SOME OBSERVATIONS ON APPLYING
TRANSPARENT ENAMELS TO COPPER
-byRaymond Jackson

This paper is aimed at assisting those seeking to use leaded transparent enamels
on copper, perhaps for the first time. It supplements information already
available in books and articles on enamelling, and includes some of the writer’s
own observations and experiments.

Introduction
Silver and gold are attractive metals for enamelling because of their intrinsic value and
because they possess high reflecting properties, allowing transparent enamels to be shown to
best advantage. In addition, gold and silver alloys do not oxidize significantly at the
temperatures needed to fuse the enamels to them. Although minor oxidation can cause some
transparent enamels to discolour, there are well established techniques to enable enamel
clarity and colour to be of a very high order.
In contrast, copper presents a problem for transparent enamels, namely the rapid and
significant oxidation that takes place when copper is heated to enamelling temperatures, (in
the range 7000C – 10000C). Inexperienced enamellers might conclude it virtually impossible
to achieve results quite as good as those on gold or silver. This may be true, but there is much
published information on how to mitigate the discoloration of transparent enamels caused by
the copper oxide that develops on the surface of the metal.
There are, however, some advantages to using copper, not least being the much cheaper cost
compared to gold and silver. The higher melting point of pure copper compared to gold and
silver alloys is also less restricting when firing this metal in the kiln. Again, although the
reflecting properties of copper are less than silver, (67% as compared to 98%), one of the
consequential features is that enamels applied to copper have a warmer glow as opposed to
the somewhat colder appearance of enamels applied to silver. Gold also has a slightly warmer
tone, (82% reflectance). In view of the above it is understandable why copper is the most
widely used metal for enamelling, although silver and gold retain their pre-eminence for
professional enamellers.

Copper for Enamelling
Not all grades of copper are suitable for enamelling. Lack of enamel adherence and bubbles
may result from using impure copper. Electrolytic copper is the minimum specification and to
be absolutely safe, oxygen free copper is ideal. The European specification for the latter is
EN 1976, CR007A, and CR009A. These grades of copper are very specialist and may not be
easily obtained except in large quantities. Copper to CR008A is also oxygen free but with a
slightly greater percentage of other elements.
Electrolytic, high conductivity copper that is not oxygen free, but containing so little oxygen
as to not cause a problem, include CR003A and CR004A. Furnace refined high conductivity
copper (CR005A) with up to 0.1% oxygen may also be suitable. It is reported that additives
such as phosphorus to act as a deoxidiser may cause adherence problems, (CR022A), and so
this grade of copper is best avoided.
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Some suppliers in the UK are unable to indicate the grade of copper they are marketing and
in order to be secure that the copper will not cause problems, it is prudent to purchase from a
specialist supplier. This has other advantages in that the range of sizes and thicknesses that
are obtainable is far superior to some enamel outlets. Summarising, grades of copper which
are best suited for enamelling are (in order of preference):CR007A, CR009A, CR008A, CR003A CR004A, CR005A.
The reader will be aware that due to the different coefficients of expansion of enamel and
copper, stresses will be set up when the fused enamel cools back to room temperature.
Depending on the thickness of copper used, bowing may result and the enamel may crack.
Selecting a sufficient thickness of copper for the size of the piece and also counter enamelling
are well recognised methods of counteracting these problems.
Although not covered in this paper, it may be worth mentioning an alloy of copper that is
used by many workers particularly in the badge industry. This is gilding metal, an alloy
formed by the addition of a small percentage of zinc to pure copper, (5%). This does not
oxidize on heating as significantly as copper and hence its attraction. Firing temperatures
must be kept fairly low, (around 7900C), to avoid the zinc coming out of the eutectic. It is not
easily obtainable to the correct standard in small amounts in the UK, and enamels need to be
carefully selected to avoid adherence problems. Hence, its use by non-professionals is
limited.

Primary Surface Treatment
After the copper has been cut to shape, removal of grease or oil is essential, and workhardened copper should be annealed if it is to be engraved or formed eg domed or hammered.
Both objectives can be achieved by putting the copper in the kiln at around 600 – 7000C for a
few minutes. After removal from the kiln and allowing the metal to cool for about half a
minute, it can be plunged into a large container of water. This rapid cooling should cause
much of the cupric copper oxide to shed from the metal.
Removal of the remaining oxide is by immersion in a suitable pickling solution. A cheap,
effective pickle is sodium bisulphate, (sold in 7kg containers by swimming pool specialists).
Around 100 grams added to 1 litre of water will cost about 20 pence. Operating the solution
at about 400C will speed up the reaction. After this pickling, the surface, although free of
oxide, will normally show the crystalline grain boundaries. By immersion in a warm 25%
solution of bright dip or aqua fortis for several minutes the copper will appear brighter, a little
more yellow and the surface grain boundaries will not be evident. The copper should then be
washed to remove all trace of acid. Aqua fortis is obtainable from chemical suppliers and,
being an aggressive chemical, it should be stored in a secure place.
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Figure 1 Copper after Primary Surface Treatment

