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Introduction

The use ofrapid prototyping (RP)techniques for the
production of prototype parts has greatly reducechtimber
of steps and the complexity of the prototyping process. R
processes, such as Stereolithography (8ayeemerged as
a viable optionfor the prototyping of plastic parend has
recently entered into the arenaRdpid Tooling(RT). Rapid
prototyping techniques are clearly valuable desapis that
can be used to generatephysical prototype from aolid
CAD model. Rapid prototyping hdsecome an integradart
of CAE and Simultaneous Engineerin{parallelization of
operations)and in conjunction, these tool$acilitate the
realization of product ideasMany companiesplace an
emphasis orconcurrent engineering in an effort teduce
product developmentosts, cycle times, and to improve
product quality. Rapid prototyping and Computer-Aided
Engineering (CAE) are two key elements that can result in
reduction in product lead time and a smoother transititm
production of the plastipart:? More recently, studiebave
also shown that Slcan be used astaol thatcan produce
prototype core and cavity inserts directly* By creating a
mold insertmadeout of SL epoxy resin, oneaninjection
mold prototype plastic partsThese prototype injection

molded parts can then be used to validate the part design ve

early in the product development process.

The benefits of prototype injection moldimage evident,
however, the costand leadtimes associatedvith prototype
mold constructiorcan besignificant. Inorder to minimize
these problems, prototype injection mottiffer from their
productiontool counterparts tcsome degree.Thesediffer-
ences ordegrees okimplification vary from application to
application, but are associated with the same objeatrea:
ting a relatively low costrapidly producedmold that is
capable of producing an appropriateimber of realistic
prototype parts.

Prototype toolscan beproduced byboth conventional
machining processes or otHess conventional toomanu-
facturing processes that are utilized in an effort to $awe
and/or money. The highest quality prototypm®ols are
produced byconventional cavityand core set fabrication
techniques, however, tHeadtimes andcost for theséigh
quality, conventional prototype toolémit the number of
possible iterations. Recently, the manufactuesigusers of
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rapid prototyping equipment have attempted tdilize the
rapid prototyping techniques forprototype injectionmold
fabrication orrapid tooling. A commonapproach is to
simply utilize the rapid prototyping equipment for the
Production of cavity and core insert patterns for with an
investment casting process. More revolutionapproaches
to rapid tooling involve the creation of prototypavity/core
insert sets or mold&directly” with the rapid prototyping
process. This can result in significant time and cost savings,
however, the overall qualitgnddurability of the insert set
or mold will vary depending ornthe specificrapid proto-
typing process utilized.

a

Figure 1. Cavity and Core insert set directly from thepoxy
bath material

The rapid tooling method evaluated in this study utilizes
a Stereolithography apparatus toeate soft epoxy mold
cavity andcoreinsertsdirectly asdescribed inearlier stud-
ies34Using this concept, it is possible to create a cavity and
core insert set (rather than a prototype part) directly from the
epoxy bath material as shown Fig. 1. This prototype
insert set can then be mounted into a standard fresice as
shown in Fig. 2. Cooling lines of virtuallgny geometry
and configuration, along witkejectorpin holesand mount-
ing flangescan be incorporated directigto the modeleli-
minating the need for significant post machining, although a
limited amountof finishingand polishing is still required.
This concent issimple, however, thereare anumber of
limitations associatedvith this approach. Difficultieswith
this approach include the poor héainsfer characteristics of
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the solid epoxy, and limited mechanical properties,
especially at higher temperatures and build times.

Figure 2. Mold insert layout
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A number ofapproaches have beeised tominimize
these potential problems. Oapproach is to create tain
shell SL epoxy tools that ibacked upwith a metalfilled
casting resin or low melting point metdlhesethin, rapid
prototype shells minimize resin use and build tifeatures
such as the mounting flangegectorpin flanges,and even
cooling linescan bebuilt into the shell, minimizing any
post machiningequirements. Aftethe shellsare built and
post cured, a high strengtbpnductivematerial is thercast
in place. Additional coppertube or lost wax cooling
channels caralso beadded atthis point. Theback up
material improves both the strengtind heat transfer
characteristics of the insert. While the back up matedoas
add strength, the prototype toolkave limited durability
compared tomore conventional prototype injection molds.
Like most soft prototype tools, the epoxy shell towds be
damaged as &esult of clamping forces, injectioforces,
ejection forces and inadequate cooling. Ejection
considerations includeguided ejection, draw polishing,
sufficient moldrelease(or other surfacemodification), and
Maximum possibledraft angle. Injection considerations
include pressurdimits and the use ofdeep fan gates.
Cooling is perhaps the most critical factor with this type of
tool. Adequatewater (or even airjlow ratesmust beused,
along with relatively long mold closand mold opentimes.
Surface platings of various types can also be used to enhance
the durability of the soft inserts. Examples of cooling
geometries are shown in Figures 3, 4, 5 and 6.

