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EXECUTIVE SUMMARY

The intent of the digital mold printing demonstration effort was two fold.  First was the 
desire to evaluate the process against conventional Army foundry processes performed at 
Rock Island Arsenal (RIA) and second, to determine under what circumstances this tech-
nology would be both applicable and economical for Army applications.  

By defi nition, digital mold package printing allows the production of a complete sand 
mold/core package directly from a Computer Aided Design (CAD) model of the desired 
cast part.  In simplistic terms, this is done by binding thin layers of part geometry in sand 
and building layer upon layer resulting in a three dimensional sand mold.  Those precursory 
efforts normally required in developing a tooling/pattern package (i.e. rigging design, gat-
ing/risering, shrink, etc.) are incorporated into the CAD model for printing.  Since this is all 
accomplished in a digital environment, manipulation and changes are accomplished with 
little effort and no requirement to modify hard tooling.  The process eliminates the need for 
patterns and core boxes and the lead time and cost associated with their manufacture.

The digital printing equipment selected for this effort was an S-15 Rapid Cast Technology 
(RCT) by Pro Metal, a division of The Ex One Company.  It was selected because of its 
materials compatibility with the existing RIA molding system (furan based sand system).  
Also, the S-15 system is capable of printing molds for both ferrous and non-ferrous metals, 
a requirement for RIA workload.  

Both a ferrous and non-ferrous part was selected for the effort.  CAD solid models of the 
parts were supplied to the vendor for the addition of rigging and the eventual building of 
the mold model.  This model was converted to an STL fi le from which the S-15 created the 
sliced fi le to print.  Since the printing takes place in a sand bed, support super structure, 
common in most rapid prototyping equipment, is not required.  This results in only printing 
that which represents the fi nal mold package.  

The demonstration process steps for both parts were the same (i.e. CAD model, add rig-
ging, solidifi cation simulation and print mold).  After this effort, the molds were printed in 
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Irwin, PA and shipped to RIA for assembly and pouring.  Two of each part were poured at 
RIA and underwent the normal post processing required by the technical data package.  In 
both cases, serviceable parts were produced.

The RCT process proved to be a viable competitor in cast part production, especially in 
lead time and complex part geometry.  The elimination of hard tooling to produce a fi rst 
article or prototype part makes the process very competitive for small lot runs and multiple 
prototype iterations.  The more complex the part geometry (i.e. lacycores), the more com-
petitive the process becomes.  The digital versatility also allows the production of different 
confi gurations concurrently.  This is extremely effi cient for small lot production of assem-
blies that require several different cast parts.  

The economical break even point for the technology is a moving target.  The more complex 
the part, the higher the production number break even becomes.  In single part production, 
without existing tooling or prototypes, conventional processes are not competitive.  In the 
case of lead time, the process produced molds well ahead of the conventional methods.  
Obviously, complexity and quantity are big drivers in the economical feasibility of the pro-
cess.  Based on the demonstration efforts, the technology has a niche that makes it the most 
economical and effective process in production requirements that require rapid turn time 
and are of smaller quantities.  System development and prototypes also fi t into this niche.  

Hybrid mold packages (i.e. printed cores and conventional mold) were not developed dur-
ing this demonstration effort but have even greater potential for being economical and 
competitive.  Complex core packages can be printed in a single unit thereby eliminating 
multiple core boxes, core assembly and core registration problems.  Not printing the bulky 
mold frees the S-15 to produce the complex portions of the mold package in greater num-
bers and integrate them into the conventional molding process.  This would drive the break 
even quantity higher.

The S-15 RCT would signifi cantly complement the current Army casting process since it 
is driven by short lead times, low quantities and complex geometry with stringent qual-
ity requirements.  Multiple iterations of tooling design could be proven out to produce 
fi rst articles prior to investing in the cost and lead time associated with hard tooling.  This 
would allow the optimization of a process before going into a production run of signifi cant 
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quantities.  RCT is a technology that should be seriously considered in future modern-
ization/capability enhancement efforts within the Army organic maintenance structure in 
support of fi eld activities to both reduce lead time and costs.
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1.0 ABSTRACT

Metal castings are ubiquitous in consumer and military products and are increasingly be-
ing evaluated for cost implications in new product development programs.  Conventional 
casting production normally requires using a “pattern” technique, which is the critical and 
integral initial production step of the casting process.  Once component design is com-
plete, the “pattern” is typically the longest-lead item, represents considerable expense, is 
produced from a diminishing pool of skilled trade resources and imposes a lack of agility 
to new product development programs and compressed lead-time requirements for legacy 
components.  Three-dimensional printing technology continues to develop new materials, 
processes and equipment for emerging markets, novel applications and as a means to de-
crease costs and timing compared to conventional manufacturing techniques.  

Many processes currently on the market (Stereo Lithography Apparatus, Stratus, etc.) al-
low the digital printing of a pattern that integrates into the conventional casting process 
via investment molds or loose patterns to produce tooling.  Several manufacturers are now 
marketing digital printing equipment that allows the production of a sand mold package 
directly from a 3D CAD fi le, bypassing the normal intermediate pattern step.  The com-
mercial development of this technology builds upon research and patents accomplished 
at Massachusetts Institute of Technology (MIT).  The beauty of the process is its digital 
nature which permits rapid design changes without the associated cost of tooling manufac-
ture or modifi cation.  There also appears to be some level of production, depending on part 
geometry, that would be cost effective using this process as opposed to the cost and lead-
time involved in conventional tooling.  The digital environment also allows a large degree 
of latitude in design since many of the traditional casting rules can be violated without 
adverse consequences (elimination of draft, cores integral to mold, etc.).
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2.0 PURPOSE

The purpose of the Rock Island Arsenal Joint Manufacturing Technology Center (JMTC) 
Digital Mold/Core Printing demonstration project was to evaluate the capability, compat-
ibility and effectiveness of the digital mold printing process.  It is being evaluated against 
conventional molding techniques applied to typical DOD workload at RIA’s JMTC for 
consideration as a potential technology insertion effort.  Typical production requirements 
for the Army at RIA include small production lot sizes, complex geometry with stringent 
quality requirements, various alloys, legacy components and desired short lead times to 
support critical mission requirements.  
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3.0 PROCESS DEFINITION / SELECTION

For this demonstration effort, the digital mold printing process was defi ned as the ability 
to produce sand molds and cores for casting various metals (i.e., both ferrous and nonfer-
rous), using conventional foundry materials, directly from a 3D CAD fi le, bypassing the 
tooling/pattern requirement.  

Four different vendors’ products were initially investigated for participation in the dem-
onstration effort.  Based upon system compatibility with RIA current process capabilities, 
only one commercially available product appeared to be able to meet the requirements.  A 
second product appeared compatible for the effort but required chemical leaching of the 
core materials, a process not consistent with current capabilities at RIA.  Adding the capa-
bility to leach core material from a casting is not considered an insurmountable obstacle to 
the demonstration effort.  Unfortunately, the system is not commercially available without 
extensive redesign and associated long production lead-time (four years).  Therefore, it 
was not included in the evaluation.  Two other systems commercially available were not 
compatible with the elevated temperatures used in pouring steel.  They would be suffi cient 
for less heat intensive pours such as aluminum and advertised equal performance charac-
teristics.  Because of the inability to handle steel pours, which represents the bulk of the 
RIA foundry workload, these two systems were not included in the evaluation effort.  

Of the vendors contacted for possible participation in the demonstration project, only the 
Rapid Casting Technology (RCT) system from The Ex One Company was compatible with 
the current conventional casting process requirements at RIA.  It incorporates like materi-
als, emulates conventional casting practices as far as material handling is concerned, can 
withstand the pouring temperatures of the various alloys used at RIA, and is readily avail-
able in the commercial sector with a complete technical support package.

The RCT is a systems approach to manufacture sand molds and cores without the require-
ment to manufacture patterns or core boxes.  Using the technical principles embedded in 
3D Printing technology, complicated sand molds and cores are 3D Printed in the 1.5M x 
0.75M x 0.70M Job Box, using conventional foundry sand, resin binder and an activator 
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(see Appendix B for Material Safety Data Sheets for materials used).  An integrated mate-
rial handling system transports the Job Box from the 3D Printing Process Station, by means 
of powered material conveyance equipment, to the Unloading Station, where the molds 
and cores are removed.  Simplicity in the system design enables alternative layouts and the 
ability to reconfi gure the equipment as production requirements change.  Since the RCT 
process does not require a pattern to produce the casting, small job lot quantities that do 
not have available tooling, low volume product development applications and low volume 
niche production are ideal candidates when response time, set-up charges for small batch 
production and tooling costs must be minimized.