Considerations Affecting the Use of Transparent Enamels
At this stage, if using opaque enamels, no further surface treatment should be necessary and
the sample shown above could be wet laid with enamel or have the enamel sieved on dry. It
would then be fired in the kiln until the enamel is fused to the metal. If applying a leaded
transparent enamel in the same way the result will be disappointing for two reasons.
Firstly, as has been noted, copper is not an especially reflective metal. The matt surface that
is produced after the primary surface treatment will not reflect sufficient light to show a
transparent enamel to its best advantage. It is common to read in the literature that the copper
should be abraded with a glass fibre brush or a fine wire brass brush. Both improve the ability
to reflect light but not significantly so. The writer was disappointed repeatedly at the dull
appearance of his transparent enamels when the surface of the copper was prepared in this
way. It should be realized that if the surface of the copper, prior to enamelling is lacking in
sparkle, then so will be the final result. If the copper is engraved or etched to produce
recesses or cells for filling with enamel, the surface can be quite reflective and in addition,
tend to obscure imperfections such as bubbles in the fired enamel. Even so, it can often be
advantageous to texture the base of cells eg with a threadtool to enhance the reflections.
Hence, it is important that some attention is paid to ensuring the surface is bright and
reflective prior to using transparent enamels.
Secondly, as mentioned in the introduction, copper oxidises when heated in the kiln. Because
the enamel grains laid on the surface of the copper restrict the access of oxygen, the oxide
that forms is predominately red cuprous oxide. Nevertheless, many transparent enamels will
darken since, at the normal firing temperature and time for transparent enamels to mature, the
surface copper oxides are not fully dissolved in the melt. Hence they become an additional
colourant in the enamel. If a transparent enamel is indeed fired higher and longer to try and
absorb the copper oxide, its own colour can degrade. The chemistry is far more complicated
than this, but it is the copper oxide that can make a transparent enamel less pure in colour
than when the enamel is applied to silver or gold. Red and pink enamels are particularly
affected and also some greens and blues. Many manufacturers provide colour images of their
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transparent enamels and advise which of them are susceptible to discolouration when applied
directly to copper.
These two considerations of preparing the surface and dealing with oxidation are now
discussed further.

Surface Preparation of the Copper
If the flat copper surface shown in Figure 1 is burnished using a burnishing tool in a high
speed drill, the surface becomes much brighter. It will thus show off the transparent colours
to best advantage. It should then be further de-greased eg by wiping with acetone, (available
from chemists). Other types of preparation can also be effective eg threadline tools which
create grooves in the surface that reflect light and add sparkle. The advantage of the latter
over burnishing is that minor imperfections and small bubbles in the applied enamel can be
obscured. The burnished surface, although very reflective, is unforgiving in this respect.
Some types of surface preparation can yield disappointing results, such as abrasion with
relatively fine emery cloth and an example of this is shown later.

Use of Enamel Flux to Provide a Clear Base Layer
Although a few transparent enamels are able to absorb the copper oxide with little detriment
to their colour and transparency, most do suffer in this respect.
The recognized procedure is to apply a colourless enamel, called flux, that will dissolve the
copper oxide. The proportions of the basic constituents making up this enamel flux are
chosen by the manufacturer for this purpose. It is sensible to use a flux formulated
specifically for copper as it will form a good hard base for the subsequent application of the
coloured transparent enamels. The flux must be fired for a sufficient time and temperature for
the copper oxide to be fully absorbed. If the firing time or temperature is too low, there will
be a red or pink cast. If fired too high or too long, a green cast will result. Getting a clear flux
layer prior to laying transparents is important and unique to copper as the flux has to absorb
the copper oxide. Imperfections at this stage are almost impossible to rectify later.

Enamel Preparation – General Principles
Using any transparent enamel powder straight from the supplier without further treatment
will rarely be satisfactory. One reason is that, depending on the date of manufacture and the
method of storage prior to use, some chemical deterioration of the surface of the grains may
have taken place. The surface will adsorb moisture depending on air humidity and this can
react with the glass enamel. Some enamels are quite resistant to what is deterioration in the
clarity of the fired product. Very small sized grains are more susceptible than large grains
because the ratio of surface area to volume is inversely proportional to the grain size.
Even if many enamels being sold today have sufficient resistance to moisture deterioration,
the surface will have this chemically absorbed film. When the enamel powder is wet laid or
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sifted on the metal, there will be grains lying on top of other grains and when they fuse under
the action of heat in the kiln, there is the potential for trapping water vapour released from the
grains. Again very small sized grains will be packed closer together than large grains making
the trapping more likely. Of course, the gaps between unfired grains will be air and this can
be trapped as bubbles in the same way. The outcome is that very small grains have the
greatest potential for causing cloudiness or lack of transparency, be it due to their
deterioration or the trapping of many small bubbles.
It is clear from the above that for good transparency, be it with the enamel flux or subsequent
coloured transparent enamels, very small particles, (commonly referred to as fines), should be
removed. It is also a general rule that enamel grains should not be laid thickly as this will also
increase the number of trapped bubbles. The smaller the grain size, the thinner should be the
application.
In addition to removing the fines, it is good practice to first lightly grind the as received
enamel powder in a pestle and mortar. This will create fresh, uncontaminated surfaces to all
grains and, if then used straight away or kept under dessicant, it will be devoid of significant
chemical adsorption. Enamel supplied in lump form will have to be ground anyway to
produce particles of the desired size. Two somewhat different techniques are deployed by
enamellists in this preparation process of removing fines.

Method 1
The most common technique is to place a quantity of the as received enamel in a pestle and to
cover it with water. It is then ground until the grains have the consistency of fine sand. Overgrinding should be avoided otherwise there will be a preponderance of fines produced. The
ideal method is to purchase the enamel in lump form and to grind this down under water to
the fine sand consistency. Experienced enamellers will know when to stop this grinding, but
beginners will have to learn by instruction or trial. The water is then milky in appearance due
to the fines in suspension, and it is poured off. More water is added, slowly rinsing the
enamel, and this is repeated until the water runs clear. The final washes should be in purified
water. Some enamellers recommend that 2-3 drops of concentrated nitric acid be added to the
penultimate rinse to ensure clarity. However this practice can deteriorate some enamels and
hence is of dubious benefit. The wet enamel should be applied without delay to avoid
possible deterioration. If the enamel is kept overnight under water, it is prudent to make a test
strip and fire the enamel to be sure it is satisfactory. If dry sieving the enamel, it should be
dried straight away on top of the kiln.

