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Abstract:

Within the project “Functional Surfaces via Micraad Nanoscaled Structures” which is part
of the Cluster of Excellence “Integrative Productibechnology” established and financed by
the German Research Foundation (DFG), an investnecasting process to produce
3-dimensional functional surfaces down to a stnadtsize of 1um on near-net-shape-casting
parts will be developed. The common way to rediisetional microstructures on metallic
surfaces is to use laser ablation, electro disehargchining or micro milling. The handicap
of these processes is their limited productivitheTapproach of this project to raise the
efficiency is to use the investment casting prodeseeplicate microstructured surfaces by
moulding from a laser-microstructured grand magi@tern. The main research objective
deals with the investigation of the single procgteps of the investment casting process with
regard to the moulding accuracy. Actual resultsceoming making of the wax pattern,
suitability of ceramic mould and core materials ¢asting of an AISi7Mg0,3 alloy as well as
the knock-out behaviour of the shells will be presd. Using the example of an intake
manifold of a gasoline race car engine, a techrstalrk skin surface will be realised to
reduce the drag of the intake air. The intake naoéhitonsists of an air-restrictor with a
defined inner diameter which will be microstrucaireith technical shark skin riblets. For
this reason the inner diameter cannot be drillgdratasting and demands a very high
accuracy of the casting part. A technology for thrication and demoulding of accurate
microstructured castings will be shown. Shrinkagetdrs of different moulding steps of the
macroscopic casting part as well as the microsadlpliet structure will be examined.
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1. Introduction

A lot of microstructured surfaces are known in matgsuch as shark skin, lotus leaves,
sandskink skin, moth eyes and insect feet strustuBg understanding these structures and
employing this knowledge to technical applicatiogsyeral material properties such as drag
reduction, friction, adhesion, hydrophoby and mflety can be optimised. Possible
ultraprecision technologies for the manufacturing neicrostructured surfaces are laser
ablation, electro discharge machining, micro mgliand LIGA as well as replication
technologies such as micro-injection moulding. $hertcomings of these processes are their
limited productivity or geometrical constraints time surface processing such as attainable
accuracy, undercuts, ejection-angles and the maximaghining area [1]. Furthermore, no
inner areas of technical parts can be microstradturegarding the microstructuring of metal
surfaces, LIGA and plastic injection-moulding canbe applied. Possible technologies for
metal processing and microstructuring such as esngsnd rolling are currently developed
and not ready to be used in an industrial scalelyetny case these processes are subjected to
several geometrical constraints as mentioned ab®wveproducing process that seems to be
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promising to meet all the confronted requiremestghie investment casting process.
moulding from a grand master pattern parts of ardimnary geometry can be achievec
relatively low cst compared to common ultraprecision technolo

There are two objectives of this project. The fisstthe characterisation of the investm
casting process in order to cast microstructuredtfanal surfaces with commoiluminium
alloys. Second, amvestment casting process to realise microstrudtswefaces on technic
parts will be developed by using the example olaminium intake manifold of a gasolii
engine with an inner technical shark skin suri

2. State of the art: Microcasting

Seveal analyses were conducted to examine the mouktngracy of the investment cast
process. The physical properties and shrinkag®r@ador certain waxes and their influer
on the casting accuracy were examined [2]. Theingasdccuracy of micro p& using
aluminium/zinc alloys and stainless steel [3] adl we low melting A-Ag-based precious
metal alloys were investigated [4]. According t@gh results, microparts with geometri
features in a range of 700 toum can be casted with permissilgjeometrical variation an
an average surface roughness between 0.5 um. The possibility of casting micropatter
surfaces on a casting part such as a turbine ldladeny with a structure size of um with
an aspect ratio of 1 were shown for an alunm alloy and a Nbased superalloy. |
addition, the castabilty of a Bismi-Indium solder alloy onto a quarz grand master pa
with grooves of gm width and 200nm depth was demonstratec

3. Examine the moulding accuracy of investment casting process in
order to achieve microscale riblet structures [6]

Table 1 shows the geometry and the size of the microsealtifes which were examined.
determine the moulding accuracy of the used gy|-bondedinvestment mouldHINRIVEST
G, ERNSTHINRICHS GMBH, German), only the micropatterned side of the wax patteas
embeddedAfterwards the wax was melt out to lay open thecastructured fieldin order to
examine the moulding accuracy of the casting, microstructuredwax patterns were
assembled to wax trees and vac-embedded. The moulds were baked at 700°C and c
down to a mould temperatur of 430°C for castinge Thosen AlSi-alloy was casted und
counter pressure at 730°C into the preheated mcThe microstuctured surfac was
measured with awhite light interferomet¢ and on the cross-sectiorms metallographic
polishes.