The RIA process, against which the comparisons were made, utilizes conventional foundry 
equipment which has been in place at RIA for over twenty years.  The Ex One Company 
equipment was used in the digital mold printing evaluation process.  For this effort, the 
molds were actually printed in Irwin, PA and Keyport, WA then packaged for shipment to 
both RIA and Technikon.

Shown below (Figure 3-1) is the RCT S-15 Process station and Unloading Station.  The 
Process Station uses a print head to dose the binder onto each layer of silica sand, where the 
mold geometry is required.  Repeating the layering process produces the three-dimensional 
geometry. 

Figure 3-1 S-15 Process Station
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Figure 3-2 shows the Job Box entering the Unloading Station via a powered roller convey-
or.  Molds and cores are extracted from the Job Box as the bottom plate is raised, exposing 
the parts for fi nal cleaning.  

Figure 3-3 is a photo of the fi rst demonstration part mold packages during extraction from 
the build box.  Four complete three-part mold packages were printed in a single build 
box.

Figure 3-2 Job Box Entering Unloading Station

Figure 3-3 Mold Extraction
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Figure 3-4 provides a graphical representation of a comparison to help demonstrate the 
process differences between the conventional RIA process and RCT processes.  

The left side represents the conventional sand casting process where patterns and core 
boxes are manufactured to produce molds and cores.  The right side represents the digital 
process that eliminates the need for hard tooling.  The center section represents those op-
erations that are required by either process.  

MANUFACTURE
CORE BOX

REQUIREMENT
P/N 12524269

MANUFACTURE
PATTERN

PRODUCE AND
ASSEMBLE CORES

PRODUCE COPE
AND DRAG MOLD

ASSEMBLE
MOLD PACKAGE

PRINT MOLD
PACKAGE

POUR
MOLDS/PARTS

CONVENTIONAL
PROCESS

DIGITAL
PROCESS

ELIMINATED PROCESSES

DEVELOP CAD 
PART FILE

DESIGN PATTERN
and CORE BOXES

SOLIDIFICATION
MODEL

DESIGN 3D CAD
MOLD PACKAGE

Figure 3-4 Process Comparison Chart
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The shaded green rectangle represents the solidifi cation modeling process.  This is not a 
required process in developing the mold confi guration but it increases the likelihood of 
producing a serviceable part the fi rst time by either process.  It becomes more important 
as design geometry requirements create more complex geometry with thinner sections and 
more stringent porosity and metallurgical specifi cations. 

The inherent fl exibility becomes obvious when a change in the tooling is required.  In the 
digital arena, only the CAD model requires modifi cation whereas in the conventional pro-
cess, all the affected tooling would require modifi cation.  

The conventional sand casting process requires a pattern or series of patterns to produce 
sand molds.  All the sand molds will be a negative of the pattern and will be identical, 
thereby producing the identical cast part.

In the digital process no pattern is built to produce the molds.  Because the molds are pro-
duced (3D Printed) directly from the CAD fi le, each and every mold can be unique which 
provides the opportunity to produce unique castings.  This allows nearly unbounded fl ex-
ibility in mold geometry being printed concurrently.  This has huge schedule implications 
when producing small lot sizes of various parts.   

Figure 3-5 shows various sand molds and cores printed in the Job Box during one produc-
tion build.  This demonstrates the fl exibility of simultaneously producing unique multiple, 
patternless sand molds and cores directly from CAD fi les. 

Figure 3-5  Build Box Loading
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4.0 DIGITALLY PRINTED MOLD DEMO NUMBER ONE

4.1. Model Simulation

After careful consideration of several parts, the Feeder, Forward P/N 12524269, Figure 4-1, 
was selected for the fi rst demonstration effort.  Based on RIA history in producing the part, 
it provides a unique set of challenges in spite of its apparent simple geometry.  Because 
of the part design, solidifi cation needs to be controlled to minimize porosity and hot tears 
to produce a serviceable casting.  In addition, 
the part requires radiographic inspection to 
verify very stringent technical specifi cations.  
The feeder has been problematic during pro-
duction and has resulted in several iterations 
of chills to achieve the desired results.  Since 
this is a current production part at RIA and 
applicable process data already exist, it pre-
sented an opportunity to compare the new 
technology against established methods.

 Along with the complete technical data pack-
age, a native Computer Aided Design (CAD) 
part fi le was supplied to the vendor.  RIA also supplied an “as cast” part with rigging show-
ing how the part is currently being produced.  This was done for information purposes 
only and not as a process requirement.  The vendor was not constrained by the current RIA 
process and was not required to replicate it in order to allow them the fl exibility to demon-
strate the full range of the capability of their technology.  Since the digital mold printing 
technology allows much greater freedom in developing the mold package by violating 
traditional molding rules (i.e. no draft etc.), the vendor had the fl exibility of designing their 
own rigging that best supports their technology.

The Ex One Company, via subcontractors Advanced Tooling Design (ATD) and EKK, 
generated a fi nite element model (FEM) from the STL surface fi les using the CAPCAST 

Figure 4-1 Feeder, Forward P/N 12524269
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automatic 3D FEM mesh generator commer-
cially available from EKK.  The mesh model 
shows the chill under the part depicted in green 
in Figure 4-2.

The demonstration was to be a complete pro-
cess effort.  Therefore, it included solidifi cation 
modeling in an effort to increase the probabil-
ity of producing a serviceable part on the fi rst 
pour.  The attached Power Point presentation, 
Appendix C, contains more pictorial detail on 
the mold design/build used in the solidifi cation modeling effort.

4.2. Simulation Effort

The initial sand casting simulation was performed using the parameters shown in Table 
4-1.

Figure 4-2 Mesh Model with Chill

Al 356.2 704° C
Sand Mold 25°C

Latent Heat of fusion for Al 356.2
Initial Viscosity 0.015 poise
Latent Heat 95.7 cal/g
Liquidus Temperature 622.0°C
Solidus Temperature 555.0°C

Heat Transfer Coefficients
Casting vs. Sand 0.2 cal/cm^2 sec. °C

Filling Parameters
Desired Fill Time 9 sec.

Density Specific Heat Conductivity
Material Properties g/cc Cal/g.K Cal/cm sec. °C

Al 356.2 2.1646 0.285 0.3988
Sand 1.8 0.217 0.0015

Initial Temperatures

Table 4-1 Sand Casting Simulation Parameters
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4.3. Filling Analysis

Filling analysis number one was per-
formed without a fi lter.  Comments on 
analysis number one as provided by the 
vendor:

“The actual fi lling of the cast-
ing cavity is unremarkable.  The 
fl uid enters through the gates 
with a velocity of not much 
more than 25cm/sec.  There 
are no pauses anywhere during 
the casting fi ll that might cause 
misrun defects. There is quite 
a bit of turbulence at the bot-
tom of the sprue.  The fl uid falls from a relatively great height for almost the 
duration of fi lling.  This is unnecessary turbulence (Figure 4-4) that may lead 
to oxide caused defects in the casting.  At a minimum, reducing the cross/sec-
tional area of the sprue must be considered in order to give the fl uid somewhat 
of a cushion as it reaches the bottom of the sprue.  There would seem to be 
quite a bit of room to increase the rate of fi ll of this casting.  Fluid is entering 
the casting at a relatively low rate.  It could be sped up by about 20 cm/sec at 
each gate without much worry of turbulence problems.  A faster fi ll would also 
mean that the likelihood of misruns caused by the chill plate would be reduced 
as well.”

Examining the fl uid temperatures 
during the fi ll leads to the conclu-
sion that either the fi lling must be 
faster, or the iron chill is too large.  
Near the end of the fi ll there are sig-
nifi cant regions of the cavity on the 
upper surface that have cooled to a 
point where solidifi cation is already 
taking place.  The fl uid is so cool on 
the top surface because this is the 
fl uid that encountered the chill at 

Figure 4-3 Casting, Gating & Runner Assembly

Figure 4-4 Fill Simulation
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room temperature.  Filling the cavity faster would prevent some of this excessive heat loss.  
Reducing the chill size must also be explored as an option as well.