Method 2
An alternative approach described by Helwig, Reference 2, is screen separation. In this
method, the enamel powder or lump enamel is ground dry, (a face mask should be used to
avoid inhalation of any fine particles). The ground enamel is then poured into a fine mesh
sieve, (325), and a top and bottom cup are fitted. After shaking, those grains that pass through
the 325 mesh are the fines that are most likely to contribute to opacity. These fines can be
stored for other purposes or disposed of safely. A small coin placed in the sieve will assist in
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keeping the mesh clear and help the fines to pass through. The method can be extended to the
use of stacked sieves of different opening sizes so that one can select the range of grain sizes
appropriate to a particular application.
Having removed the fines as much as possible, it is good practice to then swill the prepared
enamel in purified water as a small amount of the fine powder may not have passed through
the 325 mesh or may have adhered to the other grains. Experience has shown that a few
washes will be sufficient as compared to the many washes needed when grinding under
water. As, in method 1, if sieving, the enamel should be dried straight away on top of the
kiln.

Further Information Specific to the Use of Enamel Flux
Having concluded on the need to grind the enamels, and then to remove the fines, there
remain four questions regarding the use of flux. First of all, it will contain a mix of relatively
coarse grains, some medium sized grains and some finer grains. Is this mix the most suitable
for application to the bare copper? Then, to decide on the type of flux best suited to the
application. Thirdly, how thickly should this enamel be laid and fourthly what is the optimum
firing temperature and time?

1. Grain Size
After grinding and removing the fines, there will be particles ranging in size from about
0.15mm down to about 0.05mm. The author has experimented with these different grain sizes
to see if there is an optimum for best clarity.
If there is a preponderance of coarse grains, (0.15 mm), they will tend to bounce off the
copper surface if dry sieved. If wet laid, they tend to form in clumps and care is needed to
ensure a uniform coat. They will also take longer in time to fire to maturity than finer grains,
meaning that more copper oxide is produced before the enamel fuses to seal off the surface.
Coarse grains are prone to pits forming and they can have large bubbles trapped, (typically
0.15 mm dia), when fired at the high temperature needed to dissolve the oxide. Large bubbles
impart a grainy look to the fired enamel.
In contrast, the medium and finer grains will pack closer together, reducing the tendency to
form pits, they mature quicker thus sealing off the copper against further oxidation, and the
trapped bubble size will, in general, be less than 0.05mm. On the other hand, there will be
more of these small bubbles than with coarse grains and, if excessive in number, they will
cause the fired enamel to appear cloudy. If the enamel is laid thinly, the number of trapped
bubbles will reduce and they have the potential to migrate through the melt during the time
the enamel is at a high firing temperature.
It could be argued that the basic mix of coarse, medium and fine grains should be
satisfactory, as the fine grains will tend to fill the air gaps between the coarse grains, so
reducing the number of large bubbles and pitting. The writer has not found this to be the case,
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and a mixture of all grain sizes is not so effective as is achieved by screening the coarser
grains from the mixture.
In fact, a more suitable mix of medium and fine grains is that produced by using method 2,
and putting the freshly ground enamel in a sieve of 150 mesh size over a sieve of 325 mesh.
The fines pass through the lower sieve and the coarse grains are trapped on top of the 150
mesh. That which remains, described as 150/325, consists of particles in the size range of
0.1mm to 0.05mm. The coarse grains can be returned to the pestle for re-grinding until a
good quantity of 150/325 flux is available for use.
2. The Enamel Flux
Selecting a flux specified for use on copper will ensure a hard basecoat for then applying the
transparent enamel colours. Finishing fluxes are unsuitable since they will soften and flow
when the overlaid transparents are fired, with the result that the coloured grains can sink into
the flux thus creating a patchy effect. There are a number of copper fluxes on the market and
it is sensible to select one that the user finds works consistently well. The percentage of
coarse, medium and very fine particles in the various as received fluxes can vary quite a lot.
By grinding and particle sizing to 150/325, consistent batches can be produced. Unless
buying in large amounts, (typically 4kg), lump enamel flux for crushing and grinding to size
is not easy to source.
3. Amount of Enamel Flux to Wet Lay or Dry Sieve
Too thick an application of 150/325 enamel will trap an excessive number of bubbles and
inhibit their migration to the surface. The enamel then looks milky in appearance.

Figure 2 Thick Application of Flux
On the other hand, if the application is too thin, pits may appear and over saturation by the
absorbed copper oxide will give a green discolouration.

Figure 3 Thin Application of Flux
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Those with experience of wet laying or sieving will know just how much enamel flux to
apply to avoid results like those shown in figures 2 and 3. The author has experimented with
applying different amounts of 150/325 enamel flux and then, by examining the results, has
arrived at a method that should ensure a consistent and totally transparent layer. Thus readers
of this paper with limited experience may find the following technique helpful.
Firstly, estimate the area of copper, (Ac) in mm2 to be covered by enamel flux. For the
rectangle shown above, it is simply the length in mm multiplied by the width in mm. Circles
and ovals are also easy to calculate but some more complicated areas such as etched cells
need to be traced onto paper, which is then cut out and re-assembled to form a recognizable
shape.

