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Residual ash is not the primary cause of defects when casting
CAD/CAM models. Thermal expansion is largely to blame.

BY TERESA FRYE AND KEVIN MUELLER

s CAD/CAM has become an increasingly important tool in the jewelry

industry, manufacturers continue to struggle with the challenges

posed by CAD/CAM-generated models. Virtually all CAD/CAM model
materials behave differently from one another in the casting process. This
research is intended to take some of the mystery out of the equation, giving
jewelry designers and casters better tools to use in finding the material that
best suits their individual needs, and shedding new light on the root cause of
casting defects.

To date, many jewelry manufacturers have been blaming their casting defects
in large part on the ash residue left behind after burning out CAD/CAM-gener-
ated model materials. In this study, we found that it was not ash residue, but

rather thermal expansion of these model materials that was the true culprit in
{ many casting problems. Understanding how and when models expand, and how
that relates to the investing and burnout processes, can help you to improve thf_e_i;’
quality and consistency of your castings. 3
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Pattern Thermal
Expansion

The mainstream materials used in
CAD/CAM fall into three classes based
on their chemical properties: photopoly-
mer (light-curing), thermoplastic (jetting
technologies), and wax based (milling). We

had known about the thermal expansion

TABLE 1 PATTERN MATERIALS

translates into casting quality. For exam-
ple, do materials that expand earlier dur-
ing the investment or burnout phases
cause more damage, or is later expansion
more harmful to investment? And how
did residual ash—what many casters
thought was the main culprit in casting

defects—figure into all of this?

Material Class Material ID CAM Method
Photopolymer A Light Curing
Photopolymer B Light Curing
Thermoplastic C Jetting
Polymeric (Milling) Wax Green D Milling
Polymeric [Milling) Wax Blue E Milling
Polymeric (Milling) Wax Purple F Milling
Polymeric (Milling) Wax Orange G Milling
Wax-Hydrocarbon Resin Green H N/A (Injecting)
1a 1b

A——m>> b

of patterns made from these materials,
especially photopolymers, from research
conducted several years ago and presented
at the 2005 Santa Fe Symposium (“The
Revolution of CAD/CAM in the Casting
of Fine Jewelry,” by Teresa Fryé and Steve
Adler). In those tests, we had found that
during both the investing and burnout
procedures, the mold cavity had clearly
enlarged, and the dimensions of the phys-
ical castings were larger than those of the
patterns themselves.

What we did not understand from the
previous study, however, was the rate at

which the patterns expand and how it

We decided to conduct a series of tests
to answer those questions. We identified
several CAM pattern materials for testing,
then added injection wax as a baseline
from which to draw comparisons (see
Table 1). We_also designed a test geome-
try that would encourage failures typically
seen in the investment casting of CAM
materials (figures 1a and 1b). We made
sharp angles (A), deep/blind holes (B and
C), a heavy, sharp-edged torus shape (D
and E), and complex recesses (F). The
pieces were cast in 90/10 platinum irid-
ium, an alloy chosen for its high density
(21.54) and the high flask (850°C) and
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pour (1,860°C) temperatures that must
be used in casting. These extreme parame-
ters naturally challenge casting quality and
they provide the perfect condition for
determining how robustly patterns per-

form ina comparison test.

Burnout Experiments
The first set of experiments we undertook
was aimed at understanding the amount
of residual ash that the various pattern
materials left following burnout. We used
two vessels; one covered to imitate the
restricted air flow of a typical casting flask,
and one uncovered for free flow of air.
Clearly, the most interesting finding in
this phase of our study was the relative
sparsity of ash residue when using the cov-
ered vessel (see Table 2). We assumed that

the greater exposure to air and the poten-

TABLE 2 BURNOUT RESULTS

Material

Photopolymer A
Photopolymer B
Thermoplastic C
Milling Wax Green D
Milling Wax Blue E
Milling Wax Purple F
Milling Wax Orange G
Injection Wax Green H

Deformation

tial for circulation presented by the open
vessel would result in a lesser amount of
ash. Surprisingly, we found an opposite
result. Even for the photopolymers, the
amount of residue was somewhat reduced
by covering the vessel. Further experi-
ments with actual casting flasks should be
pursued in light of this finding.