Figure 4-5 is a visual representation of the temperature gradient as the part fi lled.  As evi-
denced by the color change during fi lling, the metal is solidifying before it enters the risers.  
This reaffi rms the need to fi ll the part in signifi cantly less time or reduce the size of the 
chill.  This observation led to modifying one of the two chills made for the demonstration 
pour.  After discussion with all involved, some rigging was changed and fi lters were added 
to the gating system.  A second fi lling simulation was then run.

Filling analysis number two was performed with a fi lter.  Comments on analysis number 
two as provided by the vendor:

“The simulation included fi lters at both sides of the sprue.  It was hoped that 
the fi lters would slow the fl uid leaving the sprue enough so that the sprue 
tower might fi ll up and give a cushion to the falling fl uid in the sprue itself.  
The fi lter does not seem to be successful in this mission.  There is only a very 
slight change in overall speed and the sprue never really fi lls up enough to cre-
ate a suffi cient cushion.”

Figure 4-5 Filling at 15 Seconds
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Figure 4-6 is a graphic representation of the fi lling rates both with and without the fi lters.  
As one can see by the elapsed time on each view, there is little to no difference in the rate 
of fi lling.  The fi lters were completely ineffective in slowing the fl uid and the sprue showed 
no evidence of providing a choke.  The process review, with all involved parties, resulted 
in a concern with the fi lling rate.  Collectively, the decision was made to attempt to get the 
pour time to less than ten seconds.  This resulted in a third fi lling simulation.  

Filling analysis number three was performed using an increased fi lling rate.  Following are 
the vendors’ comments on the results of analysis number three.

“The fi lling velocity is set at 3X original rate and fi lls the cavity in about 11 
seconds.  The pouring cup does overfl ow a little towards the end of the simu-
lation.  At about 9.9 seconds the fl uid reaches the very top of the fi lling cup.  
In real life this would indicate that there would be some molten alloy spilling 
over at that time.  Reducing the pouring amount at about 9.5 seconds or soon-
er would prevent any overfl ow and would likely not affect the fi lling of the 
cavity.  That the pouring cup does not fi ll up until very late in the simulation 
indicates that it is quite possible to fi ll the cavity even faster, though a constant 
fi ll rate would not be possible.

Without Filter With Filter

Figure 4-6 With and Without Filter Fluid Velocity Comparison



CRADA PROTECTED DOCUMENT

20

TECHNIKON # 1412-131 NA
FEBRUARY 2007

As evident in Figure 4-7, the part fi lls in about seven seconds as opposed to the original 
20 seconds.  This rate also supported a higher temperature gradient which eliminated the 
concern for misruns.

4.4. Solidifi cation Analysis

Solidifi cation analysis was performed with and without a chill.  Following are the vendor 
comments on the results of the “with chill” analysis.

“The chill plate at the bottom of the cavity is very effective at creating good 
directional solidifi cation towards the risers.  There is no evidence of solidifi ca-
tion separation during solidifi cation which would cause obvious shrinkage.  
The porosity analysis predicts no more than 2% per unit volume in the cavity 
at certain locations.  This is not a cause for concern for two reasons:

The porosity analysis is based on the casting solidifi cation starting from 
a uniform temperature.  This leads to over prediction, an absolutely worst 
case scenario as it were.

Porosity less than 5% is generally not visible.”

A like analysis was accomplished without the chill.  Vendor comments on this analysis 
were:

“This analysis was performed to show the effectiveness of the chill plate.  
Note in the solidifi cation how the upper surface and lower surface of the cast-
ing become separated during the solidifi cation.  This results in a rather ridicu-

•

•

Figure 4-7 Three Times Fill Rate
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lous amount of shrinkage porosity.  The design of this casting makes the chill 
plate a necessity.”

Figure 4-8 is a graphic representation of the porosity difference between using a chill 
plate and not using a chill plate.  The red color represents potential porosity problems.  As 
evident by the graphic, the image on the right, without chill plate, has a severe porosity 
potential.  This demonstrates the need for a chill plate.  

An In Process Review was conducted on February 17, 2006.  General observations and 
conclusions:

1 Chill plate is very effective at forcing directional solidifi cation
2 Size and shape of sprue likely to cause excess turbulence at the bottom of the 

sprue 

Metallurgist, Paul Rosenthal, made the following comments for consideration:
“I agree the severity of the chill needs to be reduced. I don’t think you can 
increase the fi ll rate from what it is in the model, as it will become impossible 
for the metal pourer to keep the sprue “choked up”.  Note that neither the sec-
ond or third simulation shows that the sprue is the choke, so … it’s probably 
in the fi lters in each runner leg.”

Figure 4-8 Porosity Comparison

With Chill Without Chill
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“To keep the cup from “overfl owing,” the metallostatic head pressure can be 
increased by adding 25 mm to the height of the cup side of the shell.  This lets 
the pourer fi ll the cup during fi ll and cut  input off before riser overfl ow is too 
severe without leaving the riser tops unfi lled, as is seen in model three .  The 
effective head pressure then becomes increased by the height above the riser 
top.”

“The choke in the sprue bottom should allow for 1.59 Kg/Sec fl ow of metal 
and the fl ow rate for each runner fi lter should never drop below this rate; then, 
it’s possible to hold constant the sprue pressure, and the metal velocity for the 
entire fi ll.”

“The ideal input temperature should result in a constant sprue metal tempera-
ture of 705°C and should be obtainable from a tap temperature of 725°C in a 
properly preheated ladle.”

“The casting body fi lls at an average rate of 1.29 Kg/Sec in 3.8 seconds 
against the ever increasing back pressure of the rising metal level applied in 
the sprue.”

“A correct round tapered or 
square tapered sprue shape 
can be fi gured for the 239 mm 
height compatible with the 
fl ow rates recommended.  The 
drop well beneath the sprue 
should be two times the runner 
vertical height.”

The severity of the chill remained a 
concern and was going to be tested in 
a pour at Technikon prior to the RIA 
pour.  The Table 4-2 represents the fi nal 
results of the mold package design.

Casting Weight (lbs) approx. 11
Density (Lbs/Cu In) 0.1
Metal Type Al A356.0
# Castings Per Mold 1.0
Total Weight (lbs) approx. 25
Pouring Temperature (down the sprue) 1310°F
Pouring Time (sec) 11.0
Pouring Rate (lbs/sec) 3.49
Sprue Height (in) 8.5
Effective Sprue Height (in) 6.0
Sprue Geometry round/tapered
Sprue Top Dimension (in) 1 3/8
Choke Dimension (in) 7/8
Pouring Basin Depth (in) approx. 2
Well Area (in X in) 3.0
Height of Pattern In Cope (in) est. 5.0
Gated At bottom
Runner Type u shaped
Filter extruded non choke
Gating Ratio 1.,4.,4.
Total Runner Area (in) 2.4
Total Gate Area (in X in) 2.4

Gating Calculations Results

Table 4-2 Final Results of Mold Package Design
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4.1. Demo Number One Production Process

Digitally Printed Molds
Based on the simulation results and input from the group, the molds, as designed for simu-
lation number three, were printed by The Ex One Company.  The molds were designed in 
such a fashion so as to include hand holds for ease of handling and identifi cation documen-
tation printed into the sand.  Also, core placement registration posts were incorporated in 
the mold package to eliminate any misalignment.  These features, not normally available in 
a conventional mold, generated positive comments from all the molders involved.  

Four digital molds were printed in a single build box arranged in the shown pattern (Figure 
4-9).  The molds did not require the entire capacity of the build box which, in normal prac-
tice would have been fi lled with other part geometry molds for economic reasons.  Because 
the molds are printed, their orientation within the build box is unrestricted.  As printed for 
the test, two of the center cores were printed upside down and nested with the two printed 
right side up, thereby conserving space in the box.

The actual printing very much resembles a large ink jet printer.  A print head is moved 
across the sand surface and prints a binder system on the applicable geometry.  This is re-
peated layer by layer to develop the 3D geometry mold.  Once the molds were printed, the 
non-activated sand was vacuumed from the build box and the molds extracted.  The mold 

Figure 4-9 Build Box Layout
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sections were then cleaned of loose sand with a vacuum system as shown below in Figure 
4-10.  A close look at the left side of the graphic reveals the part geometry in the build box.  
The printed geometry has a darker appearance than the unbound sand.

The Power Point presentation (Appendix C) is a good pictorial representation of the entire 
mold generation process.  It provides greater detail into the entire process from CAD model 
to mold extraction.

Conventional Molds 
By comparison, the conventional mold package requires fi rst manufacturing the required 
core boxes and patterns.  This included two core boxes and a two-on pattern.  After sev-
eral pours, the chill shape was modifi ed to improve the solidifi cation process.  After all 
tooling was manufactured, the following 
sequence of events needed to take place 
to complete a mold package ready for 
pouring.