Table 1: Geometry and sizes of microstructured surface

Geometry b [um] h [um] r [um] a [°]

M 50 50 4,5 90
h 25 20 4,5 90
W 25 15 4,5 90

Figure 1 shows the results of the measurement ofgypsum-bondederamic as well as
crosssection polishes of the castirThe structural parameters b, h, r . of the gypsum-
bonded-investmentere measured in the groov They are similar to the original structul

of the wax patternwhich were measured on top of the relief. Micogsc examinations of th

whole micropatterned field showed that there arly @mall areas which were damac

possibly by the handling of thpecimen.



The metallic microscale surface texture, which wesasured on top of the structure, shows a
sufficient moulding accuracy for the structuralgraeters b, h and The radius r at the peak
of the structure was not reproduced sufficientijmeQeason is that the contraction of the
metal during solidification also influences the lpshape. Furthermore, metal penetrations
were observed on the peak and the structure valldge some gas entrapments were found.
Several specimens barely show any casting defed¢tseimicrostructured area whereas others
contained areas with damaged and irregular miarastr geometry. There are quite a few
reasons for casting defects in microstructuredased which will be examined in the future
work.

Ceramic: b=50um, h= 50um Ceramic: b=25um, h=20um Ceramic: b=25um, h=15um
r=4 5pm, a=90° r=4 5um, a=90° r=4 5pm, a=90 °

Casting b=50pm, h=50pm Casting: b=25pm, h=20pm Casting: b=25pm, h=15pm
r=15pm, a=90 ° r=10um, =90 ° r=7um, a=90 ©
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Figure 1: Whitelight interferometer measurements of gypsum-bonded-ceramic (above)
and cross-section polishes of the casted microscale texture (below)

4. Demonstrator part: Intake manifold with inner shark skin surface

4.1 Casting part and the definition of microstructure geometry [6]

The intake manifold with a length of 417mm and dl wisickness of 2mm is used for a
formula racing carKigure 2). The regulations of this racing series (FormufEStudent)
specify that the intake air for the engine hasasspan air restrictor with an inner diameter of
maximal 19mm. In order to show the potential of nmécale surface textures, this part was
chosen with the idea of realising a riblet sharik sitructure on the restrictor surface to reduce
the drag of air flow.

Restrictor

Incoming air Diffuser

Integrated . .
i
throttle body Outgoing air
Figure 2: Intake manifold with air restrictor for a formularacing car
(FORMULA STUDENT TEAM OF RWTH AACHEN UNIVERSITY)



A flow simulation was carried out to define theestf the riblet. Figure 3 shows the velocity
of the incoming air undeffull throttle position which reaches approxamitly 220i
(Mach 0,65) in the restrictor crc-section.The results were verified at two control pointsthy
a charge-cycle-caltation of the engine. With the simulation resiof the turbulent kineti
energy and the wiakhear stresses, sizes for the microscale textoudd be estimated t
applying the calculations of Bechert et £7]. These optimal structureparameters are:
b=9%um, h=9um, a<=60°, r<=um (Figure 4). The riblets should be arranged in the direc
of flow to achieve a drag reduction up to 4% as seévexperiments in literature ha
demonstrated [7].

Velocity in axial
direction (m/s)
222.677

Details of Computanional Fluid Dynamics Simulation: 200.409

e Axially symmetric quasi 2D-geometry et

e K-gturbulent model 155.874
e Transient Calculation 133.606
e Incompressible Calculation

e Constraints at wall: without friction
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Figure 3: Velocity in axial direction
(half of axially symmetric cross-section of intake manifold)
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Figure4: Optimal riblet structure[7] (left) and fabricableriblet structure (right)

4.2 Process routes to realise a microscale texture on interior surfaces [6]

To realise a microscale texture on the rote-symmetric inner surface of the intake manift
only process steps that allow a demoulding of éxture without damaginit are suitable.
Accordingly, three possible process chains aremetended. First, polymer film with a
microscale texture could be glued on the wax pattehile it is difficult to handle it on th
interior surface of the housing. Two alternatroutes are suitablhich allow a demouldin
of either the wax pattern arlost core frona microtextured grand master pattern. The gr
master pattern is made ery elastic silicon andcan be stripped off theassigned
micropatterned surface without damagin¢ The more promisingoute seems to be the
microstructuring of dost cor¢ in which themicrostructured surface does not need tc
moulded into the wax patte, sincethe wax will be melted out later . In this way, an
additional process stegg moulding the microstructure can be saand thusreduces the loss
of maulding accuracy. Other advantages of this procesterar the better handling of tr
microstructured exteriaurface o the core instead of the interisurface o the wax pattern
in terms of demouldings well a inspection of reproducibility and quality