Figure 4A Area Ac

Figure 4B Assembled Cells

The figure above illustrates this, with the assembled pieces forming a triangle from which the
area can be calculated. Some may question the tedium of doing this for complicated shapes
and prefer to make their own estimate of the area.
Then, having ground and sieved dry enamel flux to produce 150/325 material, an amount is
measured out in ml equal to Ac/4000. This will result in a layer of enamel powder that when
laid uniformly, by wet laying or dry sieving, is around 0.25mm in depth. The grains are
stacked about three high. This is neither too thick nor too thin.
As an example, the rectangular strip shown in Figure 2 is 50mm by 25mm. Its surface area is
thus 1250mm2. The amount of flux needed is 1250/4000 = 0.31ml. Because final swilling in
water will remove some residual fines, add 10% to the above to give 0.34ml. This technique
is economical in the use of flux powder, especially if wet laying, since none is left over to
possibly deteriorate. If dry sieving, collect the powder that has fallen around the edges of the
piece and return it to the sieve to ensure all the powder is applied to the copper.
To measure out the required amount, one needs a graduated hollow tube and a small funnel.
The transparent outer case of a ball point pen can, for example, be used when suitably
calibrated and marked on the outside in 0.05ml graduations. Alternatively a plastic pipette
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can be purchased that will fulfill the same purpose. This technique of measuring a specific
amount of enamel flux is proposed simply to help ensure a clear, transparent layer over the
copper substrate. When applying coloured transparent enamels over this layer of flux, thin
layers do not suffer from pitting or a green cast and so there is less need to pre-determine how
much to apply. Experience in this case is the best guide to not applying too much enamel so
that bubble density is low and hence clarity is not compromised.

4. Optimum Firing Temperature and Time
Most fluxes for application to bare copper will need to be fired at a temperature of around
9000C to 10000C. Although some fluxes will clear at slightly lower temperatures than this, a
high temperature is the best guarantee that the copper oxide will be absorbed. As mentioned
already, it is desirable to fire high so that the enamel flux seals the surface as quickly as
possible, thus minimizing the amount of oxide to be absorbed.
As regards the time in the kiln, withdrawing a sample briefly to examine its condition is the
normal method of judging completeness of firing. In the author’s opinion there is little point
in examining a fluxed piece until it has been in the kiln for at least 1½ minutes because most
hard enamel fluxes will not have been at temperature for sufficient time to have absorbed or
dissolved the copper oxide. However, leaving a sample in the kiln for several minutes is not a
good idea as the flux can become oversaturated with oxide and develop a green cast. Exposed
edges will become especially saturated and will turn black. These observations are a
simplification as very small samples may mature somewhat quicker and large samples may
require more time in the kiln. In addition, a rough copper surface will have an actual surface
area larger than a smooth one of the same nominal area. This means more copper oxide, and
hence a longer firing time is needed to absorb it.
Nevertheless a 1½ minute firing time is a good rule of thumb for an initial firing. A procedure
that might be helpful and which avoids the need for great precision is to lay a first coat of
flux and to fire it at 9000C for 1½ minutes. This should avoid a green cast and oversaturation
of edges, and bubble formation should be low due to the thin layer and high temperature. It
may have a slight brown appearance due to incomplete absorption of the oxide. The second
coat is then applied and fired for a similar or slightly longer period of time to allow the first
coat to completely dissolve the oxide. This second coat acts as a protection against further
possible ingress of oxygen. If the first coat of enamel flux is fired too long and a green cast
does develop, adding the second layer will not then dissolve out the green colour. It is
presumed this is because the second layer does not mix chemically with the first layer but is
separate and distinct.
Figure 5 shows a 40mm x20mm test piece that had been laid with copper flux and fired
following the above techniques. The left hand half had been burnished and the right hand half
had been abraded with 600 grit emery cloth. 0.2ml of 150/325 dry enamel was sifted on and
fired at 9500C for 1½ minutes. A second layer was applied and fired at 9500C for 2 minutes.
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Figure 5 Fluxed Copper Test Piece
Although the photograph does not show the result very clearly, the burnished half is clear and
bright but the emery abraded half is dull and lacking sparkle. This reinforces the point made
earlier about good surface preparation. Appendix 1 provides further details about the
application of enamel flux to copper.

Other Aspects
If wet laying the enamel flux, a wetting agent can assist the enamel grains to flow and form a
uniform layer. Adding just two drops of a washing up liquid, (one with minimal additives), to
50 ml of purified water will provide a liquid free from surface tension that can then be used
both as the final enamel wash and when wet laying.
On curved surfaces such as steep sided bowls, it is common practice to apply a thin spray of
holding agent, (gum), to the copper to hold the enamel in place if it is dry sifted. When using
the finer mix of particles advocated in this paper, (150/325), the need for this is less than if
coarser particles are used. In any event, the gum should be used sparingly as it can reduce the
transparency of the fired enamel.
It has been stated that wet laying will result in a closer packing of grains than if dry sifting.
Hence, there will be fewer trapped air bubbles. To take advantage of this, the metal is gently
tapped at intervals when wet laying. The grains will settle and this is evidenced by water
being displaced from the mix of grains and rising to the surface.
After the enamel flux has been fired, its final thickness is about 50% of the thickness of the
wet laid or sieved enamel. This is a consequence of the air gaps occupying about 50% of the
total volume. In the theory of packing spheres, this figure is independent of diameter and so
some experiments have been made to determine the validity of this for the more random
shaped enamel grains – see Appendix 2. From the information presented in this paper on the
amount of enamel flux to apply, a single coat when fired will be around 0.1mm thick. Thus
when laying in recesses or cells as in Champlevé enamelling, two applications of flux will
- 10 -

occupy 0.2mm and so the recesses should probably be at least 0.3mm deep to accommodate
the subsequent layer of coloured transparent enamel.
Inevitably there will be occasions when a fluxed sample has one or more pits that disfigure an
otherwise satisfactory layer of transparent flux. Various workers have stated how important it
is to really open up the pits, (eg using a diamond burr), to produce shallow sided depressions.
This enables one to fill them with enamel flux and to re-fire. If this is not done, the enamel
grains can sit over the pits and trap air. The result shown in Figure 6 below is a milky spot
that is still visible as a defect.