The oil sand cores were hand rammed in 
the core boxes depicted in Figure 4-11.  
This process, broken down by sequential 
steps, included:

2. Mix sand
3. Hand fi ll core box
4. Compact

Figure 4-11 Feeder Core Box

Figure 4-10 Mold Extraction & Cleaning
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5. Strike off core
6. Remove loose pieces
7. Plate strike surface
8. Rollover box
9. Remove core half
10. Bake core/cool
11. Coat core with wash
12. Assemble core package (paste)
13. Store for placement in mold 

package

Note: By gluing core halves together, fi ns develop 
on the parting line of the posts when mud washes 
away.  

The manufactured patterns (cope Figure 4-12 and drag Figure 4-13) were mounted on 
insert boards.  Rigging (gates/risers) were then mounted on the insert boards to feed the 
casting.  The sequence of events required to produce the mold package included:

1. Place insert board in bolster
2. Set fl ask on bolster using pin registration
3. Place risers and down sprue
4. Place chills on drag
5. Mull Olivine (green) sand
6. Dispense sand and hand ram with 

pneumatic rammer
7. Strike off cope and drag
8. Plate drag and roll over onto carrier 

board
9. Pull drag pattern 
10. Lift cope from pattern
11. Remove risers and down sprue
12. Apply vents and whistlers
13. Blend fi llets as required
14. Remove loose sand from cope 

using air hose
15. Remove loose sand from drag sing 

air hose
16. Set pasted cores into drag prints
17. Set cope on drag and close mold 

package

Figure 4-12 Cope Side of Pattern

Figure 4-13 Drag Side of Pattern
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18. Paste pouring cup to cope 
(complete mold package shown 
in Figure 4-14)

19. Pour
20. Cool
21. Shakeout green sand on vibrating 

shake out table
22. Remove casting and core 

package/retrieve chill
23. Place as poured part into core 

knocker to remove core
24. Blast clean
25. Remove rigging
26. Post process – same for both mold processes 

4.1. Pouring Process (Conventional & Digital Molds) 

Technikon Pour (Digital Mold)
Two digitally printed mold packages arrived at Technikon on March 15, 2006.  Both were 
undamaged.  The Ex One Company exercised care in packaging the molds to avoid break-
age as evidenced by in Figure 4-15.  The molds were palletized using foam rubber and 
boxed in to prevent shifting.  The chill, which weighs 33 pounds, and extruded fi lters were 
shipped separately and received in good condition.  

The intent at Technikon was to determine if there were going to be any abnormalities 
associated with the demonstration effort at RIA that could be prevented by Technikon’s 
experience with the printed molds.  Part of this 
concern was associated with the size of the chill.  
Prior to assembly, the chill was placed in the bot-
tom core relief using a magnet.  The chill did not 
seat completely in the bottom core relief, outsized 
by approximately .07 inch and required some 
modifi cation.  Technikon machined the chill on 
both sides to remove the high spots which allowed 
it to seat properly.  Approximately .07 inch total 
stock was removed to make the chill parallel.  This 

Figure 4-14 Complete Mold Package

Figure 4-15 Partial Mold Package
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was not a uniform removal since the surface was not fl at and witness marks were evident 
on the original chill surface as show in the Figure 4-16.  The mold package was assembled, 
including chill and supplied fi lters, using core paste between the mold sections and weight-
ed in preparation of the pour.  The fi rst part poured at Technikon, at 1300°F, did not fi ll 
completely.  Because of this, a modifi cation in the pouring technique was used to increase 
the likelihood of fi lling the second mold.  The second pour resulted in less than completely 
fi lled risers though the part itself was completely fi lled.  The risers farthest from the sprue 
fi lled noticeably slower and in fact did not completely fi ll.  This supported the concern of 
metallostatic head pressure based on the sprue and the risers being the same height and the 
large mass of the chill.  Because of this experience, the test group concurred on modifying 
the chill and adding a pouring box to increase the effective sprue height before pouring at 
RIA.

RIA Mold Assembly
On March 20, 2006, The Ex One 
Company, Technikon, The Practical 
Metallurgist and the Army all met at 
RIA to accomplish the two test pours.  
Three conventional RIA molds of the 
same part were poured from the same 
melt.  One part from the accompany-
ing pour was selected for comparison 
purposes and was post processed with 
the two demonstration parts.  Prior to 
the pour, RIA had experimented with 
several confi gurations of chills in an 
attempt to reduce porosity.  Based on 
the results of the solidifi cation mod-
eling effort by EKK, RIA modifi ed 
a chill and incorporated it into their 
normal production process.  The 
newly developed chill was used in the 
concurrent pour on March 20th.  The 

Figure 4-16 Surfaced Chill
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hollowed out chill was placed in the drag 
with its perimeter corresponding to the 
part outline as illustrated in Figure 4-17.  
The core package was placed in the core 
print over the chill and the cope placed 
on the drag.  Parts produced using this 
process passed the radiographic require-
ment.

Based on the earlier experience at 
Technikon, the chill for the printed mold 
was modifi ed by RIA to reduce its effect.  
The chill was pocketed to a thickness of 
0.5 inch with an original thickness pe-
rimeter section.  Figure 4-18 represents 
the modifi ed chill.  For the pour of the 
printed molds at RIA, the modifi ed chill 
was placed in mold number one and the 
“as designed” chill was placed in mold 
number two.  Both packages received 
the provided extruded fi lters.  Digitally 
printed mold package number one was 
assembled with core paste (Figure 4-19) 
while package number two was assembled 
dry.  The chill in mold number two was 
outsized for the receiving cavity by ap-
proximately .015 inch.  This prevented the 
mold package from seating properly and 
compromised the self-sealing, self-venting 
and self-supporting design of the printed 
package.  In hindsight, mold package num-
ber two should have been assembled with 
core paste to alleviate the compromised 
assembly.  Both mold packages had a stan-

Figure 4-18 Modifi ed Chill Used in Mold 
Number One

Figure 4-19 Digital Mold Assembly

Figure 4-17 Hollowed Chill
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dard RIA pouring box applied 
directly over the original sprue 
and sealed with core paste.  The 
intent was to increase the ef-
fective sprue height thereby 
increasing the metallostatic 
head pressure to help achieve 
a desired pour time.  Once as-
sembled, weights were placed 
on the mold (Figure 4-20) as-
semblies as a means of holding 
them together.  

Concurrent with the assembly 
of the digital mold packages, 
three RIA molds were assem-
bled for pouring from the same 
melt.  Noted for comparison 
purposes, the RIA mold pack-
age was two off as opposed to the single part digitally printed mold.  This was intentionally 
done to reduce costs associated with printing and transporting larger mold packages.  Each 
part in the RIA package had two gates feeding the part whereas the Digital package had 
six gates feeding the part.  Also, the RIA mold incorporated foam fi lters as opposed to the 
extruded ceramic fi lters used in the digital package.

Melt Detail 
Demo number one heat was serialized as Heat F943 – A356Al.  Approximately 840 pounds 
of A356.0 grade aluminum was prepared with a melt furnace temperature amended to 
1340°F and transferred into an aggressively pre-heated ladle for degassing.  After a seven 
minute degassing with anhydrous nitrogen, the ladle temperature was approximately 1320-
25°F.  This resulted in an average mold fi ll temperature of 1315°F.  

Pour Detail for Digital Molds 
The pour began at 0820 on March 20, 2006.  The two digital molds were poured fi rst 

Figure 4-20 Assembled Digital Package
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followed by three conventional RIA molds.  
Digital mold number one fi lled in 11.25 
(Figure 4-21) seconds and digital mold num-
ber two fi lled in 11.5 seconds.  The adjusted 
head pressure was effective in improving 
the fi ll observed at the top of the risers.  The 
fi ll rate indicated that the fi lters were not the 
choke, as planned by the design.  The riser 
farthest from the sprue on both digital molds 
fi lled markedly late, indicating a velocity 
mismatch, choked or unbalanced condition 
in the runners or gates.  In the case of mold 
number two, the slow fi lling riser was actu-
ally fi lled by the overfl owing adjacent riser.  
The suspect gate was later identifi ed in the 
cleaning room.  Mold number two ran out 
(Figure 4-22) after fi lling at the seam cre-
ated by the out sized chill raising the body 
core.  The quick action of an RIA molder, 
who staunched the leak with a steel rod in 
two places, prevented a complete run out.  
It was later identifi ed that the run out was 
restricted to the sprue and a portion of the 
runner.  There was no loss of material in the 
actual part, which was saved.  

