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Introduction
The goal of this committee was to revise and update the shell defect manual by revising the text and up dating
the graphics with new photos of typical defects.  The first thing observed was that today’s foundries have fewer
defects because of the improved skills of their personnel.

Therefore, this manual is a combination of the old and new photos to illustrate these defects when the complex
shell process goes awry.  Hopefully, you too have fewer defects today.  But the inclusion of the old photos was
necessary for a complete picture of what can go wrong.

The book is presented in five sections representing problem areas as they appear chronologically in the shell
building process.  Each section contains introductory comments, followed by defects, probable causes and
suggested cures.

Acknowledgments
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committees  that offered their services for this project.

Chairman: Jim Jackson S&A Consulting Group
Members: Earl Barnes Dal-Air

Chuck Matzek Remet
Bart Nalls Dal-Air
Jerry Snow Minco, Inc.
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Editing: Leland Martin Investment Casting Institute



7

Pattern Preparation Problems

Section 1
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Pattern Cleaning and Etching

The process of cleaning patterns and the use of etch-
ing has changed much in recent years.  In the past, a wax
pattern was not considered ready for dipping unless an ob-
servable etched surface was seen.  Look at the examples
of etched surfaces shown.

In today’s foundry, waxes are sometimes prepared with-
out a cleaning cycle and only a water rinse.  This is pos-
sible because of water-soluble wax release agents.  Other
techniques include use of milder cleaning with detergent
washes and better wax room practices that send cleaner
waxes to the dip room.  The prohibition of the old solvents,
such as trichloroethylene and freon, has led to the use of
water-soluble pattern washes.

The purpose of cleaning the wax pattern is to remove
dirt, silicone release agent and any wax chips, which can
cause defects in the shelling process.  If etching is desired,
i.e. the roughening of the wax surface, the proper method is
to immerse the pattern just long enough to remove the re-
lease agent and dirt and create only a light etch on the
pattern.  This slight etch will create a microscopic rough-
ness on the surface which will improve the adhesion of the
ceramic slurry and provide a casting with an excellent sur-
face finish.  This etching will help prevent primary coat shell
buckle, especially on large, flat surfaces.

If the etching is excessive, a rough surface will be cre-
ated on the pattern, which will be transferred to the casting.

In addition, when filled waxes are used, a dusty surface
can be left from the filler, which will interfere with the ce-
ramic coating.

For best coverage of a wax pattern, the combination of
removing silicone and dirt and maintaining proper concen-
trations of wetting and anti-foam agents in the slurry pro-
vides the best ceramic shell and smoothest casting sur-
face.

Keep the pattern wash clean and avoid the buildup of
dissolved wax and mold release.  This requires a routine
cleaning, replenishment and replacement  schedule.

With the use of any cleaning system, monitor its clean-
ing effectiveness on a daily basis to maintain the proper
concentration.

Maintain control over the time of immersion in the sol-
vent.  Use the shortest time possible to properly clean the
wax pattern.

 It is recommended that all pattern cleaners and
etchants be removed from the wax pattern by thorough clean-
ing and that the cleaned patterns be allowed to dry prior to
immersion in the primary slurry.  Any carry-over of pattern
cleaner or washing solution into the primary slurry can de-
stabilize the colloidal silica binder, causing inconsistent
performance, and will also change the primary slurry vis-
cosity.

Under-etched Over-etched

Properly etched
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Over-etched Patterns

Probable Cause

1. Too long in pattern cleaner.

2. Solvent blend out of control.

3. Not rinsing soon enough.

Suggested Cure

1. Use a shorter time.

2. Follow the proper control procedures.

3. Rinse immediately after removal from the pattern
cleaner.
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Probable Cause

1. Improper cleaning/under-etch.

2. Insufficient wetting agent in prime slurry.

3. Excessive mold release agent.

4. Failure to clean pattern after washing/etching step.

Suggested Cure

1. Check efficiency of cleaning solution.  Refer to proper
control methods or use a standard pattern.

2. Follow the manufacturers recommendation for the
proper level.  Avoid the use of an excess (foam).
Check your choice of wetting agent for stability,
solubility and/or dispersion.

3. Train operators to use the minimum effective level.

4. Wash Pattern.

Under-etched Patterns (Non-Wetting)
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Section 2
Slurry Preparation Problems

Slurry Preparation

Slurries should not be prepared in the dip tank.  They
should be prepared in a separate mix tank.  Freshly mixed
slurry contains large amounts of entrapped air. The air
comes from the surface of the refractory as well as the
porosity of grain aggregates.   As the binder wets-in the
flour and the grain disperses in the binder, the air is
displaced.  This air must be allowed to come off before the
slurry can give maximum strength, and reach a stable
viscosity.  It is advisable to allow the slurry to mix overnight
before using it to build shells.

