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Introduction
• Small percentage of castings with shell 

buckle. 

• Checked all the usual suspects; tackiness 
after cleaning, solution concentration, 
percent active ingredients. No identifiable 
change in the cleaning process.

• Not confident the button pull adhesion test 
would identify any potential causes.

• Percentage of defects was so low it allowed 
time to better understand the cleaning 
process. 

Buckle defect courtesy of the ICI Atlas of Casting Defects



Project Goals

Partnered with Paramelt to understand critical aspects of pattern cleaning. Set the 
following goals:

1. Improve the adhesion test.

2. Determine how residual silicone release affects wetting and adhesion.

3. Determine how pattern cleaning affects wetting and adhesion.

4. Determine the relationship between pattern cleanliness and mold quality.

5. Understand how wax formulations affect adhesion and wetting.

6. Produce a cleaning process that provides consistent and uniform adhesion and 
wetting.

7. Produce a method for monitoring the effectiveness of the cleaning process.



Adhesion Test



Adhesion Test

Many different prime coat adhesion tests used over the years. 

• Knife test, bend fracture, cantilever and large surface area tests – Argueso, 
Kovach and Schiefelbein.

• Button pull test – Snow and Scott. 

• Crosscut, tape peel test – Bhattacharja, Doles, Romba and Wang.

• Paint and coating industry ASTM D3359 (crosscut) and ASTM D4541 (tensile).



Adhesion Test

Needed a different approach. We had the following goals:

• Test results would produce continuous data with high resolution

• Low measurement error

• Quick and easy to perform

• Not require expensive equipment

After consulting with industry colleagues, we decided a modified version of 
the tape peel test would work.



Tape Peel Test

Low adhesion

High adhesion

In the tape peel test, tape is applied 
to the prime coat and slowly peeled 
off. Adhesion is judged by the 
amount of ceramic remaining on 
sample.

MBKtape.com



Modified Tape Peel Test

Modified the test by measuring the force required to remove the tape. We 
mounted a force gage mounted to a test stand to remove the tape from the 
sample.

• Controlled speed of tape removal; 10 inches per minute

• Measured over a test distance of 4 inches 

• Very sensitive force gage; 1 gram resolution with a maximum capacity of 
1650 grams.

• Force required to remove the tape (or prime coat) recorded by the gage.

• Gage captures approximately 70 readings and reports average, minimum and 
maximum values for each test



Prime Coat Adhesion Test

• Prime coat applied without stucco and 
allowed to dry. 

• High strength tape applied to the prime 
coated surface and allowed to sit 
overnight prior to testing.



Wax Adhesion Test

• Low adhesive tape applied directly to the wax 
sample and tested immediately.

• Provides an indication of wax cleanliness.

• Called the wax adhesion test.



Residual Silicone



Residual Silicone

Release agents are typically applied to the injection tool to prevent the 
wax from sticking.  One of the most common release agents used in the 
industry is silicone. We call the release agent that stays on the wax 
pattern residual silicone. 

We wanted to understand 
the role residual silicone 
plays in adhesion. 



Residual Silicone

“If unwanted silicone attaches to the substrate, the result is the 
formation of a weak boundary layer. The silicone contaminant prevents 
the direct contact between the adhesive and the adhered.” 

“Addressing Silicone Contamination Issues” Techsil White Paper, E. Petrie, March 2013.



Residual Silicone

• Five finger sprue die was sprayed with 
silicone release agent. 

• Ten consecutive injections were made 
without respraying.

• Wax adhesion testing performed on the 
odd numbered fingers.

• Average wax adhesion reported by 
injection number.



Residual Silicone

• As expected, wax adhesion 
incrementally increases after each 
injection. 

• The wax pattern from each 
injection removes some of the 
silicone oil from the tool, leaving 
less for the next injection. 

• Adhesion progressively increased 
from 8 grams to 92 grams over 
the course of 10 injections. This simple test showed the profound effect residual 

silicon has on adhesion. 



Pattern Cleaning



Droplet Test

We use a quick and easy method to determine cleaning time and 
concentration required to remove silicone from the wax surface. We call it 
the droplet test.

Dilute cleaner (unetched) Straight cleaner (etched)



Droplet Test

• A light coating of silicone is sprayed 
directly on the sample. 

• Drops of cleaner of varying 
concentrations placed on the 
sample for times ranging from 5 
seconds to 4 minutes.

• Tested three different cleaners

20%, 50% and 100% cleaner concentration (left to right)



Droplet Test

• After 45 minutes, checked the 
cleaned areas for adherence.

• When straight, cleaners removed 
the silicone oil and etched the 
surface.

• When diluted, the cleaners would 
not remove enough silicone oil to 
produce any level of adherence, 
regardless of contact time.

Same wax sample after drying



Injection after Spraying and Cleaner



Injection after Spraying and Cleaner

Determine the ability of different 
cleaners to remove varying amounts 
of residual silicone.

• Five finger sprue die sprayed with 
silicone release agent. Ten 
consecutive injections were made 
without respraying.

• Wax adhesion testing performed on 
all fingers.