Pour Detail for Conventional Molds
Conventional molds, numbers three through 
fi ve, were subsequently poured (Figure 4-23) 
from the same heat.  Mold number three  fi lled 
in 7.5 seconds, mold number four was miss 
poured and pour time not recorded and mold 
number fi ve was poured in 7.25 seconds.  After 
pouring, there was a noticeable difference in 

Figure 4-22 Mold Number Two  Run Out

Figure 4-23 Pouring Conventional Mold

Figure 4-21 Digital Mold Number One 
Pour
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the smoke produced from the 
conventional mold packages 
as evidenced in Figure 4-24 
below.  In the case of the digi-
tal molds, there was no visible 
evidence of smoke.  

All the castings were left in 
the shells for two hours prior 
to shakeout.  Extraction of the 
castings was uneventful.  The 
digital package was easier to 
shake out, especially the area 
between the posts.  Following shakeout, the parts were cleaned and the removal of the 
rigging was completed.  Once this was accomplished, visual inspection was performed 
prior to radiographic inspection.  The following observations were made during the visual 
inspection:

Cold shots from the sputtering gate at high velocity against the massive chill in 
mold number two were observed.  This was originally an item of concern in the 
design stage based on the size of the chill.  Because of the concern, the second chill, 
used in mold number one, was modifi ed and did not produce the sputtering effects 
seen in mold number two.

The run-out from mold number two stopped before any casting features were 
impacted.  The lost material was confi ned to the runner and fi lter areas of the 
rigging.

The surface quality obtained on both demo castings is deemed acceptable without 
core wash coating, which was omitted to eliminate additional variables in the 
process.

Conventional molded parts had an undesirable parting line mismatch.

Conventionally molded parts had a better visual surface fi nish due to the application 
of core wash.  

Based on the rigging design, removal of same was less labor intensive with the 

•

•

•

•

•

•

Figure 4-24 Smoke from Conventional Mold Package
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conventional package (i.e. two runners per part as opposed to six).

After visual inspection, the parts were moved to NDT for radiographic inspection against 
production standards.

4.1. Radiographic Results 

The technical data package required 
radiographic inspection per MIL-
STD-2175 Class 3, Grade B in areas 
indicated: zones C5 and F4 Class 4, 
Grade C, remainder of casting (cast-
ing material only).

Both castings from molds number one 
and number two were free of any rat-
able discontinuities.  The cold shots 
noted earlier were substantially re-
melted into the bottom plate and the 
remaining indications in the surface 
were in the stock removal zone.

Both parts from the digitally printed 
molds met the radiographic requirements.  Sample part one radiograph is shown here in 
Figure 4-25.  The second feeder Radiograph is shown in Appendix A.

4.2. Heat Treat 

The technical specifi cations require solution heat-treating and artifi cially age to temper T6 
MIL-H-6088.

A decision was made between the metallurgists on the part location for obtaining me-
chanical test coupons from the bottom plate area of a selected casting (number one) and a 
companion poured RIA conventionally molded part.  Test coupons were heat-treated using 
the following process:

Figure 4-25 Feeder Number One Radiograph
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Heat to 1000°F and hold for 12 hours

Quench in warm (approximately 80°F) water

Natural age - Hold at room temperature (approximately 72°F) for 18 hours 
minimum

Artifi cial age -   Heat to 310°F and hold for 6 hours

Air cool

As a point of reference, Heat F943 passed mechanicals in heat treat March 28, 2006.  Actual 
test bar results are shown in Table 4-3.

Following heat treat, the coupons moved to the metallurgical lab for microstructure exami-
nation.

The two parts poured in digitally printed molds met all the technical specifi cations required 
by the drawing package.  Of signifi cance, was the difference in appearance of the post 
structure supporting and separating the two plate sections.  Since the draft was eliminated 
from these structures and they were printed as one core, there was no mismatch at the post 
centerline as has been typical of the cope and drag mold process.  

4.1. Metallurgical Analysis 

A total of 45 micrographs in three formats representing seven mechanical test coupons 
were examined.  The samples were obtained from castings at locations in the top and bot-
tom plate sections of the fi rst digital mold poured and the last conventional mold poured.  

•

•

•

•

•

Specification
Minimum Test Bar Result

Tensile (ksi) 38 45
Yield (ksi) 28 34

Table 4-3 Heat F943 Aluminum Test Bar Results



CRADA PROTECTED DOCUMENT

34

TECHNIKON # 1412-131 NA
FEBRUARY 2007

Table 4-4 contains 
all the mechanical 
properties results 
from the seven test 
coupons heat-treated 
to the T6 condition.  
The data shows that 
all tensile and yield 
strength values are 
in conformance with minimum requirements; the yield strength being the most consistent 
item throughout.  A more variable performance was observed in the tensile results and 
the variability in the ductility (% elongation) from conforming to failed values is great.  
The traditional reason for this data performance is inclusions or mechanical defects in the 
samples.  A coarse, non-uniform grain structure may also cause these results.  A second 
proximate cause can also be as a result of performance in heat treatment in establishing the 
T6 condition, or in the solution heat treatment.

A comprehensive examination of 
the micrographs was undertaken 
to determine which of the possi-
ble conditions could be found.  As 
a starting point, the four samples 
depicted in Table 4-5 detail the 
dendritic arm spacing measured 
in those sample micrographs.  
The bottom of casting one has 
a very small spacing while the 
top is very large.  Casting six has 
more consistent top/bottom spac-
ing but is fairly coarse compared 
to the bottom of casting one.  

Requirements
Minimum T1a T1b B1a B1b T6a T6b B6a B6b

Tensile (ksi) 38 39 * 39 42 38 39 39 43
Yield (ksi) 28 33 * 32 33 33 33 32 33
% Elongation 5 2.1 * 3.1 5.1 1.9 2.7 3 7.3

Key: 1 = first digital shell poured
6 = last RIA mold poured
T or B = top or bottom plate
a or b = location within the plate listed

Table 4-4 Mechanical Properties Results

B1b T1a B6b T6a
l1 0.004630 0.004320 0.009330 0.018010
Cl1 5.000000 2.000000 6.000000 10.000000
SDAS 0.000926 0.002160 0.001555 0.001801
l2 0.004440 0.005520 0.009870
Cl2 2.000000 3.000000 5.000000
SDAS 0.002220 0.001840 0.001974
l3 0.004870 0.014440
Cl3 3.000000 8.000000
SDAS 0.001623 0.001805
l4 0.005770
Cl4 3.000000
SDAS 0.001923
Average 0.000926 0.002190 0.001735 0.001860

Key: 1 = first digital shell poured
6 = last RIA mold poured
T or B = top or bottom plate
a or b = location within the plate listed

Table 4-5 Dendrite Arm Spacing Measured From 
Micrographs (Inches)
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Comments from the metallurgist were:  
“(The) fi gure (labeled B1b at 
50X) shows the uniform grain 
structure of the bottom plate 
in casting one as well as the 
attendant microporsity and 
inclusions from rapid cooling.  
It is no surprise that this area 
produced the best mechani-
cal properties for casting one.  
(The) fi gure (labeled B6b at 
50X) shows the fairly large 
size grain structure and duplex 
nature of the top plate sample 
for casting one that produced 
the poorest properties.  Figure 
4-28 demonstrates the uniform 
structure and cleanliness en-
vironment that produced the 
best properties in casting six.  
The poorest properties in this 
casting in T6a seem to be un-
explained until a selective etch 
reveals the presence of residual 
coring in the high temperature 
areas of the grains.  This was 
suspected in the center because 
that area would be the last to 
solidify under even colder ris-
ers that feed by volumetric 
“overkill”.  This does not mean 
that anything caused this from 
heat-treating; rather the amount 
of segregation occurring in the 
casting on solidifi cation in the 
foundry was higher than nor-
mal treatment could homog-
enize.  The relative apparent 
quality of the micrograph leads 
one to suspect a “hidden” rea-
son for the low ductility.  No 
other sample showed any indi-

Figure 4-26 B1b at 50X

Figure 4-28 B6b at 50X

Figure 4-27 T1a at 50X
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cation that coring was present but, it was deemed not productive to check all 
the samples centers.”  