Figure 6 Magnified View of Pit Inadequately Repaired, (1mm field of view)

Using and Applying Transparent Colours
Much of what has been described so far in respect of enamel flux can be applied to the laying
and firing of the transparent colours. However, there is potentially more freedom of choice
with the latter as regards the size of the grains and the firing temperature and time. This is
because, with a firm, clear base of enamel flux now established, there is no requirement to
use fine grains and to fire them high and long in order to absorb copper oxide. There is one
situation where copper oxide can still be a problem and that is when laying enamels in etched
or engraved recesses. The base of a recess is covered in flux but the sides may be only
partially so. If the recess is narrow, a transparent enamel laid in it may become saturated with
copper oxide and discolour. The answer is to avoid narrow recesses as much as possible but if
unavoidable to use an enamel colour that is less susceptible to discolouration. In the ultimate,
a final high temperature fire may be needed.
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Grain Size for Transparent Enamels
Most of the disadvantages of using coarse grains for enamel flux outlined earlier are not
relevant when considering wet laying transparent colours. They are still disadvantageous
when sieving because of bouncing off the surface. However coarse grains when fired will
have a greater colour density than medium and fine grains for the same applied volume. In
the technique of plique-a`-jour for example, coarse grains are often favoured in order to
achieve maximum clarity and for good adherence to cell walls. For more general application,
fine grains will be much weaker in colour which is not necessarily a disadvantage, but more
layers will need to be fired if an intense colour is desired. Many workers use finer grains to
produce delicate colour gradations that are not possible if coarse grains are used.
The reason why the finer grains produce a less intense colour when fired is hardly mentioned
in books on enamelling. The writer has surmised that when enamel grains fuse under the
action of heat, they coalesce to a large degree, but boundary lines remain and some bubbles
will be trapped in the melt. This can be observed under a microscope. Both these factors
cause some of the light to be reflected, not through the coloured glass, but from the
boundaries between grains and through bubbles that have no colour. Fine grains have far
more boundaries than coarse grains and the number of bubbles will be much greater, albeit
smaller in size. Hence the weaker colour. So coarse grains will produce the most vivid
colours and fine grains will enable delicate shades of colour to be produced.

Some Test Results
The author has experimented with firing various coloured, leaded, transparent enamels, both
coarse grains, (60/100), medium sized grains, (100/200), and fine grains, (150/325).

Figure 7 Transparent Enamel Test Strips
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The enamels were wet laid fairly thinly over the fluxed base coat and three coats were
applied, firing between each coat. Figure 7 shows some of the test strips laid alongside a
fluxed sample that had yet to be overlaid with a transparent colour. They were fired both at a
high temperature of 9000C for about 90 seconds and a low temperature of 7500C for 2
minutes and longer depending on the hardness of the enamel.
None of the results could be described as unsatisfactory but, because the copper had been
burnished, slight imperfections did appear on some samples. As a broad generalization, it was
concluded that if coarse grains are used, they should be fired low to avoid trapping large
bubbles and if fine grains are used they need to be fired higher to enable the many small
bubbles to migrate through the melt. Large bubbles are visible as grainy imperfections and
small bubbles can result in cloudiness in the fired enamel. The medium sized mix of 100/200
particles was particularly satisfactory when fired at both high and low temperatures and is
therefore a good choice for general application. The results also highlighted the need to lay
the enamel thinly, whether using coarse, medium or fine grain mixes.
Some transparent enamels, when fired, did show evidence of deterioration not associated with
trapped air bubbles. These appeared as small opaque bits and a firing regime could not be
found to eliminate them. It must be emphasized that not all transparent enamels show such
deterioration and this underlines the observation that a test strip should be made and fired of
any enamel intended for use and not previously tested. In Figure 8 below, is an example of a
small opaque particle in an otherwise satisfactory green transparent enamel.

Figure 8 Magnified View of Imperfection in a Green Transparent Enamel
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Where there are many such particles, they can appear as visible blemishes. As mentioned
earlier, the tests results reported here were on a burnished surface that will show such slight
imperfections.

