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Abstract

Microcasting is one of the key technologies enable manufacture of small structures in the
micrometer range or of larger parts carrying mitragures by using a metal melt which is cast ato
microstructured mold. Microcasting, is generallgntified with the investment casting process, which
is known as the lost-wax, lost-mold technique. Anmstep in micro investment casting is making
disposable patterns which have sufficient mechasicength and dimensional accuracy. In this study
a review on available microfabrication methods todoice such patterns has been down and possible
processes have been compared in order to seldotsh@rocess.

Keywords: micro investment casting, plastic pattern, microvofacturing techniques

1. Introduction

Microcasting is one of the key technologies endlemanufacture of small structures in the micramet
range or of larger parts carrying microstructurgsiding a metal melt which is cast into a microstinoed
mold. This technology has been successfully appiedmanufacturing of instruments for surgery and
dental devices, instruments for biotechnology anithiaturized devices for mechanical engineering.
Microcasting, is generally identified with the irstment casting process, which is known as theviest-
lost-mold technique (Baltest al. 2005). Figure 1 shows the micro investment cagpirugess steps. First
the plastic or wax pattern is made and embeddedceramic slip. After drying the ceramic mold isatesl
and sintered and the pattern will be lost during tbrocess due to melting and burning. Finally the
preheated ceramic mold is filled with metal melt Bgcuum-pressure or centrifugal casting. After
solidification, the ceramic mold is mechanicallyn@ved without destroying or influencing the cast
surface. Depending on the casting alloy and thensier mold material, additional chemical cleaning
processes may be sometimes necessary. Finallsirtgke parts are separated from the runner system.

Mechanical removing of the ceramic mold after cagtioffers the chance to produce metallic partsieve
with undercuts. The key point in producing suchtgé& fabrication of pattern with undercut. Alsdtpen
fabrication technique directly influence on surfaceighness and dimensional accuracy of the pattern
which are of importance in final surface qualitydadimensional accuracy of the cast part. Common
approach in fabricating investment patterns is aminjection molding (Baltest al, 2005; Baumeister et al.
2002, 2004; Qin 2010, Chuang et al. 2009; Thizal.e2008; Ratlet al. 2006), that has some disadvantages
and limitations. In this study other possible melhdo fabricate these patterns has been introdacdd
compared with each other

2. Investment Casting Patterns

The type of pattern used also has a significardcefbn the casting tolerances that can be obtaaned
maintained. In general, final casting tolerancea ba held within tighter limits as the rigidity and
durability of the pattern equipment increase. Tradal investment casting usually uses wax and
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sometimes plastic, for pattern material and waglastic patterns are almost injection-molded. Wivax

is used, the molds can be inexpensive, being nade & low-temperature alloy sprayed or cast arcund
master-part pattern. The pattern is made with lamvahce for shrinkage (Stefanestwal. 1992).

In micro investment casting the patterns shouldajuae a higher strength and are thus of advanthge
assembling microstructures thus in contrast tonthe patterns used there, microtechnology mostlyke/or
with plastic patterns which have much higher mew@drstrength. The patterns usually are made of
thermoplastic like PMMA or POM which shows much heg strength than wax made structures
(Baumeisteet al. 2004). The improved mechanical properties peeasier handling and assembling of the
pattern during the manufacturing process. The fepdiystem can be made of wax. Figure 2 shows a
PMMA pattern with runner system made of wax, usedrivestment casting (Baltesal. 2005).

2.1 Influence of Pattern on Surface Roughness and Dimensional Accuracy

By far the most significant factor influencing tbenensional accuracy of micro investment castisgheé
dimension of pattern and shrinkage of the matetiaéd as they change from the molten to solid .stéte
wax or plastic pattern, the investment materialj #re cast metal all exhibit this characteristicstone
degree. Like patterns for macrocasting, pattermsrficrocasting should be constructed accordinghto t
well-known design rules for casting. Manufacturimgthod of the pattern should be able to produce the
pattern with required tolerance.