At this point, demonstration part one was considered complete.  Conclusions on demon-
stration one are contained in the fi nal section of this report.
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5.0 DIGITALLY PRINTED MOLD DEMO TWO (M66 CRADLE P/N 7046651)

5.1. Simulation Modeling

In order to demonstrate the compatibility of the digital molding process with both nonfer-
rous and ferrous metals, a steel part was selected for the second effort.  The particular part 
selected was the M66 Cradle, P/N 7046651, Figure 5-1.  The part geometry, with an abun-
dance of thickness transitions, has been a challenge for RIA.  Using the tooling provided, 
RIA has not been successful in 
producing a serviceable part.  
Because of the part design, so-
lidifi cation needs to be controlled 
to minimize porosity, shrink and 
hot tears to produce a serviceable 
casting.  

As with the fi rst demonstration 
part, a complete technical data 
package and a native CAD part 
fi le was supplied to the vendor.  
RIA also supplied digital images 
of the tooling that was supplied 
to RIA.  (Note: RIA did not move 
forward on manufacturing this part.)  This was done for information purposes only and not 
as a process requirement.  Again, the vendor was not constrained by the current RIA pro-
cess and was not required to replicate it in order to allow them the fl exibility to demonstrate 
the full range of the capability of their technology.

The Ex One Company, via subcontractors ATD and EKK, generated a fi nite element model 
from the STL surface fi les using the CAPCAST automatic 3D FEM mesh generator com-
mercially available from EKK.

Figure 5-1 M66 Cradle P/N 7046651
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Again, the demonstration was to be 
a complete process effort therefore; 
it included solidifi cation modeling 
in an effort to increase the probabili-
ty of producing a serviceable part on 
the fi rst pour.  Figure 5-2 is a solid 
model of the part with all the rigging 
and riser attached.  This represents 
the “as poured” confi guration.  Using 
this model, fi ll and thermal simula-
tions were made to predict outcome 
and evaluate rigging for potential 
problem areas. 

5.2. Simulation Effort

Table 5-1 shows the parameters used 
for the sand casting simulations for 
the M66 Cradle

Filling analysis began with the 
agreed upon rigging approach.  The 
fi rst fi ll analysis was performed as-
suming a 10-second fi ll.  Following 
are the vendors comments associ-
ated with the 10-second fi ll:
“It was initially assumed to try 
to fi ll the cavity in about 10 
seconds.  Because the fi ll tube 
and the horizontal runner don’t 
come close to being completely 

Figure 5-2  M66 Model

Steel alloy (assumed to be similar to 4130) 1610°C
Sand Mold 25°C

Latent Heat of fusion for Steel Alloy
Initial Viscosity 0.05 poise
Latent Heat 65.0 cal/g
Liquidus Temperature 1500°C
Solidus Temperature 14700°C

Heat Transfer Coefficients
Casting vs. Sand 0.2 cal/cm^2 sec C

Filling Parameters
Desired Fill Time 3 sec.

Density Specific Heat Conductivity
Material Properties g/cc Cal/g.K Cal/cm sec C

Steel 7.85 0.199 0.0719
Sand 1 0.3855 0.00244

Initial Temperatures

Table 5-1 Simulation Parameters for M66 Cradle
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fi lled until the end, it can be inferred that the cavity can be 
fi lled in much less time.  As it stands in this simulation, a 10-
second fi ll renders the outside sprue almost useless.  What 
actually happens is that fl uid from the part actually begins to 
fi ll the sprue instead of vice versa.”

Figure 5-3 is a visual representation of the ineffectiveness of the 
ten-second fi ll.  It is clear the left sprue is nearly useless at this fi ll 
rate.  Based on these results, a second fi ll analysis was performed 
using a 5-second fi ll rate.  Vendor comments concerning the 5-
second fi ll were:
“A 5-second fi ll time parameter creates a much more reason-
able fi ll of the cavity as opposed to the 10-second fi ll.  The 
side sprue is active in fi lling the cavity instead of the reverse.  
However, some hesitation does occur in the cavity at roughly 
two seconds.  It occurs near a gate midway up the casting be-
tween the two sprues.”

The second simulation improved the 
fi ll process but did reveal minor prob-

lems in one area.  A thermal analysis associated with natural 
solidifi cation in fi rst and second fi lls was performed to evaluate 
the rigging.  The following comments were made:

“One solidifi cation analysis was performed assuming 
a uniform casting temperature of 1600°C.  The second 
solidifi cation analysis imported casting temperatures 
from the fi nal fi lling results.  There are negligible dif-
ferences between the 2 simulations.

The simulation based on fl uid fl ow temperature predicts that 
the casting will solidify within 210 seconds.

The solidifi cation pattern shows regions where molten metal 
becomes isolated in the casting during solidifi cation (red area 
in Figure 5-4).  These regions are potential shrink growth re-
gions and will negatively alter the mechanical properties of the 

Figure 5-3 Model of Ten 
Second Fill

Figure 5-4 Model of 
Solidifi cation Pattern
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casting in those regions.

The Niyama criteria analysis gives more defi nitive locations of potential trouble areas.  

Faster cooling rates and more directional solidifi cation will improve overall casting quality.  
Unfortunately, the casting design contains alternatively thick and thin regions which make 
directional solidifi cation problematic.  The numerous thick sections make the possibility of 
precisely located chilling diffi cult as well.

Many of the thick problematic sections are located near sprue gates.  Widening these gates 
may serve to delay the freeze of these gates and allow for more solidifi cation fl ow into the 
runner.”

Based on the previous analysis, the group agreed that some chilling was required to achieve 
a good part.  A thermal analysis was run using natural solidifi cation in a simulated zirco-
nium mold to help the chilling effects.  Comments from this effort were:

“This simulation crudely tries to capture the effect of a convective sand mate-
rial inside the sand mold.  In this case, the Zirconium completely surrounds 
the casting and sprue to a one inch thickness.  The chilling effect is quite ex-
tensive and results in a much improved solidifi cation pattern than in the nomi-
nal confi guration.  The thick sections solidify relatively quickly and there are 
more instances of solidifi cation fl ow into the sprue.”

The working group agreed that incorporating chromite inserts would be the most practical 
method to help the solidifi cation process.  Slight modifi cations were also made in the rig-
ging system.  Chill locations were agreed upon and a simulation was run.  Comments from 
that simulation were:

“Chromite inserts were simulated to help solidify the thick sections more 
quickly.  Geometrical changes were also made to the sprue.  The solidifi cation 
pattern is improved in this design.  There is much less isolated shrinkage in 
the heavy sections and better directional solidifi cation when compared to the 
initial design. The Niyama criteria analysis also shows an improvement over 
the previous design.  The upper half of the casting overall shows more im-
provement than the lower side.  It seems though that extra chilling emphasis 
may need to be placed on the outer casting bosses (bosses not in between two 
sprues).  Even with the current chilling scheme, defects in these bosses might 
be stubborn.”
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Three-Second Fill Vendor comments:
“A 3-second fi ll is quite possible with this design.  Although the far sprue is 
not as inactive as in the slower simulations, there still is a good amount of 
fl uid dropping into the casting cavity causing excess turbulence.”

Based on this simulation, the working group agreed that slight modifi cations needed to be 
incorporated in the runner system.  These were simple changes which allowed an almost 
immediate additional three-second fi ll simulation.

Second Design Iteration (Three-Second Fill) Vendor comments: 
“There is defi nitely less dropping fl uid in this design when compared to the 
previous design.  The fi lling is much more even up the casting and not as vio-
lent.  There can be some improvement made to the downsprue as well, though.  
Note how the fl uids momentum carries is in a downward parabolic arc as it 
initially falls through the sprue.  This is especially noticeable in the center 
sprue.  It is recommended that the top of the sprue be curved to match the fl uid 
stream.  The current confi guration can lead to excessive oxide inclusion.”

After this simulation, the down sprue was moved to the center of the horizontal runner bar 
to facilitate more even fi lling.  A third design iteration was accomplished and another three 
second fi ll simulation accomplished.  Vendor comments were:

“The most notable issue with this design iteration is the dripping of down into 
the casting on the right side (when looking at the front view).  The changes 
to the runner to help the casting fi ll more evenly from top to bottom seem to 
work as intended for the most part.  There are occurrences of premature “seep-
age” from some upper gates; the one that must be addressed is the upper right 
gate.  The turbulence of all the fl uid dropping from this gate will most likely 
cause problems.  Moving the main pour basin closer to this right sprue might 
help to lessen the fl uid inertia, thus lessening the unintentional fl ow into the 
gate somewhat.  Another possibility may be to lower the casting down along 
the sprue by an inch or more so that the fl uid no longer has so much horizontal 
inertia when it passes by the gate.”
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Noticeable in Figure 5-5 is the relocation of the down sprue 
and the tie bar that was added between at the base of the two 
vertical runners.