Rotating tanks are effective at keeping flour particles
suspended in slurries but are relatively inefficient at wetting-
in the flour particles.  High-shear mixes or propeller mixers
are recommended to properly wet-in a slurry.

The following procedures are recommended:

√ Carefully weigh or measure out the proper quantities of
binder and flour.

√ Add the binder components to the mix tank.  (You may
wish to hold back about 5% of the binder until the final
viscosity adjustment.)

√ Turn on the agitator and slowly add flour.  If you are
using two or more different refractory flours, add the
flour most difficult to wet-in first.  Add remaining flour
type(s) after the first flour has been thoroughly wet in.

√ (The viscosity will be high at first because of the
entrapped air but will become lower as the air is
eliminated and the flour is wetted out.)

√ After all the flour has been added, agitate the slurry
slowly without vortexing, until all the air has been
eliminated and the viscosity has stabilized.  This could
take 24-48 hours.

√ Adjust the slurry to the final desired viscosity by adding
more binder or flour.  (It is better to make the slurry up
slightly high in viscosity and adjust with binder since
no additional air is added this way.)

√ After the slurry is stabilized (constant viscosity), it can
be added to the dip tank.

√ For prime slurries, add surfactant after the air has been
eliminated.

√ Antifoam is usually added at about half the concentration
of the wetting agent.  These additives are usually
premixed in water for easier mixing.

√ The occasional addition of water to make up for
evaporation losses may be necessary.
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Bubbles

Probable Cause

1. Insufficient wetting agent
(failure to wet-out the corner).

2. Slurry viscosity is too high.

3. Improper dipping procedures
or mechanical air entrapment.

4. Improper dipping or draining
procedures.

Suggested Cure

1. Follow manufacturers
recommendations on proper level.

2. Lower slurry viscosity or use a prewet
solution.

3. Look for bubbles before stucco
application, and blow them out.  Use
multiple slurry dips and blow out
bubbles in between.  Use slow
immersion. Observe proper orientation
to avoid air entrapment.  Use a
vacuum method to extract air or break
bubbles.

4. Use part rotation and orientation
during draining to prevent bubbles.

Stucco Penetration
and Other Causes of Rough Surfaces

Probable Cause

1. Slurry is too thin.

2. Drain time too long before
stucco application.

3. Stucco too coarse.

4. Rainfall sander too high
above pattern.

5. Nonuniform sand delivery
from rainfall equipment.

6. Improper air flow in fluid bed.

7. Foaming in slurry.

8. Incomplete wet-out of
refractory during slurry prep
or adjustment.

9. Slurry instability (microgel).

10. Metal-mold interaction.

Suggested Cure

1. Use a higher slurry viscosity.

2. Optimize drain time.
Train operators.

3. Use finer stucco.

4. Raise pattern in relation to sand fall.

5. Maintain or revise equipment.

6. Reduce air flow as needed, keep bed clean.
Maintain sufficient flow to avoid having to
force the patterns into the bed.

7. Change or reduce wetting agent or use an
antifoam (minimum necessary). Adjust
mixing conditions to insure that you re not
mixing in air.

8. See section on proper slurry preparation.

9. See section on slurry testing and
maintenance.

10. Better metal temperature control.  Face
coat needs more refractory character
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Section 3
Slurry/Stucco Maintenance

Slurry Testing and Maintenance

As a minimum testing regimen, the following test
procedures should be used:

Determine and log daily  (the number at right
indicates where test procedure may be found in Ceramics
Testing Guidebook published by Investment Casting
Institute):

Viscosity................................... 98
Temperature ............................ 104
pH ............................................. 105 or 107
Slurry specific gravity ............. 100 or 102

Typically,  water or solvent is added in order to
maintain a constant working viscosity.  So long as the
specific gravity remains constant at a uniform viscosity,
the relative proportions of binder and refractory solids are
remaining adequately constant.  If the specific gravity falls,
as the viscosity remains constant, instability of the slurry
is indicated.   Adjustments to pH for aqueous systems
can be made by adding ammonium hydroxide, which does
not have any impact on shell refractoriness.  If shell
refractoriness is not an issue, a 2.5% Potassium Hydrox-
ide solution can be used.  When adding potassium

hydroxide, add it slowly with strong agitation to avoid local
gelIation.