In summary, all materials left some
degree of residual ash in burnout. The
lowest degree of ash was found in the
orange wax, and the highest degree was
found in Photopolymer B, one of the two
photopolymers tested in this study. Figure
2 depicts the volume of ash in context
with the tip of a pen. Based on this result,
we decided to look for corresponding
defects in the casting correlation study we
would conduct later. But first we had ther-

mal expansion to measure.

Boiling/Burn

Temperature
425°C - 450°C ~450°C - 475°C
AHoC ~450°C
110°C ~175°C
125°C ~350°C
100°C ~350°C
125°C ~350°C
150°C ~390°C
193G ~240°C

Note: 1= lowest amount of ash; 10 = highest amount of ash.

Expansion
Measurement Method
With the burnout experiments behind us,
we set out to access the amount and rate
of thermal expansion experienced by the
pattern materials. To do this, we devised a
cost-efficient measurement method using
a steel fixture, a digital dial indicator, and
a quartz probe (figures 3 and 4). The dial
indicator had a range of 0.25 inch and an
accuracy of 0.00005 inch to measure the
pattern expansion during the thermal
cycle. The quartz probe, fitted with an
adapter, was attached to the indicator.
The fixture consisted of four major
components that are made of steel: a base,
two plates (A and B) that hold the pat-
terns in place and force pattern growth in
only one direction, and a “quartz guide,” a

piece of 16 gauge piano wire that has a

Residue Residue
Full Air Restricted Air

5 4

A W B~ 001 W O
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loop bent at one end and is locked in place
at the other end by a set screw, allowing it
to be set at the appropriate height. The
purpose of the quartz guide is to keep the
quartz probe from resting on plate B dur-
ing the test and allowing it to move freely
during thermal cycling.

When clamping the patterns in the fix-

ture, we placed each pattern in between the
two plates and hand-tightened the screws so
that the pattern was held loosely. We posi-
tioned the patterns so that the inner diam-
eter was at the top of plate B with the sprue
stub facing up. After carefully tightening
the clamp, we placed the fixture in the

burnout oven. We then fed the quartz
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probe through the viewing hole and guide,
finally resting it precisely on the pattern
through a series of alignment tests.

All patterns went through a series of

temperatures in 25°C increments. At each

* step, we allowed the oven to reach tem-

perature and dwell for 10 minutes before
we logged the pattern’s dimension.
Milling wax and thermoplastic patterns,
which have relatively low melting points,
started the thermal cycle at 50°C. The
photopolymer materials, which have
higher melting points, started the cycle at
100°C. Thermal cycling ran until we
observed negative growth, indicating that

the patterns had started to melt.

Test Results

The graphs shown here depict the read-
ings taken by our quartz probe fixture
assembly. While measurements in thou-
sandths of an inch are reported, this should
not be seen as a statement of absolute
growth in the patterns, but rather as a plot
of the quartz probe movement generated
by each material. Even though this method
is relatively accurate, our test results cannot
ignore the possible impact of fixture ther-
mal expansion and human touch in the
exact placement of the probe. In addition,
temperature increments and elapsed time
were not identical to firing curves, and the
fact that patterns had not been invested
for the test leaves out the potential impact
of water absorption and other dynamics
inherent in the investing operation. We
therefore rely more heavily on the relative
rather than the absolute when interpret-

ing the probe movement charts.

Injection and milling waxes. The
injection wax had the least amount of
probe movement. Also of note is the con-
siderably lower melting temperature
(-240°C). In theory, this material at
0.00025 probe movement should cause

little stress on the investment and casting

results should generally be good.

Milled wax results, on the other hand,
were a bit surprising, with probe move-
ment up to 0.00725 inch on the blue
sample, indicating expansion approach-
ing what we will see in photopolymers.
The manufacturer of the green, purple,
and blue materials used in this study notes
that all of its milling waxes are chemi-
cally similar wax/plastic hybrids with vary-
ing amounts of additives, depending on
the desired hardness characteristics. The
blue wax, which is also used for hand-
carving, is the softest of the group; purple
is mid-range; and green is the hardest.
Given the significant amount of probe
movement on all of the milled waxes, we
would expect some degree of investment
stress to take place during the de-wax

and burnout phases.

