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Longer times between casting and
flask quenching were tried to solve
this problem, but the cracks persisted,
confirming that quenching time was
not the cause. Lower flask
temperatures did result in fewer
cracks, but some cracks persisted and
the surface quality suffered from the
lower temperature. That confirmed
that the temperature of the flask was
not too high. 

Finally, enough questions were
asked and we discovered that the
main (central) sprue was 15.8 mm in
diameter and the root cause became
clear. The large main sprue held a
large amount of thermal energy and
conducted it down the feed sprue to
keep the junction (gate) hot enough to
hot tear when the rest of the ring
shrank on the investment core, Figure
4a. Large rings were more affected
because they had shorter feed sprues
and the shank was closer to the main
sprue. Smaller rings had longer feed
sprues so the conducted heat had to
travel further and the junction was
cooler. When a tapered 9.5 mm
diameter main sprue, Figure 4b, was
used and the original temperatures
were applied, the problem was
solved. A 9.5 mm diameter main sprue
has only 36% as much metal volume
as a 15.8 mm sprue and, therefore,
only 36% as much heat energy. 

Comet Tails
Almost everyone has seen Ôcomet
tailsÕ on polished jewelry. But
diagnosing the reason for comet tails
can take some surprising turns. Comet
tails are generally associated with
hard spots at the surface, but what
kind of hard spots? Are hard spots the
only cause? Every defect has a
symptom but, as we will see, there
can be more than one cause for that
symptom.

wheel comet, which are discussed
later.

Causes of Comet Tails
We always start with a symptom, the
visible defect that sends the jewelry
back to the shop for correction. In this
case, the symptom is a comet tail. On
close examination, we may determine
that there is something hard
preventing the polishing wheel from
making a smooth surface. Now we
have to determine what the root
cause of the hard spot is, and after
collecting the facts surrounding the
casting operation, we must start to
eliminate possible causes. 

We can organize the defects into
Categories, Classes and Root Causes,
Tables 2 Ð 4, to help us narrow down
the possibilities. 

What is a Comet Tail? 
Figure 5 shows a schematic sectional
view of a hard inclusion in the metal
surface. When the polishing wheel
encounters the inclusion, it cannot cut
it down at the same rate as the metal
surrounding it and a mound of metal
is formed on the leeward side,
looking like a comet tail when seen
from the top view (lower part of
figure). Sometimes a hard inclusion
can be raked out of the metal by the
finishing wheel. It plows out an area,
making a comet tail that resembles a
soft spot comet or a loaded buffing

Figure 5 - Hard Spot Comet Tail. Top:
cross section. Bottom: plan view of surface.
The mounded area on the leeward side of
the hard inclusion looks like a comet tail

Figure 4 - Effect of central sprue size on
ring cracking by hot tearing. (a) Larger
diameter. (b) Smaller diameter. Conducted
heat from the large 15.8mm diameter
central sprue was enough to keep the feed
sprue junction from cooling sufficiently to
prevent a hot tear. Large finger size rings
have shorter feed sprues, which bring the
affected junction closer to the main sprue.
Smaller rings have longer feed sprues and
therefore fewer cracks

¥ Sterling silver rings, 92.5% silver, 7.5% copper

¥ Feed sprue size: 3 mm diameter; shape: Round

¥ Flask temperature, 565¡C (1050¡F)

¥ Flasks held at casting temperature before casting, 4 hours

¥ Metal temperature, 970¡C (1780¡F)

¥ Flask cooling time to quench, 15 minutes

¥ Problem worse on large finger size rings

Clue supplied later that turned out to be the key to solving the problem:

¥ Main sprue 15.8 mm diameter

Table 1. Casting Parameters and Observations supplied by the Caster 

A

B
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Perhaps the defect is sent out to a
laboratory or the metallurgical
department of a university and they
are able to classify the hard spot as an
oxide. That narrows the field greatly,
so lets look at the possible causes for
comet tails caused by hard spots that
are oxides, Table 2. A root cause
could be the system temperature was
too high. The system temperature is
the combined temperature of the flask
and the metal that was too high for
the surface-to-volume ratio of the
pattern, causing a thermal reaction of
the investment, which in turn was
responsible for sulfur dioxide gas
being absorbed by the metal. The
metal reacted with the gas to make an
oxide that made the comet tail. Or it
could have been that sprues were
recycled without being free of
investment. Investment occluded in a
casting is shown in Figure 6. Analysis
by X-ray fluorescence (EDX) showed
an oxide layer next to the porosity.