In addition the following should be tested weekly:
Binder% silica (water-based) ..... 111
Total Slurry Solids ..................... 117
Refractory Content .................... 116

These measurements will allow you to reconstitute
the slurry to the original proportions of refractory, binder
solids and solvent.

For aqueous systems you should also consider
setting up an accelerated gellation test for binder.  See
Investment Casting Institute Ceramics Testing Guidebook,
page 113

Some foundries, (typically aerospace) will sometimes
use a procedure called Plate Weight measurement.  This
test determines the typical amount of slurry left on the
pattern after draining.  It is a good method for confirming
the consistency of a prime or backup slurry.  It will show if
your slurry has changed due to differences in the particle
size of the flour.

Plate Weight ............................. 108
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Stucco Removal Problem

Probable Cause

1. Excess Stucco not removed.

Suggested Cure

1. Blow out or shake off excess immediately after
application.

The bridged stucco can produce a weak spot which will later break and be infiltrated with metal during pouring.  See
also next page.
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Bridging Defects/Metal Penetration

Probable Cause

1. Excess or loose stucco in hole or slot.

2. Stucco too large.

3. Stucco contains lumps.

4. Drying in slot or holes insufficient.

5. Second or later dips too viscous.

6. Improper part orientation (particularly on robots) keeps
slurry from filling slots or holes.

Suggested Cure

1. Remove all loose stucco.

2. Use smaller stucco.

3. Screen lumps from stucco.

4. Increase drying time.

5. Prewet or reduce slurry viscosity.

6. Revise the part orientation.

This represents the sequence of events which
resulted in the bridging/metal penetration defect
shown at left
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Defect: Shell Cracking/Finning

Probable Cause:

1. Wax heats up prior to autoclaving, expands and
cracks shell.

2. Autoclave pressure rise is too slow.  (Overloading may
be a contributing factor).

3. Green burst strength inadequate for this part.

4. Liquefied wax cannot drain.

5. Incomplete drying.

Suggested Cure:

1. Maintain uniform temperature on molds until just
before dewax.  Then load molds, close and lock
autoclave and apply pressure.

2. Reach maximum pressure in ten seconds or less.

3. Thicken shell by using extra slurry dips.*

4. Check sprue wax melting point, it should be lower
than the pattern wax.

5. Allow sufficient time to dry prior to dewaxing.

Note:  An added coat of slurry between autoclave and firing can be helpful in preventing the worsening of any cracks
which occur.

* If the thickness doubles, the burst strength quadruples.
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Section 4
Shell Drying Problems

Proper Drying Conditions
Relative Humidity

Because of the wet-bulb cooling effect of the wax, dip
areas and prime drying areas should be operated at relative
humidity (RH) above 50%  (perhaps as high as 60%).  The
thinner the part, the more critical is the RH.  A thin part can
expand easier than a large thick part.  Once one or two
backup coats are applied, the insulating effect of the shell
allows for lower RH in order to speed up the drying.  The
choice of RH is a compromise between drying rate and shell
cracking.  The higher the RH, the lower the chances of crack-
ing but the slower the drying rate.

Drying a prime coat longer than is necessary allows
expansion to occur, as the pattern waxes warm to room
temperature.  Over drying of prime coats should be avoided.

The use of polymers in the prime coats, strengthen and
add flexibility to the prime coat so that lower RH can be
tolerated.  Sometimes prime areas can be run as low as
35% RH but this is not generally recommended.

Web-bulb/Dry-bulb Effect
The fact that water takes heat away when it evaporates

is well known. You feel cooler when moisture evaporates
from your skin. The lower the relative humidity the stronger
the cooling effect. The oldest measure of the relative humid-
ity is the cooling effect produced on a thermometer from
which water is evaporating.  The lower the relative humidity
the larger the temperature difference between the “wet-bulb”
and “dry-bulb” thermometers.

Waxes expand and contract much faster than shell
materials. Most people know this wax expansion difference
is the reason autoclaves must be pressured fast - so that

the wax begins to melt before it has a chance to expand and
crack the shell. But wax expansion can crack shells during
shell drying as well.  The effects of this expansion difference
must be taken into account during the shelling process.
When slurry is drying on the wax pattern, it tends to cool
the pattern, just as moisture evaporating from your skin cools
you.  This cooling effect causes the wax to shrink a little.
When the water is gone, the cooling effect ends too. The
wax goes back to room temperature.  The shell around the
pattern does not expand as fast as the wax and can be
cracked by the force exerted by the expanded wax.