Figure 3. Conventional machined steel or alumincavity/core
insert set with machined (drilled) cooling channels.
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Figure 4. Solid epoxy cavity/core insert set produced directly with the SLA

Ero_cess. CO?“ZQ. (;hat?]nels %f \I/asrltous gt;ﬁomgtrzy e:r;d ejefmm'mlelng Figure 6. Mold cavity/coransert set constructedith a thin SLAepoxy
€ incorporated into the model. strength and heat transter are i shell having integral, conventional size, circular cross-section cooling

this approach. channels. The shell is backed up with a metal filled (epoxy) casting resin.

These limitations of this type afpid tooling approach
need to be quantified artdken intoaccount when designing
a mold insert. It is hopeful that with amproved
understanding othe thermaland mechanical properties of
these relatively soft cavity and core materials, a designer will
be able to develop better epoxy tooling that wiéld more
plastic prototypes at a higher qualifgesearch performed in
this study focused on the ability of solid epoxy dofbling
to dissipate heat throughater cooling. The objective was
to optimize the Coolinglesign tomaintain the epoxyool
temperature below its glass transition temperature.

Cast-in
copper
cooling
channels

Experimental

™~ SLA epoxy/ .
shells - backed
with aluminum

filled epoxy

Five cooling channel designswere incorporatedinto
StereolithographyACES epoxy injection mold inserts. A
non-cooled epoxynsert wasused aghe base-line irwhich
Figure 5. Mold cavity/cordnsert set constructedith a thin, SLAepoxy onIy natural.con.veCtlon was .present. The ﬁme COOIIng
shell, backed up with an aluminum or copyiled (epoxy) casting resin. ~ channelsvaried in cross-sectional shape while the layout
The backing material contains “cast in place” copper lost wax cooling  remainedconstant. A (i) circular (traditional),(ii) square
channels. (thermally optimum) and (iiijmarquee shape@nechanically
optimum) were evaluatedor cooling efficiency. Thelast

While there are some limitations with this approach tc}wfo cooling channelsvere (iv) the marqueebrought closer

pro totype maid production, the po_tential benefitg, are great. TOOISt8 the cavity surface and (v) a modifisquareconfigurations
this type can be produced very qw_ckly, ata relatwely low cost, us| %orporating 45 degree “trip strips” to induce turbulence and
conventional rapid prototyping equipment and materials. The nu e brou ght closer to the surface of the molding.

of prototype parts that can be produced with a mold of this type The cavityhad a3.0" x 3.0" x 0.060" square con-
varies with part complexity, construction practices, plastic mater'ﬁké ' ' '

- . ) . ) uration. An automotivegrade polypropyleneand abus-
and process con(_jmons. This _rap|d tooling technlq_ue does not fi ss machingrade ofpolycarbonate/ABRilloy were used
replace conventional machined prototype tooling, but rath

. . . . ) N85 the molding resins for the study The higteenperature
compliments it by allowing designers to obtain moderate quantities~ A g g oy was chosen to test the u perature and

of relatiyely realis_tic, firs_t cut prototype parts, malded in thepressure limits of the epoxy inserts. The insemp-erature
production material, for initial evaluation. was monitoredusing a computebased dataacquis-ition
system during processing. The insesere measured before
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and after molding, as well as several partsgetermine part of shapes and dimensions were examined. The distance of the
and mold dimensional changes. Computaded molding  cooling lines from the parsurfacewas found to have a
simulations wasused for both design purposesand for  dramatic effect oncooling as expected. The mechanical
software verification for the experimentains. Twenty-five  performance of the epoxy insert is also directly related to the
parts of each material were molded in each different insert f@hape of the cooling lineandthe distance topart surface,

a total of fifty parts per insert. The insert temperature (0.05@nd has been investigated in a sepastatdy. Thedifference

inch below molding surface) at tleenter ofthe part, along betweenthe marquee andhe modified marquee ighe de-
with cooling water inlet and outlet temperatureswere  crease in distance to the part surface resulting in heitdy
acquired from the first to the twenty fifth part. Silicone molding. Although themodified square channeledsert shows
release spray was used to keep the parts from sticking in ttiee most efficient cooling, the structural performancehisg
poorly cooled inserts. geometry has been found in a separate study to be poor.
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Figure 7 .Insert temperature agjection for polypropylene and

various channel designs. Figure 8. Insert temperature &ection for PC/ABSand various

channel designs.

