850-875°C firing
range and &6-12 minutes firing time while B fired at

870-880°C for 8-10 minutes.

All the formulations passed the thermal schock test

showing no defect in property after the test,

Enamel B, D and E passed the acid resistance test while

A and C failed.

All the enamels passed the impact resistance test as

cracks and peelingg off were absent in all the samples.

Enamel E had the best performance properties and
compares favourably with the industrial standards Iy

and Iz .
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CHAPTER SEVEN

7.0 R TI10N

Based on the recsults of this investigation, the
following recommendations can be made for future work on

sheet stee)l groundcoat enamels.

1575 In this investigation, only feldspar and clay were used
as the only source of alumina. These materials should
be substituted using cryolite which have proven
abundant reserve in the country and fire at relatively

lower temsperature,

2. The total substitution of boric acid or borax with
phosphates should be investigated. This substitution
will yield about %8 percent raw material sourcing for
the enamels as this alone constitutes about 95 percent

of the foreign input.

3. An investigation should be carried out on the use of
low temperature leadless frits on steel. This would
appeal to appliance manufacturers because much lighter
guage steel could be used. The heavy guage of steel
now used is only necessary because of high temperatures
involved and to prevent warping. This is a field worth
investigating as there can be time, material and energy

savings made on many manufacturing operations,
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The behaviours of physically and chemically treated
metal to coating adherence was contraditory in this
investigation, The effect of chemical and physical
treatment of metal on coating adherence could be

further investigated.

The function of salt petre and common salt in the frit
ingredient were not fully understood and could be

further investigated
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APP IX B

B. ENAMEL RAW MATERIALS

Ammonium Carbonate/Sulphate: Added as a minor ingredient in
enamel! batches since it is claimed to shorten the melting
time and to be more effective than <calt cake as an

accelerating agent in melting.

Bar ium Carbonate/Fluoride: Acts as a flux and has the lowest
melting point of all the alkaline earth metal. It improves
gloss, mechanical strength, elasticity and resistance to

organic acid.

Bone Ash: It is charactericsed by high translucency and

whiteness.

Borax/Boric Acid: Flux, imparts important thermal properties
necessary to assure proper fit of the enamel to the base
metal, It also imparts high luster, strength, toughness and
durability and assists in obtaining deep brilliant

colourings. It shortens the firing range of most enamels.

Bentonite: Suspending agent for enamel slips.

Caustic Soda: A primary ingredient in cleaning compounds

used in the preparation of metal prior to enamelling.

Cobalt Nitrate/Oxide: Disirable for light-coloured +first
coat enaamel for sheet iron. It is wused in groundcoat

enamel to give it a tight grip on the metal base.
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Clay: Source of silica and alumina in the enamel.

Cryolite: Flux and opacifier. The material (s used in

amounts up to 154 in white cover coat enamels.

Dolomite: 1t is used as a flux to supply Cal.,
Feldspar: Source of alumina and silica.

Fluorspar: Flux and opacifier.

Lime <Whiting>: A strong flux serving to reduce +Firing
temperature and time and in some cases allowing thinner

application.

Magnesium Carbonate (Magnesite): Auxiliary flux end is used
as electrolyte in mill batch.

Nickel Oxides: Colorants. 1t is used in groundcoat
alongside with cobalt and manganese,

Potassium Carbonate (Pear! ash): Provides K,0. 1t tends to
produce high brilliance but it decreases strength and
elasticity, making the enamel soft.

Potasium Nitrate (Salt Petre): Has oxidizing and fluxing
value,

Quartz: Source of silica

Sodium Carbonate (soda ash): Flux and a source of soda

Salt (sodium chloride): An accelerating agent in melting.
Sodium Nitrate (soda niter): It is used to prevent reduction
of any easily reducible ingredient.

Sodium Nitrite - Mill addition to groundcoate to prevent

rusting while drying and as a setting up agent,
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APPENDIX C

C. FIRING SCHEDULE FOR THE FORMULATIONS

Table A1 Firing Schedule for Enamel &

Firing Temp. (°C) and Time (min) for Test Pieces

1 2 3 4 S
Slip
Mix Temp Time Temp Time Temp Time Temp Time Temp Time
Al 845 10 840 10 870 S - - - .
AZ 845 12 84S 15 880 S - - - -
A3 880 5 850 8 870 10 - - - -
redh 200 3 920 3 880 B - - - -

AS 870 é 870 é 880 S 880 o 880 S
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Table AZ: Firing Schedule for Enamel B

Firing Temp. (°C)> and Time (min) for Test Pieces

Slip Mix Temp Time Temp Time Temp Time Temp Time Temp Time

B1 870 7 850 12 840 12 880 10 840 15
B2 850 é 840 5 @20 4 850 12 870 10
B3 870 = 240 10 880 10 200 S 200 4