Some conditions can make the
investment react at a system
temperature that would normally be
OK. A poor burnout will bring the
investment mold decomposition
reaction temperature down to about
700¡C. According to research done by
the German Precious Metals Research
Institute, FEM, casting into a flask that
is in total vacuum or in the presence
of a reducing gas will act much the
same as the carbon left by a poor
burnout in facilitating investment
decomposition.

Another source of oxygen is the
silver and copper used to make up

the alloy. In Figure 7 can be seen
sterling silver with copper oxide (the
red areas); the other dark areas are
copper-rich § phase in the alloy. Fine
silver will absorb a lot of oxygen when
it is liquid. It is wise to melt the silver
first in a graphite crucible with a cover
gas and keep it liquid until the oxygen
is outgassed. It is easy to see when
outgassing is complete because the
melt becomes quiet. Only use oxygen-
free copper and add it after you are
sure the silver is also oxygen free. 

Of course, if metal is exposed to air
when it is hot, it will react with
oxygen in the air and make oxides.
We often see cover gas that isnÕt
oxygen free. Recently, I saw some
supposedly pure nitrogen with so
much oxygen in it that the crucible
burned with a flame. In closed
systems, if the crucible is wearing
faster where the cover gas first
contacts it, you can be sure it isnÕt
oxygen free and that metal oxides are
being produced when you cast.

Perhaps the laboratory reported
that the hard spot was an element,
such as iridium. That would be a
different class of hard spot and would
have very different root causes, Table
3. The iridium may have been
intentionally put in the alloy, but for
some reason something went wrong.
Perhaps it was put in as a grain
refiner, but someone made a mistake
and put in 2% instead of 0.2%, or the
mixing process was wrong, Figure 8.
You can see that the action needed to
correct this problem wouldnÕt help
the previous examples.

Category: Hard Spot

1. Class: Oxides

A. Root Cause: Contaminated metal from thermal reaction with investment

1) Casting system temperature too high

2) Recycling sprues with investment residue

3) Poor burnout

4) Oxides in feed metal

5) Flask not back filled with neutral gas

6) Hydrogen gas in flask

B. Root Cause: Oxygen in fine silver

1) Oxygen transferred from fine silver to another metal during alloying 

C. Root Cause: Metal oxidized during casting process

1) Liquid metal exposed to air (open system)

2) Cover gas not oxygen free (closed system

Table 2. Symptom: Comet Tails

Figure 8 - Hard inclusions of iridium

Figure 7 - Copper oxide (red areas) in
sterling silver

Figure 6 - Occluded investment from dirty
recycled sprues
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The source, being unintentional,
could be mysterious. A jeweler
thought that buying 99.5% fine gold
was good enough; the 0.5% impurity
in the gold turned out to be platinum
group metals that made a lot of hard
spots. If you roll the dice, you might
lose. 

Have you ever had a sealing rod
break in a crucible of liquid gold and
find that the end of the thermocouple
is gone along with its Inconel sheath?
Ever wonder where the Inconel went?
Gold is a good solvent, and even
though the melting temperature of the
Inconel is never reached, the gold
dissolved the Inconel and the jewelry
had hard spots. To the eye, or even
with a shop microscope, I doubt if
anyone could have known the
difference between the previous
defect and this one. Sending it out for
investigation by a SEM (Scanning
Electron Microscope) allowed the
jeweler to know right away what to
look for, Figure 9. When asked the
specific question, the caster
remembered what happened and
when. They were able to locate all the
affected metal before it spread. The
quick, accurate diagnosis saved many
dollars. 

Once I was in a casting shop and
the caster was poking a screwdriver

into the crucible to move the metal
around. I asked him what he thought
happened to the end of that screw
driver and he replied that the melting
temperature of the steel was never
attained, so there was not a problem.
I looked at the screwdriver and the
handle said Craftsman Phillips #2, 6
inch. He was surprised to find that it
was only 5 inches long. Steel shot
lodged in jewelry that is recycled is
another source of hard spots, Figure
10.