• Average wax adhesion reported by 
injection number. As-found in previous test, adhesion progressively 

increases after each injection



As-Cleaned Wax Adhesion

• The even injections cleaned with 20% solution of cleaner A for 30 seconds.

• The odd injections cleaned with 100% solution of cleaner C for 30 seconds.

• Wax adhesion measured 45 minutes after cleaning.



Cleaner A; As-Cleaned Adhesion

Cleaner A – 20% concentration

• No significant difference between 
as-injected and as-cleaned 
adhesion.

• As-cleaned adhesion significantly 
affected by injection after 
spraying. 

As-injected

As-cleaned

Cleaner A, at 20% concentration, did not remove silicone release from sample



Cleaner C; As-Cleaned Adhesion

Cleaner C – 100% concentration

• Large increase in adhesion after 
cleaning.

• 30 second cleaning time not long 
enough to remove the heavy 
coating of silicone from the first 
few injections. 

As-injected

As-cleaned



Prime Coat Adhesion

All sprues were prime coated 24 hours after cleaning. After the prime coat 
dried, tape was applied and allowed to sit overnight prior to testing.



Cleaner A; Prime Coat Adhesion 

Cleaner A – Prime adhesion

There was no significant difference 
between as-cleaned and prime coat 
adhesion.

Prime coat adhesion directly related 
to injection after spraying. As-cleaned

Prime



Cleaner C; Prime Coat Adhesion 

Cleaner C – Prime adhesion

There was a large increase in prime 
coat adhesion indicating a secondary 
mode of bonding. Consistent prime 
coat adhesion starting at three 
injections. As-cleaned

Prime



Tackiness and Cleaning Time



Tackiness and Cleaning Time

• Sprayed the die prior to each 
injection.

• Tackiness was varied by delay 
between cleaning and prime coat 
application. 

• All samples cleaned in cleaner C at 
100% concentration.

Sample Delay time
Immersion 

time

1 1440 minutes 120 seconds

2 1440 minutes 30 seconds

3 5 minutes 30 seconds

4 5 minutes 120 seconds

We wanted to understand the role tackiness and cleaning time play in prime 
coat adhesion. 



Tackiness and Cleaning Time

The interaction plot shows the 
dramatic effect tackiness has on 
prime coat adhesion. 

Applying the prime coat when the 
wax is very tacky increased adhesion 
by over 300%.

5 minute – high tack

24 hour delay – no tack



Tackiness and Cleaning Time

It is important to note the tape did not remove the prime coat from samples 3 
and 4 (5 minute delay time). This means the actual adhesion was higher than 
measured.  

5 minute delay after cleaning24 hour delay after cleaning



Adhesion and Spall



Adhesion and Spall

Prior researchers have theorized there is and ideal level of prime coat 
adhesion; high enough to prevent prime coat lifting yet not so high as to cause 
delamination or spalling.

Spall defect courtesy of the ICI Atlas of 
Casting Defects

Delamination with scab (top) and without scab (bottom) 
courtesy of the ICI Atlas of Casting Defects

Prime coat lifting defect courtesy of the ICI Atlas of 
Casting Defects



Spall Severity
Pine Tree Castings has been developing a test to measure spall severity. This 
test uses a wax specimen with features that are particularly difficult to 
produce without spall; four pyramids with ridgeline angles ranging from 30 to 
75 degrees.

Spall severity injection tool Spall severity wax pattern



Adhesion and Spall
In this this test we wanted to determine if silicone level or cleaning 
condition affect spall severity. Tested the following conditions:

• Injection after spraying; 1, 2, 9 and 10

• Cleaning; None, Cleaner A (20%) and Cleaner C (100%)

1st, 2nd 9th and 10th patterns after spaying



Adhesion and Spall

• A total of three molds tested per 
cleaning condition. Each mold had 
eight patterns - two patterns per 
injection condition. Pattern 
cleaning time was 30 seconds

• Molds flashfire dewaxed and 
cooled. Each mold cavity removed 
from sprue and back face pried 
off. Ridgelines graded for spall 
severity (1 to 4 scale).

Low spall severity 

High spall severity 



Adhesion and Spall

• Least severe spall occurred on 
patterns not cleaned with a high 
level of residual silicone

• Most severe spall occurred on 
patterns cleaned with 20% 
concentration of cleaner A

Most severe spall

Least severe spall



Wetting, Surface Tension and Surface Energy



Wetting, Surface Tension and Surface Energy

Solid

Contact angle less than 90 degrees
Wetting

Contact angle 90 degress
Contact angle greater than 90 degress

Non-wetting

How does wax formulation, release agent and cleaning process affect prime 
coat wetting?

Wetting is typically measured by the contact angle of a liquid droplet on a 
solid surface. Angles less than 90 are considered wetting and greater than 90 
non-wetting.



Young’s Equation

To predict how well a liquid will wet a substrate (contact angle) requires a few 
different equations. We start with Young’s equation.

LV cos θ = SV − SL
Where:

LV = Surface tension of liquid 

SV= Surface energy of solid

SL = Interfacial tension of liquid to substrate

𝜃 = contact angle 

We will use the example of a water droplet on Teflon.