Thermoplastic. The results from the
single thermoplastic material tested show
that very little expansion is taking place—
less than all of the milled waxes tested,
and only slightly more than the injection
wax. This sample reflects a relatively low
melting temperature of 125°C and probe
movement of slightly more than 0.001
inch. This result concurs with our produc-
tion observations that castings produced
from this thermoplastic material do not
typically exhibit defects, such as finning
and core failures, that are suspected to orig-

inate from pattern expansion.

Photopolymers. Photopolymer patterns
have a higher degree of thermal expansion
when compared to most waxes and thermo-
plastics. Not surprisingly, both photopoly-
mers showed significant probe movement.
Our results show that these materials do
not melt at lower temperatures and con-
tinue to expand during the initial burnout
phase, with probe movement for pho-
topolymers ranging from 0.009 inch on the
low end up to 0.012 inch on the high end.

XXX in

XXX in

The remarkable finding in these tests
is not so much the amount of expansion
but rather the temperatures at which
expansion peaks. Compared to the wax
and thermoplastic categories with peak
expansion at 200°C, the photopolymers
keep expanding well up into the 350°C to
400°C range. This combination of higher

expansion over a longer period of time
clearly distinguishes photopolymers from
other materials in terms of investment

interactions.

Investment Expansion
and Strength

To better evaluate the potential impact of
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% linear expansion

% linear expansion

the various rates of pattern expansion, we
need to consider them in the context of
investment dynamics. All materials expand
with heat. During burnout, not only do
pattern materials expand, but so does
investment. The type of investment used
may be a critical factor to consider when
casting CAD/CAM materials in terms of
both its expansion and its strength. The
stronger the investment is in its green

state (i.e., prior to and during firing), the

more likely it is to hold up to the pressure
exerted upon it during the initial burnout
curve. In order to evaluate this interac-
tion, we obtained data on thermal expan-
sion and strength from Ransom &
Randolph in Maumee, Ohio, for two
phosphate-bonded

investment types:

(Astrovest) and gypsum (Ultravest).

Phosphate-bonded. During burnout,

the phosphate-bonded investment first
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begins to shrink, then starts to expand at
225°C—well after all the wax and ther-
moplastic categories have reached their
peak expansion temperatures (see chart).
Therefore, investment expansion is not a
concern for these materials. The photopoly-
mers, on the other hand, expand up to the
range of 350°C to 400°C, which means
that pattern and investment expansion are
occurring simultaneously. Although the
total investment expansion is relatively
low at ~0.3 percent in the photopolymer
melting ranges, it is worth noting that this
phenomenon is occurring. While the pre-
cise impact this dynamic might have on
investment failure is not clear from our
experiments, it should nevertheless be
kept in mind as a possible contributor.

In terms of strength, phosphate-
bonded investment gets stronger as the
temperature rises, topping out at 600 psi
in the fully fired condition. The risk of
failures may potentially be mitigated by

the increasing strength.

Gypsum. The gypsum investment exhibits
an expansion curve very different from that
of the phosphate-bonded (see chart).
Expansion starts out very slowly then sud-
denly spikes at 225°C. Again, this is not a
concern for the wax or thermoplastic cat-
egories, but the photopolymers continue
expanding beyond gypsum’s peak of 0.9
percent starting at 260°C, then falling
slightly to 0.7 percent at photopolymer
melting temperatures. As noted above, this
would indicate that simultaneous expan-
sion is occurring between the photopoly-
mers and the gypsum investment.

With respect to compressive strength,
the curve for gypsum investment is essen-
tially reversed from phosphate-bonded.
Our gypsum sample is strongest in the
green state (400 psi) after a two-hour set
time. As the firing curve proceeds, it
becomes weaker, bottoming out at 100 psi

in the fully fired condition. Nevertheless,

We hypothesized that pattern materials demonstrating
greater probe movement in our thermal expansion experiment
would be more susceptible to investment failure.

at the critical pattern expansion tempera-
tures of 150°C, 275°C, and 375°C, gyp-
sum still maintains a higher compressive
strength than the phosphate-bonded.
Although casting studies were not per-
formed on gypsum investment for this
article, it would be interesting to pursue
this experimentation in light of the dif-
fering compressive strength curves of these
two investment types at pattern-critical

expansion tcmperatures .