3. Microfabrication M ethods to Produce PMM A Patterns

Today's technology gives various processes forafabricating of polymer and plastic materials. &est
the suitable process, it is necessary to compasethrocesses based on availability, manufactaspgcts
and economical points of view.

3.1 Micro Mechanical Cutting

Micro-cutting is one of the key technologies to l@eathe realization of micro-products. Similarly ttoe
conventional cutting operation, in micro-cuttingetbBurface of the workpiece is mechanically removed
using tools, but the depth of cut is normally & kel of a micrometer or less (Dornfetdal. 2006). This
process brings many potentialities to the fabrigatof miniature and micro-products components with
arbitrary geometry. The micro cutting process istipalarly suitable for the manufacture of indivalu
personalized components rather than large bates,swhich is largely indispensable for customized a
vibrant markets.

With the high level of machine accuracy of ultr&gision machine tools, good surface finish and form
accuracy can be achieved. Micro- cutting is alspabte of fabricating 3D free-form surfaces. Thehhig
machining speed of micro-cutting is another advgataver other micro manufacturing technologies.
Unlike micro-laser beam machining and lithograpigichniques, it does not require a very expensite se
up, which enables the fabrication of miniaturearaeconomically reasonable cost (Qin 2010).

Established methods of micromachining by turningllicg, milling, and grinding have already been
applied to polymethylmetacrylate (PMMA) plastice¢gigh 2002).

3.1.1 Micro-turning

Various Swiss-type machine tools, ultra-precisiathés for diamond turning and miniature desktop
machines, are used to perform micro-turning opemation parts made of different materials like ptast
The next application group of micro-turning opesa with ultra precision mode makes it possible to
machine materials from a few microns to sub mic®mch a machining process is easily able to produce
mirror surfaces of less than 10 nm surface finisd &orm error of less than 1 nm on some diamond
turnable materials (geough 2002).

3.1.2 Micro-milling
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Micro-milling is a classical form of tool-based momachining, in which miniaturized milling cuttease
used to achieve the material removal in the formclips. This micromachining technique is able to
produce three-dimensional high aspect ratio funetiparts with high accuracy and surface qualitytiby
the stepping zone itself, micro-milling operatiersuggested for a wide variety of medical and ergging
applications (Sooraj & Mathew 2002).

The micro-milling process is characterized by mdlitools that are currently in the range from 10-pén

in diameter and made by the focused-ion beam miaghiprocess (Craigt al. 1996). the most usual
meaning of a micro-milling machine refers to ulpr&cision milling machines, with submicron accueagi
that is, accuracies under 1 micron or less, usually tenth of a micron. Machine tools capable @hsu
extreme accuracy may be applied to microscopic piedes (micromachining), but they are more typicall
applied to workpieces with features and details sueble in submicron increments or even in the
mesoscale.

The two main advantages of micro-milling in relatiovith other micro technologies are its apparent
similarity with conventional milling (which enableser to tackle the process from a position ofapttl
knowledge) and the fact that it enables intricaaetpwith 3D forms to be machined (molds, electspde
etc.) in a large range of materials (Logeal. 2009).

3.2 Laser Machining

Laser micromachining has been widely applied infdi®ication, production and manufacturing of Micro
Electro Mechanical Systems (MEMS). It uses photerrttal melting or ablation to fabricate a
microstructure (Nedet al. 2011).

In the production of micro-scaled products, laddaton is able to generate structure sizes irrdimge of
10- 100 micro-meter, not only in metals and polysridee PMMA but also in hard and ultra-hard matisria
such as tungsten carbide and ceramics. Espeataliyicro-machining, laser processes qualify foridew
range of materials, from semiconductors in thedfiEfl micro-electronics, to hard materials suchuagsten
carbide for tool technology, to very weak and sufiterials such as polymers for medical products. In
comparison to the classical technologies, lasecga®es are generally used for small and mediusides

but with strongly increased material and geometaicability.

Using ultra-short pulsed lasers with durations @f% in bursts of several pulses with a time sgpoi20
ns each and adapted pulse energies, the surfadity gpiametal micro-ablation has been increased
significantly and allows the production of toolggparts with Ra values of less than 0.5 mm.