Temperature
Even without the cooling effects of drying, it is proper to

maintain good control of the ambient temperature of the mold
processing area.  Temperature variations can still cause the
wax inside to expand and contract enough to damage the
shell.  Therefore temperature control is necessary 24 hours
a day.  At any RH, the drying rate is higher at higher temper-
ature.

Air Flow
Some airflow is required at all times to continuously

recondition the air in the drying area.  In fact a minimum
number of “changes” are required before the HVAC equip-
ment can maintain the specifications set for drying.  When
drying the prime coats, it is best that direct air impingement
of the mold be kept to a minimum.  Airflow rate around these
molds should be about 100 to 200 feet per minute (fpm) as a
maximum.

When drying the backup coats, airflow rate can be
raised significantly.  Flow rates of 500 to 1000 fpm and high-
er can be used.  Just make sure that all sides of the mold
are getting equal flow rates.
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Drying Cracks/Rat-Tailing

This casting contains metal fins (mountains)
caused by metal entering large drying cracks.
The smaller negative fissures (valleys) result from
oxidation of the metal by air entering through
micro-cracks.  The micro-cracks are drying
cracks too small to allow metal infiltration.

Rat-tailing is the selective oxidation of the metal
surface through cracks or micro-cracks in the
shell. This is the surface of a shell which devel-
oped severe drying cracks.  Most of the cracks
are large enough to be filled with metal during
pouring and will produce plus metal such as the
ridges shown at right.  Very fine micro-cracks
are too small to allow metal to enter,  but will
allow air to reach the casting surface.

Probable Cause

1. Humidity too low during drying.

2. Drying too long.

3. Uneven air flow.

4. Poor slurry prep or maintenance.

5. Green -strength additive becomes unstable or
ineffective.

6. Temperature excursions.

7. Mismatch in expansion coefficient of back-up and
prime coats.

Suggested Cure

1. Raise humidity during prime dip drying.  (See section
on wet-bulb, dry-bulb effects for details).

2. Use the minimum drying time needed to avoid slough-
off.

3. Water based prime slurries should be dried in still air.
Minimize high velocity airflow directly on shells.

4. See sections on slurry prep, testing and maintenance.

5. See sections on slurry prep, testing and maintenance.

6. Maintain uniform temperature control.

7. Better selection of refractories (mainly a factor during
firing).
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Prime Coat Lift

Probable Cause

1. Poor adhesion of prime coat to the pattern.

2. Over drying of prime coat outer surfaces.

3. Under-drying of prime coat inside surfaces.

4. Weakness at sharp corners.

5. Temperature excursions.

Suggested Cure

1. Improve pattern washing (etch) procedure.  Add details
to broad flat surfaces.

2. Raise humidity.  Use minimum time to avoid slough.
Minimize air velocity.  Add green-strength additive.
Avoid prewet before second coat.

3. Lower humidity.  Extend drying time.  Provide air
circulation to these surfaces.  Avoid prewet before
second coat.

4. Modify dip and drain technique to eliminate slurry
buildup on corners.

5. Maintain uniform temperature.
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Spalling

Probable Cause

1. Lack of inter-coat adhesion because:

Excess stucco inhibits bonding.

Viscosity too high on second dip (first coat absorbs
binder from second dip).

Poor drainage of first dip leaves excess slurry.

Stucco too coarse.

Stucco contains excessive fines.

2. If spalling occurs only on firing, suspect an expansion
difference between coats.

3. If spalling occurs during autoclave,  suspect rapid
decompression.

Suggested Cure

1. Remove loose stucco.

Reduce viscosity or prewet.

Improve uniformity of drainage.

Consider intermediate size stucco.

Blow out ultra fines, and skim fines from the surface of
fluid bed, or screen fines from the stucco.

2. Slow heat up schedule. Change refractory selection
for a better match.

3. Release pressure gradually.  Consult section on
proper autoclave procedures.

Complete breaking away of prime coat(s) during or after wax
removal



21

Section 5
Dewax Problems

Flashfire Dewaxing

In flashfire dewaxing, the cold mold is put directly into
a hot furnace. A temperature of 1500 F is good.  Too low a
temperature (below 1200 F) may result in incomplete
burning of the wax and leave a carbon residue.

As in the case of the autoclave, the molds should be
kept at the shell room conditions until just prior to
dewaxing to prevent premature wax expansion which could
cause mold cracking.  The molds should be thoroughly

Successful autoclave dewaxing depends on getting
heat into the wax as fast as possible.  Wax has a much
higher thermal expansion rate than the ceramic shell, and
if allowed to warm up slowly it will crack the shell.
However, wax is also a poor conductor of heat.   If the heat
is applied quickly, the wax surface will melt before
the main body of the wax has a chance to heat up
and expand.