Grit used in a sand blast cabinet
can be embedded in soft jewelry
metal and form a hard spot. Normally
the pressure should be regulated to 4
bars or less and the angle should be
45 degrees, never perpendicular.

Soft Spot Comet Tails
Soft spots are a new category, but
before I continue to the various
classes in this category, I want to
point out something interesting. Most
of the time we jewelers use a
diamond loupe to inspect jewelry. I
use one all the time, but remember
you are only looking with one eye
and your depth of field is
compromised. When the polishing
wheel passes over a soft spot in a
casting, the wheel digs in and
undercuts as it moves out of the hole,
creating a comet tail, Figure 11,
except the tail is a concave
depression instead of being
mounded. With one eye, I have a
hard time distinguishing one from the
other. A good stereomicroscope
should be in every casting shop. You
will see defects a lot better if you
have one. I use one that has a 10X to
60X zoom.

Figure 9 - Segregation of foreign material
(stainless steel) on the surface of a 14 karat
gold casting

Figure 10 - Iron-rich inclusion at surface of
casting, with linear scan of iron
concentration superimposed

Figure 11 - Soft Spot Comet. The finishing
wheel drops into a hole and cuts more
rapidly from the edge, forming a plowed out
area that looks like a comet tail

Category: Hard Spot

2. Class: Intentional additions to the alloy

A. Root Cause: Agglomeration of grain refiners

1) Too much used

2) Improper process

3. Class: Unintentional additions to the alloy

A. Root Cause: Feed metal not pure or accidental contamination

1) Dissolved thermocouple sheath

2) Tumbling media lodged in recycled castings

3) Contamination from crucibles

4) Tools used in the crucible dissolved

5) Poor house keeping, dust in metal storage container

Table 3. Symptom: Comet Tails

Category: Hard Spot

4. Class: Mechanically imbedded debris

A. Root Cause:
Sand from sand blasting

1) Sand blast pressure too high 

2) Nozzle angle too high

Table 4. Symptom: Comet Tails
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Figure 12 is a cross-section of a cast
item; it shows an unusual investment
inclusion for two reasons. First, it is
totally encapsulated and second, it
has a round shape. You can see that
finishing could expose the investment
and normal washing would leave a
rounded pore that could be mistaken
for gas porosity. If it were gas
porosity, the surface inside would be
dendritic, but an investment inclusion
would have a surface formed by the
investment.

Spalling of the investment, leading
to a poor cast surface, Figure 13, is
usually associated with the burnout
process. For example, if you steam
de-wax and let the flasks cool to
room temperature before putting
them in a preheated oven, you might
expect spalling. There was a very nice
paper at the Santa Fe Symposium last
year reporting that minerals in water
can prolong the setting time of
investment by 6 or 7 minutes. A
jeweler had been having spalling
problems for a long time. They
changed just about everything,
including investment brands, and
nothing helped. The day after
returning from the symposium they
switched to distilled water and the
problem was solved. If you know the
root cause, it is easy to fix problems.

Another reason for investment
inclusions is found in the wax tree.
The holes left in the main central
sprue, Figure 14, where the wax
pattern is attached, leave fingers of
investment in the path of the metal.
These fingers of investment break off
and become included in the casting.

Plastic has a very large coefficient
of thermal expansion compared with

wax. When it is burned out, the
expansion can break the investment.
A jeweler was casting these Harley
Davidson plaques, Figure 15, for a
long time. Then they cut a new mold
because the logo changed slightly.
The casting of the new pattern was a
disaster, even though the change was
very slight. We found that the letters
were engraved 0.1 mm deeper, which
was just enough to give the plastic the
leverage it needed to overcome the
strength of the investment. The part
shown in Figure 16 was made from a
plastic that expands about 18%, so
even though the part was thin, the
investment was destroyed.