Firing Rate for Transparent Enamels
Although the tests just mentioned included some high and low firing, they did not enable
conclusions to be drawn on rate of firing, and so some more test were made.
The graph in Figure 9 shows the increase in temperature with time of a 1 mm thick copper
strip, (supported on a metal stilt), when placed in a kiln. The blue curve is with the kiln
temperature at 8000C and the red curve is with the kiln at 10000C. After about 120 seconds,
the copper has nearly reached kiln temperature and is at a constant value at 140 seconds.
When using enamel flux, the writer has concluded that it should be fired high and fairly long
and this corresponds to the red curve and a firing time of 90 to 120 seconds for a 1mm thick
copper piece.
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Figure 9 Heating Profile for 1mm thick Copper Strip
Those workers who experiment with high firing of transparent enamels extend the firing time
well beyond the times shown in Figure 9. This extended firing can produce many interesting
effects and it is needed when employing the technique of scrolling where the enamel must be
very mobile to enable the scrolling tool to move easily through it.
In the present paper, we are simply considering how best to fire a transparent colour over the
flux layer so that it is bright, shows the colour well, and is free from defects. Most leaded
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transparent enamels for use with copper will fire to a smooth finish in the range 7500C –
8200C. Below the lower figure, the grains will soften but may not fuse and the firing time can
be very long, (5 minutes or more particularly if using coarse grains). Above the upper figure,
say 9500C – 10000C may, depending on the particular enamel, cause a colour degradation and
the firing time can be critical. Certainly, when firing enamels on sterling silver, the metal
temperature should not exceed about 8000C because the alloy becomes increasingly reactive.
High temperature firing is not such a problem for the copper itself apart from the oxide
saturation that can develop at exposed edges.
If we consider for the moment that an enamel temperature of 8000C is a good starting point,
there remains the question of whether to achieve this temperature quickly or slowly. If the
temperature of the kiln is stable at 10000C, then it can be seen from Figure 9 that the copper
piece mentioned should be withdrawn from the kiln after no more than 60 seconds firing
time, (at the point marked with a red arrow). Alternatively, with the kiln temperature at
8000C, the piece would be removed from the kiln after some 120 to 140 seconds, (see the
blue arrow). The latter is what is described in the literature as “firing low and long”. The
former is termed “firing high and fast”. The beginner may be excused from thinking that
“firing high” in this context means the piece should be at a high temperature but, as shown in
Figure 9, this is not so. There is evidence that, when firing transparent enamels on silver alloy
without a layer of flux, greatest clarity is when the enamel is fired quickly. One reason may
be that of limiting the amount of silver and copper oxide that forms on sterling silver by
sealing off the surface in the shortest possible time.
The above explanation for sterling silver is not applicable when laying transparent enamels
on a pre-fluxed copper surface. Nevertheless, it would be helpful to see how long, low firing
a leaded transparent colour compares with firing it quickly. It is conceivable that the oxides
contributing to the colour, degrade to some extent at long firing times. As regards the grain
size, a sensible approach here is to use the medium mix of grain sizes, 100/200 already found
to be satisfactory. Firing coarse grains, (60/80), at a rapid rate, can cause large bubbles to be
trapped unless the application is very thin. Firing fine grains, (150/325), at a low rate can trap
many small bubbles again unless the application is very thin.
Tests were done with one make of red, yellow, green and blue transparent leaded enamels
fired over a flux base. Figure 10 shows a test sample in which the upper colours, red, yellow,
green and blue were fired for 50 seconds with the kiln at 9400C. This temperature was near
the maximum achievable with this particular kiln. Three thin layers were wet laid, firing
between each application and the sections were examined after each firing. The same colours
were then applied to the lower half and fired for 120 seconds with the kiln at 8000C.
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Figure 10 Transparent Enamels, (100/200), Fired at High and Low Rate
It was evident from this experiment that brighter colours were obtained when firing at a high
rate. Lower rate firing produced more pastel shades of colour. There were no visible defects
in any of the segments. When examined under a microscope, a few bubbles were evident on
all sectors but of small size, 0.03mm and less. However, there were imperfections showing in
the long fire colours and these were visible as black bits, albeit small in size. Figures 11 and
12 below are microscope photographs taken of the two yellow sectors, the field of view being
1mm.

Figure 11 Transparent Yellow Fired at 9400C for 50 Seconds
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Figure 12 Transparent Yellow Fired at 8000C for 120 Seconds
The presence of the black bits as shown in the centre of Figure 12, indicates some
deterioration has taken place when these leaded enamels were fired low and long.
This limited evidence does suggest that firing transparent colours in a kiln at 940 - 10000C
and withdrawing them as soon as they mature, will produce good bright colours. By way of
further illustration, the fluxed sample shown in Figure 5 was now wet laid with a leaded red
transparent enamel, (100/200), and fired at 9400C for 55 seconds. A total of three coats were
applied and Figure 13 below shows the result.

Figure 13 Red Transparent Enamel Fired Over Flux at High Rate
The left hand half that had been burnished prior to fluxing was clear and bright with a good
red colour. As expected, the right hand half that had been abraded with fine emery cloth was
- 17 -

much duller and less translucent. Microscopic examination did not reveal any black bits and
just a few small bubbles on both halves.
Of course these observations are specific to one make of enamel and grain mix and the reader
is advised to do their own tests on their own enamels.

Blending and Layering Coloured Enamels
Two colours can be wet laid and feathered into each other to obtain fine gradations of colour.
This blending by mixing transparent enamels enables very subtle tones to be produced. Dark
to light shading can also be created by varying the laying thickness and grain size of a single
colour.
Alternatively, a coloured enamel can be fired over another transparent colour to produce a
colour variation. Both blending and layering can be deployed in a single piece to good effect.
Normally the colour mixing or layering is done in the first few layers so that the shading is
not lost at the final grinding stage. When blending two colours by feathering, the enamel
grains should not be too coarse, otherwise a spotted effect may result. Bubble jet printers
squirt the individual mixing colours out through jets that are no more than 0.05mm diameter
in order to produce a fully blended colour. Now 100/200 sized enamel grains range between
0.15 mm down to 0.075mm and some spotting can result when blending together colour
grains of this size. 200/325 grains are far better in this respect, being in the size range
0.075mm down to 0.05mm. The spotted effect is not so noticeable when one enamel is
layered over another. Layering one colour over another always results in a darker colour than
physically blending two colours. This is because the layered enamel filters out part of the
light spectrum resulting in a darker colour. Learning from experienced enamellers and
experimenting with blending and laying colours oneself is perhaps the best way of achieving
pleasing colour variations.
However, some knowledge of the characteristics of subtractive primary colours can be useful
in identifying what colour is likely to result when one colour is mixed with another or is
overlaid that colour. Small acetate filters can be purchased cheaply to enable one to
experiment before doing an actual trial with enamels. As an example of colour mixing with a
yellow transparent, a square piece of yellow filter is laid on a sheet of white paper. Figure 14
then shows the effect of placing side by side four other coloured filters over the top of the
yellow. Top left is turquoise, top right red, bottom left magenta and bottom right mid-blue.
The colours that result from overlaying these colours is seen in the central square.
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Figure 14 Combining Colours Using Transparent Filters
Turquoise over yellow produces green
Red over yellow is a dark orange
Magenta over yellow produces orange
Mid-blue over yellow is grey-green
So, blending a turquoise transparent with yellow should result in a green transition where
these two colours are blended or one is overlaid the other. This is illustrated in the test sample
shown in Figure 15.
A