4.3. Process route: Microstructuring of the lost core

In the first step, the technology of microstruatgrithe ceramic core was developed. The
contraction/expanding factors of the whole procéssluding hardening and burning of a
gypsum-bonded ceramic core, making of the wax pat@ad shrinkage of the casting part
needed to be determined in order to realise theined) inner diameter in the restrictor of
19mm. Afterwards, a steel core was drilled and Wwél microstructured via lasering later.
From this microstructured steel core, a siliconatheanlay (Elastosil® M 4643 A/B, Wacker
Chemie AG, Germany) was moulded and placed intatine box.Figure 5 shows the core
box with the silicon mantle inlay without microstture. After filling the evacuated core box
(p=-950mBar) with a very fine-grained gypsum-bondetksment (Hinrivest G, Ernst
Hinrichs GmbH, Germany), sufficient mechanical styth and shake out properties, the core
was given several hours for the setting of the ggpglaster. Subsequently, the core was
taken out of the core box together with the silicoantle. The mantle could be carefully
stripped off the core, which is of high importarfoe the manufacturing of a microstructured
core. When demoulding the ceramic core of the borg there is high risk of breaking it at its
weakpoint. Therefore, a bar made of stainless-stesl used to support the ceramic green
body. Afterwards, the core was placed into the pattern die, which was injected with wax.
The wax pattern was embedded into a gypsum-bonolegb&ct mould (Goldstar XXX,
Hoben Int. Ltd., UK). The wax was melted out and thould was burnded at 700°C for 4
hours. In order to achieve a good mould fillingg fhart was casted in AlSi7Mg0,3 at 740°C
under counter-pressure and the mould was preheat20°C.

The investigations showed that the contractionsexpénsions during different process steps
offset each other. Moreover, the stability of tleeecneeds to be improved to avoid cracking
during demoulding and burning. By using a suppartrbade of stainless steel, the core could
be demoulded from the core box without any cragdso when burning the core, cracks
could not be observed due to a similar thermal esijoa behaviour of the steel bar and the
gypsum-bonded-investment (linear expansion of o#terials at 700°C approx. 0,8-0,9%).
However, when cooling down the core to the prehgatemperature of 420°C for casting,
cracking of the core at its thinest cross-secticas wbserved corresponding to the high
contraction of the gypsum material, which resuitsensile load in axial direction on the core.
Using reinforcement inside the core reduces thehamdcally resilient cross-section of the
gypsum material. During these examinations sevanas cracked which caused a thin flash
on the inner surface of the casted restrictor.asecof casting a microstructured surface, this
flash cannot be removed without damaging the rififietcture. Future work will concentrate
on the improvement of the strength of the gypsuwesiment. Nevertheless, by adjusting the
mixing and vacuum-filling process of the gypsum eniai, defect free cores without any gas
pores could be manufactured. At a preheating mdeltiperature of 420°C, almost
penetration free casting surfaces could be real@edughness measurement on the interior
surface showed an average roughne3f{r0,65um (average of 3 line measurements with a
length of 15mm).



Wax pattern die with wax

Corebox with silicone mantle (grey) pattern (green) and inside core

Core with Core without
support bar support bar

Casted and machined intake manifold

Fiure5: Corebox with gypsum-bonded green cores (left),
wax pattern and machined casting part (right)

5. Summary and outlook

It was shown that groove structures down to a waft@5um and a height of 15um can be
realised with the common investment casting procsgsy an AlSi7-alloy. The challenge is
to achieve edges with roundings of less than luhis T especially interesting for drag
reducing riblet structures. To demonstrate the mi@te of microstructure surfaces
manufactured in the investment casting processntake manifold was chosen as use case
part. Possible process chains for the realisatfonibéet structures were shown. The most
promising process route seems to be the microstingtof a lost core. The core material has
to meet several requirements concerning mouldinguracy and shaking out behaviour.
Accordingly, a gypsum-bonded-investment was chosemmanufacture cores without cracks
when demoulding, burning and casting, it is neagssaimprove the core making process by
using reinforcement materials as well as raising thechanical properties of the core
material. Up to now, the restrictor was casted autha. micorstructured inner surface in order
to advance the investment casting process. Indbensl step, the whole process chain will be
passed through with the microstructured riblet dtiee. Afterwards, the improvement in
performance of the intake manifold with an innearghskin surface will be tested on an
engine test bench.
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