Results and Discussion The flow rates for each channel varied slightly
depending upotthe cross-sectional shape of the channel, as
The incorporation of cooling into thstereolithography shown in Table 1but the flow velocityand Reynolds
ACES epoxy injection mold inserts is essential Soccess Nnumber changed significantly. The circular channel
of this techn0|ogy_ Thmmperature ofnserts at parejec- demonstratedurbulent flow with a Reynolds number of
tion wererecordedand graphed andan be seen iffigure 7 28,000 and avelocity of 9.6 ft/sec. Althougfthere was
for polypropyleneand Figure 8 forPC/ABS. Theejection turbulence in thecircular channel therevas low cooling
temperature of the epoxy inserts whitid nocooling lines  efficiency as shown in Figure 7. The low cooligfficiency
(uncooled) isseen to show ateady increase in temperature Was attributed to the poor thermal conductivity of the epoxy.
of the ejected part resulting in deformation of the inserts ands compared tathe circular channel, themarquee channel
uncontrolled dimensionandwarpage ofthe part.However, had asignificantincrease inflow velocity and Reynolds
due to this technology, cooling lines of unlimiteshapes Numberdue to the decrease incross-sectional area. The
and dimensionscan be“built-in” during the stereo-litho- higher Reynolds number and more randomited explains
graphy insert generation. Withis in mind a small subset the higher coolingefficiency within the marquee channeled
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insert, as shown in Figure 7. Theguarechannelhad a temperaturewith respect toinjection mold tool steel the
slightly lower flow velocityandlow Reynolds number due incorporation of cooling channels in SL rapid tobéd very

to thelarger cross-sectionarea ofthe channel. Théower  positive effects on reducinghe inserttemperatureduring
Reynolds number explains the lesfficient cooling of the processing. As of now, cooling the eposapid tools is
“thermally optimum” squarechannel. Thesquare channel essentiato increase the yield and quality of the plastic part.
cooledthe insert slightly more than theircular channel,

evenwith laminar flow (Reynolds number <2300). The Acknowledgments
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It was assumed that the modified square channel with the trip

strips created more turbulence within the flow to increase the References

cooling efficiency of the channel sinceThe rougher the

surface the lower the Reynolds number required for complete 1.  Wigotski, V., Plastics Engineering 52, (7), 23,

turbulence”. (1996).
2. Eyerer, P. et alKunststoffe83, (12), 3, (1993).
Table 1. Fluid Flow Characteristics of Circular, 3. Boeusch, C. et al.SPE RETEC,Fitchburg, MA,
Marquee, and Square Channels March (1996). ,
- 4. Gouldson, C.SPE RETECFitchburg, MA, March
Channel Flow Rate | Velocity Reynolds (1996).
(GPM) (ft/sec)’ Number *  To whom correspondence should be sent.
Circular 3.3 9.6 28,000
Marquee 3.3 18.5 37,600
Square 3.5 8.0 23,100
Mod. Square 3.5 8.0 23,100

@ The velocity and Reynolds number calculations can be seen in Appendix A
Conclusions

Overall, stereolithography represents an excellent technology
for rapidtooling as long as thadvantagesnd limitations
are known. The epoxy insert temperature during molding can
be significantly lowered through the (115-170 °F)
temperaturedecreas®ver uncoolednserts incorporation of
cooling channels. This studshowed a byusing asquare
cooling channel at a distance d4f5 diameter(0.56 inch)
away from the molding surface along witlouble 45degree
trip strips along the cooling channel walls. Due to structural
requirements atavity pressures abovis00 psi, thewidth
of a squareooling channel would have to b#ecreased and
channelsupportsused toreducechannel deflectionduring
processing. The use aharquee shapedooling channels
offer good cooling efficiency with theddedimprovement in
structural integrity. The use o€ircular and unmodified
square cooling channels at a mechanically optindepth of
0.75 inch result in relatively poor coolingfficiency.
Overall, the use of cooling channels with trip stripsflow
disturbers in a solid epoxinsert greatlyreducesthe mold
insert temperatureand increasesthe quality and yield of
prototype parts.

Stereolithography has a promisifigture within Rapid
Tooling. Although the epoxy photopolymer has a low
thermal conductivityand arelatively low glass transition
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