B

C

D

Figure 15 Mixing and Layering Two Transparent Enamels
In the region A, a yellow transparent, (top), has been blended with a mid- blue, (bottom), to
give the central green. Due to the photographic limitations, the spotted nature of this blending
is not very clear but it results from using 100/200 grain sizes. Region D is similar apart from
the use of a finer mix, (200/325), and this blending is more uniform. Region B is the mid-blue
laid over yellow in the upper half, (100/200), and Region C is a repeat using 200/325. A
turquoise blue would have given a truer green. This rather crude example of blending and
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mixing two rather diverse colours shows that colour mixing enamels is similar in principle to
water colour painting.
The exercise has further shown that grain size selection when laying coloured transparent
enamels is very much determined by the application and although the 100/200 mix is ideal
for general application, coarser or finer mixes may prove advantageous for particular
situations.
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Appendix 1
A METHOD FOR FLUXING COPPER























Select a high firing flux– the firing times listed below are for Soyer 1 copper flux
Grind the lump or flux powder dry in a pestle – wear a mask
Place this ground flux in a 150 mesh sieve that sits on a 325 mesh sieve and put a
small coin in each to assist the sieving
Put a lid on the top sieve and one under the 325 mesh sieve
Shake the assembly for a minute or so and then remove the top lid and return the
powder that is retained on the 150 mesh to the pestle
Put the powder that sits on top of the 325 mesh sieve into a clean dry container – store
the container surrounded by dessicant for good keeping prior to use
Put the powder sitting in the bottom lid in a container marked fines for other uses eg
painting
Grind again the flux returned to the pestle and repeat the sieving until a good quantity
of 150/325 flux is available for use
Using a small tube graduated in 0.1 ml steps, measure out a volume of the flux
powder equal to Ac /4000,where Ac is the area to be fluxed in mm2. Add 10% more to
allow for washing out small particles
Wash the measured quantity of 150/325 flux to remove any dust or fines still trapped
between the grains
If wet laying, use the washed flux in the normal way making sure the edges receive a
little more flux than the centre
If dry sieving, dry the 150/325 flux on top of the kiln with a metal foil tent over to
speed drying and to protect from foreign bodies
Use a 100 mesh sieve to apply the flux. Again ensure edges are covered well
Operate the kiln at 9500C to 10000C, and, for copper 0.5 – 1.2mm thick, place the
piece in the kiln for 1½ minutes
For 1.6 mm thick copper, extend the time to 1 ¾ minutes.
Allow the piece to cool slowly under the metal foil tent. Grind out any small
imperfections and clean up edges
Measure out another quantity of flux and repeat the laying procedure
Fire the second coat for slightly longer – around two minutes
The flux should have dissolved the copper oxide formed on heating and be clear
If slightly brown, another firing at the same temperature should clear it
A green tinge indicates the piece has been fired in the kiln for too long a time or
insufficient flux was applied
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SUMMARY ABOUT THE APPLICATION OF FLUX TO COPPER





















Getting a clear flux layer prior to laying transparents is important and unique as the
flux has to absorb the copper oxide. Imperfections at this stage are almost impossible
to rectify later
A dull copper surface will not reflect well and a bright finish, maybe textured surface,
will show the beauty of transparents to good effect
Very rough surfaces however have a surface area much bigger than the nominal area
and several applications of flux may be needed to achieve clarity
Use a hard firing flux specifically formulated for absorbing copper oxide. It will also
form a good base for the softer transparents without pull through
Using ground flux straight from the supplier without further treatment will rarely be
satisfactory
Coarse grains should be avoided as they take longer to fire to maturity than fine
grains, they can have bubbles trapped when fired at the high temperature needed to
dissolve the oxide and they are more prone to pits forming. When sieving, they can
bounce off the surface and make uniform coverage difficult, especially at edges
Very fine grains can also cause problems due to their surface deterioration by
moisture. The surface area to volume is greatest for very fine grains and so is the
deterioration
Using flux ground dry and then graded by screens to 150/325 eliminates both the
coarse and very fine grains
Using additives such as a weak glue to secure flux when wet laying can result in a loss
of clarity
Using a few drops of acid in the final wash can deteriorate some fluxes and hence this
practice is of dubious benefit
When sieving or wet laying flux, applying too much can result in a milky effect when
fired
Applying too little flux can result in a green tinge or pocks and over saturated (burnt)
edges
A useful rule of thumb is to calculate the area to be fluxed, Ac in mm2, and to divide it
by 4000. The value obtained is the volume of flux to measure out and then apply
High temperature firing, 950 – 10000C ensures the metal is sealed from further
oxidation in the shortest time and the ability of the flux to dissolve the oxide is also
greater
Typically a single layer of flux when fired is 0.1mm thickness. So, when preparing
copper for laying in cells, allow for 0.2mm depth to be occupied by two flux layers
When wet laying in cells, apply a little more at the cell boundaries as the flux tends to
pull to the centre when fusing
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Appendix 2 Packing Factor of Enamel Grains
When enamel grains are wet laid or dry sifted on a solid surface, they do not pack so
closely together that there are no air gaps between them. Even if the grains were completely
spherical in shape, they could not be packed together without air gaps being present. The
best that can be achieved is a close cubic arrangement where the ratio of the sum of the
volume of the individual grains divided by the volume they occupy when packed together
approaches 75%. This packing factor decreases for a more random arrangement of spheres
and is around 50% for a cubic lattice arrangement.
It is, therefore reasonable to expect that enamel grains, which are hardly spherical and more
rectangular in shape, will have air gaps that probably occupy at least half of the total volume
that is laid on the surface. It should be noted that for grains that are more nearly spherical,
the packing factor is independent of the size of the grains. Thus coarse grains will trap the
same total amount of air as fine grains. The difference is that the size of the individual air
gaps will be considerably less in a fine mix than a coarse mix but the number of such gaps is
correspondingly greater. How this applies to enamel grains will now be tested.