Table A3: Firing Schedule for Enamel C

Firing Temp. (°C)> and Time (min) for Test Pieces

Slip Mix Temp Time Temp Time Temp Time Temp Time Temp Time

i | 840 8 840 10 850 10 880 é 850 g8
c2 ?00 4 <00 3 880 12 840 5 870 -~

c3 840 7 B840 g8 870 8 880 8 200 4
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Table Ad4: Firing Schedule for Enamel D

Firing Temp (°C) and Time (min) for Test Pieces

Slip Mix Temp Time Temp Time Temp Time Temp Time Temp Time

D1 870 é 280 =} 850 10 840 10 850 12
D2 ?00 4 875 é 880 8 840 8 850 10
D3 880 3 840 15 840 8 855 12 845 10

Table AS: Firing Schedule for Enamel E

Firing Temp (°C) and Time (min) for Test Pieces

Slip Mix Temp Time Temp Time Temp Time Temp Time Temp Time

El 840 8 855 e 850 8 845 g 840 8
E2 850 3 250 é 850 7 250 8 850 10
E3 840 10 880 4 200 4 870 S 800 S
E4 840 8 840 10 880 S 850 8 855 8
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AFPPENDIX D

0. GLOSSARY OF ENAMELING TERMS

Adhesive Gums - Agar, arabic ar tragacanth gums that bind

powdered enamels to a2 surtace and burn away in firing.

Backing Enamel. A mixture of odds and ends of £0-mesh

enamels applied as a counterenamel to prevent warping.

Baze Metal -~ The metal on which the enamel coating is
applied.
Bisgque - A c¢osting of wet procesess epamel which has been

dried but naot fired.

Blistering - An enamel defect caused by presence of some

contaminant foreign toc good eznamelling practice.

Burnishing - Smothening = metal surface with rounded highly

polished hard metal tool,

Copperhead - Defect appearing as a small freckie pimple -
like spot,
Counterenamel - Enamel Fired on the hack of a piece to

equalize tension.

Crawling of Curling — A slumping effect caussd by excessive

enamel or gum application.
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Crazing - Fine cracks
Dredging - Method of enamel application where the metal is
heated to a temperature above the maturing temperature of

the 2namel before the coat is dusted onto the hot surface.

Emery Cloth: A cloth coated with fine grained abrasive

material for smoothing and polishing metals,

Etching: Eating away of metal

Firescale: Metal surface residue resulting from exposure to

high temperature in the Kiln/furnace.

Firing Fork: A long handled two pronged tool for lifting

trivets and firing racks into and out of the Kiln.
Fishscale: Small, half-moon shaped fractures

Flux: A substance for promating fusion.

Frit: Enamel in coarse particles

Gauge: A measurement to indicate thicKkness.

Groundcoat: @A coat applied directly to the base metal.
Hairlines: Initial cracks which has been healed by fusion.
Inorganic: Not derived from vegetable or animal matter.
Kiln: @A high temperature furnace for firing enamels.

Low Fire Enamel: Enamel! that fuses at lower than 770°C.
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Mallet: A short-handled hammer with a large cylindrical

head of wood, leather or rubber,

Metal Oxides: Colour ingredients in enamels derived from

metals.

Mortar and Pestle: An extremely hard vessel and club-shaped

implement for grinding enamels,

Oxidation: Discoloration of metal by exposure to heat, air

or chemical.

Peeling: Detachment of pieces of enamel from metal

Pickling: Subjecting metal to an acid bath to soften and

remove discoloration and soil.

Pinholes: A defect due to the fluidity of the groundcoat and

the cleanness of the meta)l surface.

Pitting: A groundcoat defect due to contamination.

Planishing: Final light hammering to smooth out a metal

surface.

Porcelain Enamel: A vitreous or glassy inorganic coating

bonded to metal by fusion at a temperature above 440°C.

Prrometer: A1l instrument for measuring and indication

temperature especially in a Kiln,
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Reboil: This defect occurs due to the evolution of gases
from the base metal when it is heated to enamelling

temperature.

Scribers: A pointed tool for scratching lines on metal star
stilts - three or four pointed steel-tipped ceramic stilts

for supporting pieces in the Kiln,

Trivet: A pronged metal support for holding an enamel piece

in the Kiln.