Laser manufacturing of parts and tools can be pmdd without additional working tools in reasonable
times directly from the CADCAM system.

Material removal on polymers like PMMA can be oh&d using low power lasers. Depending on the
interaction time, radiation intensity and polymeogerties, the material is rapidly heated to becam#en
and then burned or even vaporized. High energyityjeassociated with the focused laser spot allows a
relevant resolution during cutting. This procedcae provide very small details or radii, which diéicult

to achieve if conventional milling process is ugBdmoli et al. 2011). For this reason lasers are retained
to be flexible and precise “thermal tools” for tiast production of micro plastic patterns.

Unfortunately Distortion of the material is one thie negative effects of laser ablation, especifdly
polymers. During laser cutting of polymers, bulgee formed mainly due to resolidification of molten
material in the working zone and temperature diffiee between the heat affected zone and the heat
unaffected zone. In order to prevent the creatiosuch defects it is necessary to choose laser imagh
parameters like laser power accurately.

Commonly, PMMA are highly absorptive at the CO2elagiavelength and transparent to the visible and
near-infrared spectra (Nedtal. 2011). Figure 3 shows a CO2 laser machine foiidatbon PMMA micro
parts.

3.3 Micro Injection Molding
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Microinjection molding @IM) appears to be one of the most efficient proesstor the large-scale
production of thermoplastic polymer microparts ligatterns for micro investment casting. The micro-
injection molding process steps are the followisge(Figure 4):

1. Plastic pellets are plasticized by the fixedwder screw and fed into the metering chamber.
2. The shut-off valve closes in order to avoid Iflek from the metering chamber.

3. After the set volume has been achieved, thegelum the dosage barrel delivers the shot volwrhé
injection barrel.

4. The injection plunger then pushes the meltiheomold.

5. Once the plunger injection movement is completedolding pressure may be applied to the mels Th
is achieved by a slight forward movement (maximumrt) of the injection plunger.

The independent system for melting the polymemnedla limitation of the cycle times. The polymenito
through small sized runners and gates using higedspnd high pressure, which can favor its deg@adat
The fabrication of high aspect ratio micro featuces be achieved by using a mold temperature ¢tose
the softening temperature of polymer, with struetsizes in the nanometer range (Giboa. 2007).

Nearly every commercially available thermoplastigrfilled or filled — can be used for the microictien
molding of plastic micro-components. In contrasttie injection molding of macroscopic parts, some
modifications of the process have to be develomeddhieve complete mold filling and damage-free
demolding even for patterns down to the submicremegtgime (Baltes et al. 2005).

Mold inserts are required to produce microstruatupdastic parts. Their micrometric dimensions and
tolerances require specific methods for the madeiits realization, such as:

() LIGA based (lithography, electroplating, moldingchnologies (LIGA, UV-LIGA, IB-
LIGA, EB-LIGA);
(i) 3D micro machining regrouping micro electrical diaoge machiningyEDM), micro
mechanical milling and electrochemical machinin@kE using ultra-short pulses;
(iii) silicon wet etching (or silicon wet bulk machining)
(iv) deep reaction ion etching (DRIE);
(v) thick deep UV resists;
(vi) excimer and ultra-short pulse laser ablation
Compared with theilM, the classical IM process uses ablation techesgaf material, such as milling,
turning or EDM (Gibozt al. 2007).

3.4 Rapid prototyping

To reduce the product development time and recueedst of manufacturing, the new technology ofdap
prototyping (RP) has been developed, which offeesgotential to completely revolutionize the pracet
manufacture. This technology encompasses a groomofifacturing techniques, in which the shape ef th
physical part is generated by adding the mateagtrtby-layer. Many of these techniques are based o
either the selective solidification of the liquid bonding solid particles (Rosochowskia & Matuszakb
2000).

The most established and widely distributed teabgwis stereolithography with the direct layer-layér
transformation of computer-aided design data in® [ mold using the photopolymerisation of reactive
polymer resins with a focused UV beam (Volker Rio& Thomas Hanemann 2011).