Water

Teflon



Three Force Vectors

SV = Surface Energy of TeflonSL = Interfacial Tension

Water

Teflon

Contact angle

Three force vectors determine contact angle; surface tension of water, 
surface energy of Teflon and interfacial tension of water on Teflon. 

We need another equation to determine interfacial tension. We need 
Fowkes equation.



Fowkes Equation

Fowkes equation

SL (interfacial tension) = LVt + SVt – 2(√LVd SVd + √LVp SVp)

Where:

t = total surface tension

d = dispersive energy

p = polar energy

We need to measure the dispersive and polar components of surface tension for the 
liquid (water) and solid (Teflon). 

Total surface tension made up of two components; 
dispersive energy and polar energy.



Young’s Equation

SV (Teflon) = 18SL = 47.2

Contact angle

Once we have determined the interfacial tension, the contact angle can be calculated by 
rearranging Young’s equation. 

cos θ =
SV − SL

LV

cos θ =
18 − 47.2

72.8

Contact angle = 113.6



Paramelt Presentation



Surface Tension of Binder Solution

A typical prime coat binder solution was tested for surface tension by 
Dataphysics-Instruments.  Binder solution comprised of colloidal silica, 
deionized water, latex polymer, surfactant and antifoam.

Surface tension measured 25.48 mN/m with 25.37 dispersive and .11 polar.



Wax Wetting

Predicted Spreading Coefficient and Contact Angle

Substrate Total surface energy Spreading coefficient Contact angle

Wax A, no silicone 22.5 -3.13 28.7

Wax C, no silicone 28.0 2.42 0

Wax C, light silicone 28.7 3.01 0

Wax C, heavy silicone 32.4 6.36 0

Using the surface tension data for the binder solution, the predicted wetting 
characteristics of various pattern conditions were calculated.



Summary and Future Work



Summary 

The wax injection operation produces patterns with a wide range of residual 
silicone. The amount of residual silicone is one of the determinants in prime 
coat adhesion. Effective pattern cleaning can remove this silicone, allowing for 
consistent wetting and adhesion of the prime coat.

“The extent that the silicone can be removed is the main determinate of wax/shell 

adherence and hence buckle.” Prime Slurries for Investment Casting, J. Snow, D. Scott, 47th Annual Technical Meeting, 1999.



Summary 

It is not easy to determine if the cleaning process is removing the residual 
silicone. Many methods are subjective, difficult to perform or do not provide 
an absolute result. The modified tape peel test can quickly determine the 
effectiveness of the pattern cleaning process.



Summary 

It is not easy to remove silicone from a wax pattern. Of the cleaners tested 
only un-diluted cleaners were able to remove a heavy coating of silicone.

“It proved nearly impossible to get the standard silicone mold release off using 

cleaners that do not dissolve the wax.” Prime Slurries for Investment Casting, J. Snow, D. Scott, 47th Annual Technical Meeting, 1999.



Summary 

Etching the wax surface significantly increases prime coat adhesion. In this 
study, adhesion more than doubled when the pattern was etched. It is not 
known if all of this adhesion is necessary but we were unable to remove the 
silicone without etching the wax.



Summary

Applying the prime coat to highly tacky wax can increase adhesion by over 
300%. Most cleaners leave the wax surface tacky immediately after cleaning 
even if the residual silicone is not completely removed. However, this 
condition is only temporary as tackiness is significantly diminished after 45 
minutes and completely gone after 24 hours. 

Targeting and controlling the time from cleaning and prime coat application is 
critical. 

• If the process requires a tacky wax, prime coating too late could increase 
buckle. 

• If the process requires no tack, prime coating too soon could increase spall or 
delamination.  



Summary

The severity of prime coat spall appears to be influenced by the condition of 
the wax. 

• When covered with silicone, spall severity was minimized. It is believed the 
weak bond with the wax allows the ceramic to slide during expansion and 
contraction, minimizing stress.

• When effectively cleaned, spall severity increased. The theory is that uniform 
adhesion distributes stresses across the entire interface, minimizing peak 
stress. However, this stress is higher than with uncleaned waxes.

• When poorly cleaned, spall severity was very high. It is believed the non-
uniform adhesion concentrates stresses at the sites where bonding occurs, 
maximizing peak stress.  



Future Work

Continue to explore the role tackiness plays in prime coat adhesion. Even 
though dilute cleaners do not remove a heavy coating of residual silicone, they 
do tackify the wax and should increase prime coat adhesion. We would like to 
answer the following questions:

• How quickly does tackiness change?

• Is tackiness dependent on cleaner concentration or cleaning time?

• Is tackiness dependent on residual silicone amount? 

• Is tackiness dependent on wax formulation?

• Does tackiness affect spall severity? 



Future Work

Work by Dooley et al. showed the surface energy of wax increases due to 
cleaning. It is believed this improvement is due to wax etching. To verify this 
hypothesis, we planned on comparing the surface energy of waxes cleaned 
with straight and dilute pattern washes. This work was not completed due to 
time constraints.



Thank You