Casting Correlation
After analyzing the thermal expansion
of the pattern materials and investments,

we proceeded with experiments aimed at

correlation of these results in cast product.

skyplaTing
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We cast in 90/10 platinum iridium using
a ceramic shell system combined with
phosphate-bonded platinum investment.

When launching our casting experi-
ments, we hypothesized that pattern mate-
rials demonstrating greater probe move-
ment in our thermal expansion experi-
ments would be more susceptible to invest-
ment failure. In addition, those materials
that left a greater degree of ash residue in
our burnout experiments might exhibit
holes in the surface shaped like the ash
residue.

The type of design features most vul-
nerable to pattern expansion tend to be
very deep setting holes or recesses where

the investment “core” is thought to col-

lapse from concentric pressure applied as
the pattern walls around the core expand.
In this sense, once the compressive strength
of the investment is exceeded by the pres-
sure exerted on it by the expanding pat-
tern, a breaking down of the core occurs.
The resulting defect is normally a blend of
metal and investment that partially or
totally fills the void where the core had
been. This type of defect seriously compro-
mises the quality of the casting, and adding
insult to injury, it typically renders the
affected metal unsafe for direct recasting due
to the investment contamination. In some
cases, the investment core can totally break
free (fully intact) and relocate to another
area of the casting. This type of defect,
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which we will call “core relocation,” reveals

a precise imprint of the core’s shape in a

location that should comprise solid metal.
For our casting correlation study we
produced six identically sprued trees.
Three trees contained wax-based materi-
als, and three contained thermoplastic and
photopolymer materials. The flask and
pour temperatures were identical for all six
trees. The following results were obtained

in each category:

Injection Wax. The injection wax,
exhibiting very little expansion and hav-
ing a relatively low melting temperature,
performed very well in casting (figures 5
and 6). Even the features we specifically
designed for investment stress cast cleanly

without evidence of defects.

Milling waxes. All milling waxes experi-
enced problems in the features designed

to test investment stress. Shown here are

results from the green milling wax; how-

ever, all milling waxes exhibited similar
defects. Note the investment failure in the
blind hole shown in figure 7, as well as the
failure of the thin wall of investment adja-
cent to the prongs in the channel shown
in figure 8. Looking at these features, you
can imagine the expansion of surrounding
pattern material pressing against the rela-
tively weak investment until the point of

fracture.

Thermoplastics. The thermoplastic mate-
rial offers additional evidence that lower
expansion properties correlate with higher
casting quality in difficult features. As you
can see in figures 9 and 10, the areas that
presented challenges in the milling waxes

cast very cleanly in the thermoplastic.

Photopolymers. Castings from the pho-
topolymer patterns exhibited similar

defects to those seen in castings from the

milling waxes (figures 11 and 12). Given
the high level of probe movement in com-
parison with injected wax and thermo-
plastic, this result concurs with our theory
that higher expansion levels promote

investment failure.

Ash Residue

Although significant degrees of ash were
found in our burnout experiments, we
were not able to correlate any specific cast-
ing defects to the ash. One reason may be
that the ash scatters into smaller particles
not easily detectable on the as-cast surface
because of their size. Another might be
that upon contact with the molten metal,
much of this ash floats into the sprue sys-
tem. In any event, we did not find ash
residue to be a significant contributor to

surface defects.

Casting Conclusions

The majority of CAD/CAM models pre-
sent casting challenges in designs that
have sharp edges, deep setting holes, and
small detailed areas that inherently pos-
sess thin cross-sections of investment
between features. The only CAM mater-
ial that did not experience casting prob-
lems in our test geometry was the ther-
moplastic. This was attributed to its low
melting temperature and low thermal
expansion relative to the other materials.
In essence, it would appear that the ther-
moplastic material behaves very similar to
injection wax during burnout.

The cause of investment failures gener-
ated by other CAM materials, as demon-
strated by this research, relates primarily to
expansion of pattern materials during the
investing and burnout operations, not to
ash residue from burnout. The strength of
investments at temperatures that coincide
with expansion of most CAM patterns is
insufficient to withstand fractures, partic-
ularly in complex and heavy designs such

as our test geometry.
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