The thermal portion of this simulation resulted in the fol-
lowing comments:

“The thermal benefi ts from this latest design are 
mixed.  In some locations, namely the middle 
bosses, the Niyama criteria analysis show some 
improvement from the previous design.  However, 
in other locations, chiefl y the upper right gates, 
the directional solidifi cation is reduced somewhat 
causing Niyama criteria analysis to show a larger 
possibility of defect problems in those areas.  In-
creasing the cross sectional area of the gates may 
be necessary to bring back a degree of proper so-
lidifi cation.”

Minor changes were made in the rigging design after this simulation in an attempt to cor-
rect the new problems encountered.  The fourth design iteration (three-second fi ll) slightly 

complicated the existing problem as evidenced 
by the following vendor comments:
 “Unfortunately, the new gate design will 
cause a dripping effect from the left side 
gate now.  This gate will need to be either 
narrowed, moved towards the middle 
(width-wise) of the downsprue, have the 
draft removed, or a combination of all 
three.”

This resulted in a fi fth design iteration that 
seemed to cure all the concerns associated with 
solidifi cation.  This became the model that 
ATD converted into a mold package for print-
ing.  Figure 5-6 represents the fi nal thermal 

Figure 5-5 Model of 
Relocation of Down Sprue

Figure 5-6 Final Thermal Simulation
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simulation for the M66 cradle.  The three-second fi ll (the part is actually full before three-
seconds) results in a temperature gradient high enough to avoid misruns.  

5.3. Cradle Production Process

Conventional Molds
Rock Island was supplied patterns by the customer for the M66 Cradle.  RIA was unsuc-
cessful in producing a serviceable part using the supplied tooling.  Since all the pattern/core 
boxes were supplied, there was no comparative data available on the tooling development 
process.  RIA was requested to return the tooling to the customer and design new tooling 
for the part.  At this point in time, this requirement has not been formalized and RIA is in 
the preliminary design phase.  Because of this, there was not a concurrent pour as with the 
fi rst demonstration effort.  This eliminated the possibility of a side-by-side comparison.  
The bottom line to the conventional effort with supplied tooling was the inability to pro-
duce a serviceable part.  It was after this effort that the foundry working group decided to 
tackle the M66 as a demonstration part.

Digitally Printed Molds
Based on the review of the working group and all the process modifi cations, the fi fth simu-
lation iteration was agreed upon as the fi le to print.  ATD used this fi le to develop the 
mold package.  The mold package was designed to be self-supporting and included text on 
individual components (i.e. cores) to identify them.  The self-supporting design included 
interlocking parts with wedges to hold them in place.  Because the part geometry neces-
sitated the need for chills to support directional solidifi cation; cavities were designed into 
the mold package to receive the chills.  The molds were printed on an S-15 RCT machine 
in Irwin, PA and shipped to RIA for pouring.  The chills were hand rammed in core boxes 
since they were of a different medium (i.e. chromite sand).  Both molds and all chills were 
received at RIA September 6, 2006, in good condition.  For ease of shipping and to mini-
mize the potential for shipping damage, the molds were assembled and packaged in foam 
rubber.  As in the previous demonstration, The Ex One Company took extreme care in 
packaging to ensure molds were delivered undamaged.

Digital Mold Assembly
On September 12, 2006, The Ex One Company, Technikon, The Practical Metallurgist and 
the Army all met at RIA to accomplish the M66 cradle pour.  The printed mold packages 
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were disassembled for cleaning and the insertion of 
chills prior to assembly.  Figure 5-7 shows the mold be-
ing air cleaned prior to placing the chills.  Once all the 
components were cleaned, chromite chills were placed 
in the appropriate cavities using core paste where nec-
essary.  In Figure 5-8, the chromite chills are evident 
by their darker color as compared to the mold.  Once 
all the chills were placed, the core sections were added 
to the mold package (Figure 5-9).  After core place-
ment, the sprue section of the mold package, acting as 
a locking cap, was added to complete the package.  The 
mold package had a standard RIA pouring box applied 
directly over the original sprue and sealed with core 
paste.  Since the foundry operating personnel were not 
accustom to self-supporting printed molds and were 
concerned about their stability, it was collectively de-
cided to band the packages to ensure there would not 
be any run outs.  

5.4. RIA Pouring (Digital Mold)

Melt Detail 

Demo Number Two Heat was serialized as F878 
– Class 4 Steel

A fi ve ton electric arc furnace was used to produce a 
three ton class 4 steel heat for transfer to a three ton 
ladle.  This size furnace was used because of the re-
quirement to pour several other parts that required the 
same chemistry.  A continuous slag run-off practice 
was employed to produce a heat chemistry in the ac-
ceptable range established for class four steel.  The 
block-to-tap time was 10:40 minutes, slightly over the 
maximum allowable 10 minutes, was troublesome be-

Figure 5-7 Mold Cleaning

Figure 5-8 Mold with Chills

Figure 5-9 Core Placement
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cause of the rain which maximizes re-acquisition of 
hydrogen into the bath.

The chemistry for this heat is shown in Table 5-2.  
The furnace was tapped at a temperature of 3014°F 
and resulted in a ladle temperature of 2992°F.

Pour Detail 
A standard keel block of test bars was poured as stand 
alone tests for mechanical properties.  A full line of 
sand spade castings were poured prior to fi lling the 
M66 molds, which were poured at an estimated tem-
perature of 2950°F.  Digital mold number one fi lled 
in 5.4 and digital mold number two fi lled in 5.7 seconds, which calculates to a poured 
weight of 65 and 68 pounds respectively.  Figure 5-10 is digital mold package number two 
being poured.  A bottom pour ladle was utilized for the pouring.

Target Ladle
C 0.25-0.30 0.28
Mn 0.50-0.65 0.53
P max 0.015 0.01
S max 0.015 0.015
Si 0.45-0.55 0.44
Ni 0.47-0.55 0.54
Cr 0.47-0.55 0.46
Mo 0.47-0.55 0.52
Cu - - - 0.16
V - - - 0.018
Al 0.030-0.065 0.051

Table 5-2 Heat Chemistry

Figure 5-10 Digital Package Number Two  Pour
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Figure 5-11 illustrates the bound mold package after it 
was poured.  Extraction of the castings was unevent-
ful.  Figure 5-12 represents the as poured part (i.e. 
rigging still attached).  The castings were sent to the 
cleaning room for sand removal and blasting.  Once 
cleaned, the castings were photographed and visually 
inspected.  Visual inspection revealed small areas of 
hot tears (Figure 5-13), mostly at section changes.  
Observations were identifi ed for weld repair after rig-
ging was removed.  Standard class 4 steel parameters 
and materials were used for the repair.  

After visual inspection, the parts were moved to 
non-destructive testing (NDT) for inspection against 
production standards.

Inspection
The part drawing requirements do not specify any ra-
diographic or magnafl ux inspection requirements for 
the M66 cradle.  Both prototype castings passed visual 
inspection for commercial quality as delivered from 
the cleaning room (i.e. serviceable parts assuming 
geometry is accurate).  Nevertheless, both parts were 

Figure 5-11 Poured Mold

Figure 5-12 As Poured 
Cradle

Figure 5-13 Cradle Hot Tears
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subjected to both radiograph and magnafl ux 
inspection based on a “fi rst article” practice 
of RIA.   

During radiographic inspection, indications 
of vitrifi ed inclusions and/or hydrogen gas 
accumulations were observed in what all 
observers agree were acceptable areas and 
concentrations.  These were well away from 
chromite sand inserts and solidifi cation con-
trol of boss areas.  Noticeably absent were 
indications of interdendritic shrinkage which 
plagued the previously examined Defense 
Logistics Agency (DLA) castings.  Figure 5-14 
is radiographs of the M66 cradle.  Additional 
radiographs are shown in Appendix A.  The 
small inclusions, mentioned earlier, are vis-
ible as slightly darker spots.  

The cradles were magnafl ux inspected according to military specifi cations.  Areas contain-
ing linear indications which were not apparent because of their tightness at the surface 
were indicated but are assessable and repairable by standard methods.  They do not show 
up on radiographic plates.  These areas were marked for delivery to the cleaning room for 
weld repair.