6

Category: Soft Spots

1. Class: Investment inclusions

A. Root Cause: Investment chunks or powder is carried into the pattern cavity by
the liquid metal

1) Investment mixed with mineralized water (erosion)

2) Investment mixing time too short or temperature too low (erosion)

3) De-waxing and burnout problems such as spalling (chunks)

4) Poor workmanship in tree building (chunks)

5) Plastic pattern expansion (chunks)

6) Carving wax expansion (chunks)

7) Sprue button to main sprue junction (chunks, erosion)

8) Stress from handling (chunks, erosion)

Table 5. Symptom: Comet Tails

Figure 12 - Section of casting showing
inclusion of spalled investment (from
Handbook of Casting & Other Defects)

Figure 14 - Spalled investment originates
from holes at wax pattern-central sprue
junction (marked with ink)

Figure 15 - Harley Davidson plaque,
showing rough surface due to investment
spallation arising from plastic pattern
burnout

Figure 16 - Casting showing effect of
investment spallation due to plastic pattern
burnout

Figure 13 - Rough cast surface due to
spalling of investment (a) top (b) underneath

a

b
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The old type sprue base, Figure 17,
is a great source of investment
inclusions that can cause soft spots.
The area next to the wax sprue wears
and investment fills the gap, creating
fingers that erode when liquid metal
is poured. 

I just had to take a picture of this
flask, Figure 18. How are they going
to get a good casting? The cracks
could have been caused when the
sprue base was removed. The
investment is easily stressed and
weakened.

Carbon inclusions are still another
class, Table 6, requiring its own
solution. Carbon is light compared to
silver and gold, so it floats. In a
bottom pour casting system, the
carbon has to fall into the flask before
the metal is poured in order for it to
be included in the casting. Carbon
can be carried into the flask if the
metal flows over the top lip.

Talc is stone, Figure 19, and will
not burn off; therefore, never use a
wax pattern that has talc on it. If you
do, you will have a rough surface on
the casting. More importantly, donÕt
ever put wax that has talc on it back
into a wax injection pot. I have seen it
take months to figure out the root
cause of serious casting defects which
turned out to be caused by
contaminated wax.
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Figure 17 - Old type rubber sprue base,
showing gap adjacent to central sprue. This
fills with investment which spalls off on
pouring molten metal

Figure 19 - Talc on wax patterns

Figure 20 - Inclusions are often mistaken
for porosity

Figure 18 - (a) Cracks in investment due to
(b) rough removal of rubber sprue base 

Category: Soft Spots

2. Class: Carbon inclusions

A. Root Cause: Crucible deterioration 

1) Inside lip of crucible deteriorating (centrifugal casting)

2) Outside of crucible deteriorating (bottom pour system)

3. Class: Talc Inclusions

A. Root Cause: Talc in wax pattern

1) Talc transferred to wax patterns from rubber mold

2) Wax in wax injector pot contaminated by recycling dirty wax

3) Wax storage not covered

Table 6. Symptom: Comet Tails

a

b
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Porosity
Porosity is another category that can
lead to comet tails. In Figure 21 we
can see the result of the system
temperature being too high. Notice
the dendritic surface on the main
sprue. This surface is caused when
gas pressure resulting from
decomposition of the investment
pushed the metal away from the
investment wall. The reaction took
place at the main sprue because the
volume of metal (and heat) is great.
The patterns may not be affected on
this tree, but recycling the sprue may
result in porosity in the patterns of the
next generation casting made from
contaminated recycled metal. 

When gas porosity is on or just
below the surface, Figure 22, it is
thought to be from investment

reaction. Figure 22b is an enlargement
of Figure 22a. Notice the rounded
nature of the porosity. This is classic
gas porosity according to Dieter Ott in
his Handbook on Casting and Other
Defects.

Have you noticed that investment
residue keeps coming up as the root
cause of various casting problems? A
lot of these defects are related. Poor
burnout shows up again. Oxides in
metal are interesting; some recent
research indicates that copper oxide
in cast metal will lower the
investment decomposition reaction
temperature down to 650¡C, which is
a lower reaction temperature than that
resulting from carbon at the surface,
due to a bad burnout. Think about
the sprue with the dendritic surface,
Figure 21. We would expect that
sprue could have some copper oxide
in it, and if it were recycled, the
investment reaction it caused could
further pollute the next generation
cast. From there, things would
continue to get worse. To diagnose
the cause of a defect in one of these
later generation castings is very
difficult because we usually do not
look back far enough. The recent case
of gas porosity may have had a good
burnout, decent sprue network and
correct temperatures that would not
have caused the problem. In reality,
the problem was carried forward from
a previous time through recycled
contaminated metal. 