Micro-stereolithography (MicroSL) , is a novel moemanufacturing process which builds the truly 3D
microstructures by solidifying the liquid monomer & layer by layer fashion. The basic principle of
stereolithography is schematically shown in figéreA 3D solid model designed with CAD software is
sliced into a series of 2D layers with uniform #riess. The NC code generated from each slicedlg2sfi
then executed to control a motorized x—y stageytagra vat of UV curable solution. The focused stag
UV beam is absorbed by an UV curable solution &timgj of monomer and photoinitiators, leading te th
polymerization, i.e., conversion of the liquid mamer to the solid polymer. As a result, a polymeetas
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formed according to each sliced 2D file. After dager is solidified, the elevator moves downward an
new layer of liquid resin can be solidified as tiext layer. With the synchronized x—y scanning tredZ-
axis motion, the complicated 3D micro part is builta layer by layer fashion. The MicroSL shares th
same principle with its macroscale counterpart,ibulifferent dimensions. Submicron resolution o &—
y-z translation stages and the fine UV beam spablenprecise fabrication of real 3D complex
microstructures (Zhang al. 1999).

A promising three-dimensional microfabrication mathihat has recently attracted considerable attesi
based on two-photon polymerization with trashodetapulses. When focused into the volume of a
photoresistive material like PMMA, the pulses @it two photon polymerization via two photon
absorption and subsequent development (e.g. washihghe non illuminated regions) the polymerized
material reminds in the prescribe 3-D form. Thiswk fabrication of any computer generated strechyr
direct laser recording into the volume of a phote#évze material. Figure 6 shows some micro compte
fabricated via mentioned method. Because of thesttald behavior and non linear nature of the pmyces
resolution beyond the diffraction limit can be ieatl by controlling the laser pulse energy andriveaber

of applied pulses. As a result the technique caavige much better resolution than micro-
stereolithography. The achieved resolution candéerin or better (Ostendorf & Chichkov 2011).

5. Conclusion

As seen above, today's industry has provided varteahniques to fabricate micro investment casting
patterns from PMMA. Comparison of these technigbased on important manufacturing criteria is
beneficial for selection of the best process taitate the patterns. Table 1 shows a comparisondasst
mentioned micromanufacturing techniques based etf) aspect ratio, geometric freedom based on egisti
of undercut, surface roughness and accuracy.

From table 1 it is obvious that in mass productios best process for pattern fabrication is migeaition
molding. A complete review of this technique canftwend in (Giboz et al. 2007). For one-off and batc
production, microcutting, laser machining, micrcerailithography and two photon polymerization
technique respectively can be chosen. Complicagpesh with undercut may be producible only by
steriolithography and two photon polymerization.
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Figure 2. Pattern with 15 injection-molded specimfixed on a runner system

made of wax (Baltes et al. 2005).
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Figure 3. Laser micro machining of PMMA (Neda et24111).
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Figure 4. Schematic drawing of the injection motpprocess (Giboz et al. 2007).
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Figure 5. The principle of stereolithography (Zhatgl. 1999).
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Figure 6. The SEM image shows a micro-scale drdlgdt) and a movable windmill (right) fabricated by

Table 1. comparison between mentioned methodsfoidation PMMA patterns (Baltes et al. 2005;

two-photon polymerization (Ostendorf & Chichkov 201

Baumeister et al. 2002; Giboz et al. 2007; Osteindo& Chichkov, B.N. 2006; Choudhury, I.A, &
Shirley, S. 2010; Hansen,H.N, et al, 2011; Lee&, &t.al. 2008; Bertsch, A. et al 1999).

technique Workpiece accuracy Surface Geometrica| Aspect | cost
dimension roughness | | freedom ratio
microcutting Higher than50 ~2um <100 nm low Medium | medium
wm To Low
10-50
Laser machining | Higherthan | _3g ym ~1um low low high
3um 1-10
Micro injection Higher than Higher 10 nm to medium Medium | Low to
molding 20 um than luwm | 100um To low high
~20
MicroSL Higherthan1 | - 5um ~5um high high high
b
Two photon Higher than 100nmto | ~40nm high high high
polymerization nano meter um
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