Post Processing

At the time of this report, the M66 Cradle prototype parts have not completed the required 
post processing.  The parts need to be heat treated to the 105/85 class per ASTM A148.  
Test coupons should also be heat treated with the castings.  The coupons will then require 
mechanical testing.

After heat treatment, the part surfaces should be re-inspected and the part geometry should 
be checked for accuracy per the technical data package.  

Figure 5-14 M66 Cradle P/N 7046651 (X-ray 
Shot 3)

M66 Cradle P/N 7046651 (X-ray Shot 3) 
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6.0 CONCLUSIONS

Eliminating the need for hard tooling in the casting process has huge implications on cost 
as well as lead time.  Traditionally, tooling has required signifi cant investment in lead time, 
skilled labor and cost.  The ability to produce serviceable casting on the fi rst pour is directly 
related to the quality of the tooling design, precision of the tooling built and the control of 
the casting process.  It is not uncommon for fi rst pours to require changes in tooling design 
to reduce or eliminate casting defects and optimization of the process.  These changes can 
be extensive and expensive if they involve signifi cant tooling changes.  Reducing or elimi-
nating these costs as well as shortened lead times are the hallmark of the digital process.

Based on the two demonstration parts produced with digitally printed mold/cores for the 
RIA effort, the following advantages were realized:

Eliminated the need for high-cost tooling while in the prototype/fi rst article effort.  
Tooling can be expensive, relies on skilled labor that is in short supply and tends to 
extend lead time to production.

Mold printing is driven directly from a CAD model therefore; design changes can 
be quickly and inexpensively incorporated into subsequent iterations for optimizing 
the casting process.  As noted earlier in this report, multiple iterations in tool design 
were accomplished and simulated prior to production.

Producing in a digital environment allows new design freedoms not available in 
conventional processes.  Based on simulation modeling, changing rigging design 
on the M66 Cradle to a complicated geometry to help fi lling and solidifi cation 
was only a CAD change.  The printed geometry would have been an extensive 
and expensive change in hard tooling.  This again optimized the process before an 
investment is made in hard tooling for longer production runs.

Unique serialization for prototype parts can easily be added to each part thereby 
insuring unique identifi cation through post processing.  This ensures any changes 
made in the process are identifi ed to a unique part when analysis is made towards 
optimization of the production effort.

•

•

•

•
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For infrequently produced parts, only the storage of a digital fi le is required.  If in 
the future the same part is again required, only the digital fi le has to be retrieved 
and compared to the current technical data package for latest revisions.  If there are 
revisions, only the CAD model requires changing.  In the case of hard tooling, an 
inventory has to be maintained to retrieve the tooling from storage.  Once retrieved, 
the tooling needs to be made serviceable and compared to the latest technical data 
package for applicability.  If there is a drawing revision, the hard tooling would have 
to be modifi ed to meet the new requirement.  This is not an uncommon situation 
for DOD requirements especially when dealing with legacy systems that have been 
in inventory for decades and have gone through numerous design confi guration 
changes.  The digital process allows producing a family of parts from one design 
to meet this sort of requirement.  Design iterations can be specifi c to original 
production lots therefore; multiple designs of the same part can be required.  In the 
world of hard tooling, this would require multiple tools and increases storage and 
identifi cation. 

Compared to the conventional foundry process, there will be some cost break even point 
depending on tooling required and the number of parts required to be produced.  With con-
ventional tooling, obviously the more parts required the less per part the tooling cost since 
it is a direct cost associated with making even a single part.  Figure 6-1 is a graphic repre-
sentation of the cost avoidance/savings achieved using digital mold printing technology.  
For prototypes or limited 
production there is a sig-
nifi cant difference in cost.  
As the production quantity 
increases and the cost of 
tooling are amortized over 
more parts, the cost per part 
becomes less.  Obviously, at 
some quantity, it becomes 
more cost effective to pro-
duce hard tooling.  

•

Figure 6-1 Cost Avoidance/Savings Chart

Production
Costs

Conventional
Tooling Costs {

Production Quanity1.0 N + 1.0

Traditional 
Foundry Process

Digital
Mold Process

Breakeven
QuantityCost Avoidance
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Another area of initial 
savings that can be 
signifi cant is related 
to multiple iterations 
required to produce 
a serviceable part.  
In many instances, 
serviceable complex 
parts are not produced 
on during the fi rst pour.  
Tooling modifi cations 
can be costly and time 
consuming.  With the 
digital mold printing 
process, only a CAD 
model change is required 
and a new mold printed.

As with mold patterns, core boxes get complex and drive up cost considerably.  In many 
instances, multiple boxes are required to produce a single core (i.e. halves are pasted 
together to form a single core).  Utilizing the digital printing process, complex cores can be 
manufactured with the same ease of a simple core.  Again, complexity can drive potential 
cost savings as depicted in the Figure 6-2 graph.

The digital mold printing technology is not without its drawbacks.  Currently the technol-
ogy is such that the required equipment needs to be housed in a controlled environment 
for both temperature and humidity.  Such an environment is traditionally not found in an 
operating foundry.  This is not to say that future foundries may look considerably different 
than today’s.  

Process material recycling is also an issue.  At this time, the excess/used sand is not re-
cycled as is the practice in conventional foundry processes.  This adds considerable cost 
to the process and is an area that deserves considerable attention.  If process material re-
cycling can be practical, operating cost could be reduced signifi cantly and the break even 

Production Quantity

Production
Cost Per

Unit

Tooling Cost Increase
with Part Complexity 

Increased Tooling Costs Shift
Breakeven to the Right 

Digital
Process

Cost Avoidance

N +1.01.0

Traditional
Process

Figure 6-2 Complexity Breakeven Chart
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quantities would move to the right.

Like most new technologies, the initial capital investment is substantial and will hopefully 
decrease over time as the technology matures.

Based on the RIA demonstration effort, there is a niche market that could greatly benefi t 
from the digital mold/core printing technology.  Low quantities of complex parts, proto-
types and critical single part requirements fi t nicely into this niche.  RIA tends to operate 
in this sort of environment on a daily basis.  Since RIA cost data was not shared in the 
demonstration effort, an exact cost saving on the demonstration parts is not available.  It 
was apparent that from viewing the process that a 50 % reduction in lead time would be a 
conservative estimate.  In the case of the M66 Cradle, RIA was unsuccessful in producing 
the part with the provided tooling.  Using the digital printed mold process resulted in ser-
viceable parts on the fi rst pour.  

It is recommended that RIA do a complete cost comparison on the demonstration parts and 
determine under what circumstances the new process would benefi t their efforts.  Since the 
initial capital investment is signifi cant, RIA should also consider subcontracting complex 
requirements when the need arises.  At some point in the future, the digital process should 
be considered as a technology insertion project to better meet critical DOD requirements.
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APPENDIX A INSPECTION RADIOGRAPHS
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Radiograph Forward Feeder – Sample 1 
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Radiograph Forward Feeder – Sample 2
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M66 Cradle P/N 7046651 (X-ray Shot 1)
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M66 Cradle P/N 7046651 (X-ray Shot 2)
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M66 Cradle P/N 7046651 (X-ray Shot 3) 
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APPENDIX B MSDS SHEETS FOR MATERIAL USED IN DIGITAL PROCESS
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APPENDIX C PRESENTATION DEFINING PROCESS AS PERFORMED
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ACRONYMS AND ABBREVIATIONS

°C Degrees Centigrade 
°F Degrees Fahrenheit
AFS American Foundry Society
ARDEC (US) Army Armament Research, Development and Engineering Center
ASTM American Society for Testing and Materials
ATD Advanced Tooling Design
CAD Computer Aided Design
CERP Casting Emission Reduction Program
CISA Casting Industry Suppliers Association
CMM Coordinate Measuring Machine
CNC Computer Numerical Control
COR Contracting Offi cer’s Representative
CRADA Cooperative Research and Development Agreement
DLA Defense Logistics Agency
DOD Department of Defense
DOE Department of Energy
JMTC Joint Manufacturing and Technology Center
MIL Military specifi cation
MIT Massachusetts Institute of Technology
MSDS Material Safety Data Sheet
NDT Non Destructive Testing
QA/QC Quality Assurance/Quality Control
RCT Rapid Casting Technology
RIA Rock Island Arsenal
SLA Stereo Lithography Apparatus
SO2 Sulfur Dioxide
USCAR United States Council for Automotive Research
WBS Work Breakdown Structure