AFPFPENDIX E
CALCULATION OF OXIDE PERCENTAES IN FORMULATIONS

E.
Table Aé: Oxide Percentages in Fomula &

Material m.ut wt.Z K0 Napd Cal Mgl Feply Bl Aloly Po0S Si0, Mady 8a0 Cod Nil

Feldspar 554 32 4.9 0.03 0.06 6.0 21,0

Quartz a0 20 20.0

Boric

Acid 124 20 11.3

Fluorspar 78 § .29

Magnesite B84 2.5 0.09 1.05 0.01 0.02 0.1

Whiting 100 S 4.74 0.04 0.02 0.06

Barium

Cabornate 197 5 3.88

Soda Ash 106 4 2.34

Sodanitre 85 3 0.82

Cobalt

Nitrate 201 0.5 0.13
Manganese

Dioxide 87 2.0 1.63

Nickel

Carbonate 119 1 0.4
Total 4.9 3.14 8.45 1,09 0,07 11.3 6.04 41.14 1.63 3.88 0.13 0.4

~Oxide 5.9 3.8 10.51.3 0,08 13.77.3 49.8 2.0 4.7 0.2 0.8

102
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Tabte A7: Qside Percentages in formula B

rrrrar——— i

Materia) mw wth Kpb Nagd Cab Ng0 Fesd Bjly Alo0q Mady Sy Ti0y Cod Nid

Feldspar 534 30 4.4 £.04 5.7 19.4
Buartz s 3 3.0
Boric

Acid 124 15 8.5

Salt

Petre 101 & 2.8

Magnesite 84 7.5 6.3 3.2 10.04 0.1 .4

Whiting 100 B 7.6 0.0 0.0 9.03 0.1

Cobalt

Nitrate 291 1 b3

Mangan i se |

Diexide 87 1 | 0.8

Nicke! |

Carbonate 1% 0.5 | 0.3
falt 8 8.5

Total : 74 0.9 7.9 3.3 041 85 5.8 ¢.8 30, 0.3 0.3

=Dxide % 8.7 0.6 9.3 3.8 0.1 10 4% 0.7 39, 0.4 6.4
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Table AB: QOxide Percentages in Formula C

Material muw wt. Ho0 Nagh Cal Mg Feoly Bylg Alo0y Mnby  5il, Til, Col

Feldspar 934 35 5.4 1.04 0.67 8.4 22.%
Buartz @ 0 ' 23
Boric

Acid 124 18 10.2

Fluorspar 78 8 $.1

Salt

Petre 101 1.5190.7

Soda Ash 108 7 4.1

Soda

Niter B3 ¢ 1.4

Cobalt

Nitrate 271 1 0.3
Nanganese

Dioxide 87 0.5 | 0.4

Total . 6.1 5.7 4. §.07 10.2 4.6 0.4 45.9 | 0.3

Oxide % LA I A T 0.0 125 B 0.5 % 0.4
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Table AP: Qxige Percentages in Formula D

Materizl mar wtl Kpd Nagd Cal MgD Fed Boby Al0; Ml Siby Cob Ni0 Bad

Feldspar 536 25 3.8 0.03 0.03 4.7 14.4
Buart2 40 23 b.1 4.9
Clay 25 10 £.f 0.46 0.4 0,3 0.04 2.8 5.43
_Bavic
Acid 124 15 | 8.48
Magnesite B4 4 0.2 2.5 0.03 0.0é .28
Whiting 180 4 _ 3.8 0.03 0.0 0.0
Soda Ash 106 3 1.78
Soda |
Niter 85 2 0.54
Hanganase
Diowide 87 2.0 1.43
Cabalt
Nitrate 271 1.3 0.38
Hickel
Carborate 119 0.5 0.32
Salt I | 0.34
Barium
Carbonate 197 & - 3.89
Total .8 3.3 44 2,5 0.22 848 7.6 1.43 47, 0.4 0.3 3.88

Oxide % 4.4 3.9 5.2 34 6.3 10.1 9.1 1.9 5. 0.5 0.4 4.4
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Table AI0 Oxide Percent in Formula E

Material muw wt’ K0 Na0 Ca0 Mg0 Feoly By03 Al0; Mad, Si0; Cob Ni0

Feldspar 534 25 3.8 0.03 0.05 4.723 16.38
Quar tz o 25 0.0 24.98
Boric

Acid 14 2 11.3

Fluour-~

spar 7’ 8 é.1

Whiting 100 1.5 1.4 0.01 0.01 0.02

Soda Ash 106 8 4.68

Soda

Niter 85 4 1.43

Cobalt

Nitrate 291 | 0,24
Manganese

Dioxide 87 4.5 3.48

Nickel

Carbonate 119 1 0.4
Total 3.8 631 7.5 0.010.07 11.3 4.7 3.68 41, 0.3 0.6

Oxide % 4.6 2.9 9.4 00101 14,2 5.9 4.4 51, 0.3 0.8
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