A root cause can be the same for
more than one category and class.
The chemistry and physics are
working together all the time, but
how you start when developing a
new jewelry design might be the most
important step you take. For example,
if the design has thick-thin-thick
sections and the feed sprue (gate) is
too small and/or badly placed, most
of the bad things that can happen to a
casting are sure to happen. The thick-
thin-thick and small and/or badly
placed feed sprue or gate lead to
shrinkage porosity. The small feed
sprue will require elevated metal and
flask temperatures to fill the pattern,
and the elevated temperatures can
lead to investment breakdown, a
major cause of gas porosity. The gas
contaminates the metal with oxides
and sulfides which, when recycled,
will cause investment reaction at an
even lower temperature. 
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Category: Porosity

1. Class: Gas Porosity

A. Root Cause:

1) Casting system temperature too high

2) Recycling sprues with investment residue

3) Poor burnout

4) Oxides in feed metal

5) Flask not back filled with neutral gas in vacuum assisted casting

6) Hydrogen gas in flask

7) Turbulence caused by feed sprue placement

8) Contaminated metal

9) Feed sprue too small

2. Class: Shrinkage porosity (dendritic) 

A. Root Cause:

1) Poor model design (thick-thin-thick sections)

2) Wrong placement of feed sprue (gate)

3) Feed sprue too small

4) Large crystal structure inhibits flow of fill metal during solidification

5) Metal and/or flask temperature not correct for surface to volume ratio of wax pattern

Table 7. Symptom: Comet Tails

Figure 21 - Dendritic surface on central
sprue (From Handbook on Casting & Other
Defects)

Figure 22 - (a) Typical layer of gas porosity
just beneath the surface of a casting. 9x 
(b) Detail of gas pores at higher
magnification 50x. (From Handbook on
Casting & Other Defects)

a

b
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External factors
Comet tails are not always related to
the metal; they can be produced on
perfectly good metal by secondary
operations, Table 8. The sand blasting
mentioned earlier is an example and
metallic loading on sandpaper or
buffing wheels will gouge the metal,
leaving comet tails.

From a diagnostic point of view,
comet tails can be confusing and
require careful attention. Count them
(Tables 1-8): one symptom, four
categories, 10 classes and 50 possible
root causes. If you have comet tails
on your jewelry and the root cause is
dirty wax in your wax injector pot,
nothing except cleaning out the wax
pot and stopping future dirt from
getting into it will solve the casting
problem. I have seen this particular
problem be so severe that most of the
castings were scrap and it took
months to solve because everyone
who looked at it thought it was some
kind of porosity.

Conclusion
Through study, one can learn to
recognize many types of defects.
Every casting shop should have a
stereomicroscope (10 to 60 power
zoom with a good light). Use your
microscope and get to know what
various defects look like. Compare
what you see to the pictures in the
Handbook for Casting and Other
Defects. The handbook can be

purchased from The World Gold
Council at a very reasonable price. If
you donÕt know what the defect is,
send it to someone who can
investigate it with good laboratory
equipment. The cost of lab work is
lower than the cost of rework and
you will learn something.

Every casting problem has a root
cause. Once you discover that root
cause, the problem can be solved
quickly. So, like Sherlock Holmes,
hone your deductive reasoning skills
and get to the bottom of it. 

Editor’s comment: The Handbook
on Casting and Other Defects is an
encyclopedia of defects based on a
series of case studies of actual
production defects. It is described in
Gold Technology No. 24, September
1998, and is one of several technical
manuals and handbooks published by
World Gold Council. They can be
ordered from the London office:

World Gold Council
International Technology
45 Pall Mall
London SW1Y 5JG
England
Fax: +44 20 7839 6561 or 4314.

A list of these publications can be
found on the WGC web page under
the Jewellery domain,
http://www.gold.org and in Gold
Technology No 29, Summer 2000.
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Category: Finishing Wheel Tracks

1. Class: Loaded sanding and polishing wheels or buffs

A. Root Cause:

1) Buff is compound starved

2) Buff or polishing wheel is too hard (doesnÕt wear fast enough to prevent loading)

3) Buff not cleaned

4) Wrong type of sandpaper or wheel for the metal

5) Sandpaper too hot

Table 8. Symptom: Comet Tails
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