Figure A1 Equipment Used to Measure Packing Factor of Enamel Grains
Some lump enamel was ground and graded by use of sieves into different mixes of enamel.
Figure A1 shows the sieves on the left and in a row behind are plastic containers containing
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the enamel grains 60/80, 80/100, 100/150,150/250,250/325. The finer grain sizes were
swilled in water to remove any even finer particles adhering to the grains and they were
then dried. Purified water was poured into a measuring cylinder, shown in the centre of
Figure A1, and the amount “Y” ml recorded. 4ml of one of the above grain mixes was
measured out using another graduated cylinder and this was then poured into the measuring
cylinder containing the water. The mixture was tapped repeatedly and the final height “Z”
ml of the water level again recorded. The packing factor was then calculated to be (Z – Y)/4
x100%.
The five grain samples all yielded results of 45% +- 2% and these results are consistent with
what might be expected from the spherical particle analysis outlined above. They are also in
line with the observation that the thickness of a thin enamel layer after it has been fired in
the kiln is around half that of its thickness prior to firing. Provided the enamel is laid thinly
and fired correctly, the grains coalesce so that even though 55% of the original volume is
composed of air gaps, there remain but a few bubbles trapped in the melt and these should
not affect the clarity to any significant extent. The result should serve to confirm the
importance of not applying the enamel thickly, since the grains on the surface may then fuse
before the release of air in the body of the enamel particles.
In respect of the use of coarse enamels, in particular 80/100, where one is seeking the
ultimate in clarity and colour density, it has been suggested that the size of any bubbles that
might be left in the fired enamel could be reduced by adding some finer particles to the
coarse mix. These finer grains could fill the gaps between the larger particles and hence
reduce bubble size. This may appear to be a dubious proposition because, when dry sieving
enamel grains, the finer particles tend to be deposited first and are overlaid by the coarser
grains. When wet laying, perhaps the separation of coarse and fine grains is less, although
repeated tapping may produce the same result. Then one needs to consider the size of those
fine grains that would be able to nestle in the gaps between the coarse grains. If we select a
coarse grain mix of say 80/100, the grains will pass through a sieve which has a 0.177mm
opening but remain on one with a 0.15mm opening. A fine grain mix of 250/325 will yield
grains between 0.075 mm and 0.044mm. The ratio between the coarse mix and the fine mix
is thus about 3:1. Calculations would suggest this ratio is barely large enough for the fine
grains to fit in the gaps between the coarse grains. If so, the packing factor will not be
increased to any significant extent.
Some experiments were made to measure the packing factor of combinations of coarse and
fine grains. We take 3ml of 80/100 grains and add 1ml of 250/325 grains to it and mix them
together well. The volume of this mix is then measured in the manner just described and
added to a known volume of purified water. The final volume is again measured and the
packing factor determined. The experiment is repeated by increasing the proportion of fine
grains to coarse. The disadvantage of this method for combined mixes is that, in passing
through the water, the fine grains will separate to some extent and the measured packing
factor will be lower than might pertain when laying the enamel in practice. So the
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experiment was repeated using just the dry enamel. Knowing the packing factor of the
coarse grains and the fine grains as determined previously, it was possible to calculate the
packing factor of the combination. These results were, as suspected, higher than the results
using the water method by about 7%.
The following Figure A2 displays the results obtained.
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Figure A2 Packing Factor of Enamel Grains
This shows the packing factor increases from around 45% for all coarse grains, to between
55% and 64%, (wet or dry result), for an equal volume mix. Thereafter the packing factor
decreases again as progressively a greater percentage of fine grains are added. The results
may be imprecise, but it suggests that the fine grains are not able to fill much of the air
space between the coarse grains.
A test was made using a green transparent enamel. This was fired on a fluxed strip of
copper at a temperature of 7500C for 2½ minutes. One section was laid with a coarse mix,
60/100, a middle section with 30% of 250/325 grains added, and a third section with 50% of
the fine grains added. Apart from the observation that the 100% coarse section took longer
to reach maturity than the other two sections, there was no significant difference in the
number and size of trapped bubbles when viewed through a microscope. In any event they
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were hardly discernable by eye. The addition of the fine grains did, however, weaken the
intensity of the green colour and overall the result confirmed the conclusion reached above
that the addition of the fine grains to a coarse mix is of little benefit in reducing the size and
number of bubbles.
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