Before dewaxing, the shells should be kept in the
shell room until the last possible moment.  Shells should
be loaded into the cart in the shell room, wheeled out and
loaded into the autoclave as quickly as possible.  Do not
leave them sitting around in the autoclave area, it is
usually warmer than the shell room.   Once the cart is in
the autoclave, the door should be locked and steam
admitted as quickly as possible.

Most modern autoclaves will reach 100 PSIG in 10
seconds, or less, and this is a good rule of thumb for
minimizing shell cracking.   If you have an older autoclave,
which will not reach 100 PSIG, you should try to get 80
PSIG in 8 seconds, or at least 60 PSIG in 6 seconds.  If
your autoclave system will not reach these pressures in
the times noted, you should consider adding a wet steam
accumulator to your system, or even getting a new boiler.

Autoclave Dewaxing

At the end of the dewaxing cycle, it is equally
important to release the pressure slowly.  Release of the
pressure too rapidly can cause water in the shell to flash
into steam, causing delamination or cracking.  The
pressure should be permitted to drop to zero over about
two minutes.

Attention to these details, plus the use of a good,
balanced autoclave system, should minimize or even
eliminate shell cracking problems.

A mold with a dense, low porosity face coat, a high
melting point wax or a high viscosity wax will be harder to
dewax, It is often advantageous to make the runners and
gates in a lower melting point wax so that they melt first
and open a path for the pattern wax.  One may also coat
the runners with a low melting point wax before attaching
the patterns.

With very large molds, openings called meltout tips
may be used at the far end away from the pouring cup.
Thin spaghetti wax pieces are added to the pattern or
runner.  The shell, when formed around them, make an
integral part of the mold.  Before dewax, these tips are
broken off to provide additional places for the wax to
release pressure and run out.  They are then patched.

dry.  The rapid boiling of residual moisture could cause
delamination.

With flashfire dewaxing, the heat input is slower than
in the steam autoclave when it is operating correctly.
Therefore, the concern with low porosity face coats and
high melting point waxes as discussed in the previous
section is especially important to flash fire dewaxing.
Meltout tips are an important consideration as well.
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Delamination of Back-up Dips

Probable Cause:

1. Rapid pressure release in autoclave causes steam
evolution between layers.

Suggested Cure:

1. Release pressure slowly.  See section on autoclave
dewaxing.

Note: See the section on “Prime Coat Lift” for shell building problems which can contribute to this problem.
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Bulging Cracking

Probable Cause:

1. Large flat surfaces are susceptible to this defect.

2. Parts too close together on the tree. This may produce
a weak mold due to inadequate drying. Heat transfer
may also be retarded, which inhibits rapid wax melt-
out.

Suggested Cure:

1. Add stiffening feature and/or add additional backup
coats until bulge is under control.

2. Add room for better drying during mold making and
giving better steam circulation during autoclaving.

See causes of overheating on next page.
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Bulging-Overheating

Probable Cause:

1. Firing temperature too high.

2. Refractory character is insufficient.

3. Metal temperature too high.

4. Metal pressure too high.

5. Heat dissipation insufficient.

6. Large flat surfaces susceptible.

Suggested Cure:

1. Lower firing temperature.

2. Better choice of refractories.

3. Better temperature control.

4. Lessen metalostatic head.

5. Use a refractory that dissipates the heat rather than
acts as an insulator.

6. Add stiffening member.

The sample above was made intentionally to illustrate
the effects of overheating.  Plastic flow has taken place.
The sketch shows the original wax shape.
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Inclusions

Probable Cause:

1. Poor housekeeping -- loose refractory in shell.

2. Part to sprue joint has undercuts.

3. Spalling, delamination and cracks.

4. Patching technique can introduce ceramic.

5. Filter breakage.

Suggested Cure:

1. Wash out shells.  Store cup down.  Blow out shells
just prior to firing.  Wipe rim before turning up right.

2. Establish proper wax setup methods and controls.

3. Refer to the specific sections for remedies for these
problems.

4. Set up procedures which minimize the problem.

5. Set up procedures which minimize the problem.
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Core Break

Probable Cause:

1. Internal Core is damaged during handling, wax
injection, or mold dewaxing.

Suggested Cure:

1. Check procedures for mounting core in wax die,
determine proper fit in die.

Check wax injection pressure.
Confirm wax properties are consistent.
Check that all cores are un-cracked.
Determine that core properties are good.
X-ray finished wax pattern if possible.
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