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Abstract

The development of smaller and more effective nsigstems for medical, electronic and
automotive applications is driving the industry aedearch institutions to the development of new
manufacturing processes. In the last two decadesraetechniques were developed complying
with the requirements of micromanufacturing. Coesialy their specific nature and purpose,
microreplication processes such as microinjectientlae most suitable for high production levels.
Nevertheless, microinjection moulding is still datevely unknown process considering polymer
flow behaviour at the microscale. Therefore, experital studies and numerical analyses were
required to enable process optimization. Microsedfiects such as wall-slip and heat transfer can
have a significant influence on microinjection pssing conditions as well as on the quality of
the moulded parts. Therefore, these effects musicoeunted for a numerical simulation with
accurate results. For that purpose, tests on amumsnted micromould were carried out to obtain
suitable data to be compared with filling and pagksimulation results. Furthermore, when
considering the use of moulding blocks manufactutsd additive technologies such as
stereolithography (SLA) and selective laser melt{igM), it is important to evaluate their
mechanical behaviour after the experimental testge Hbeen performed. The use of this type
moulding blocks decisively contributes for the tioemarket decrease of plastic micro-

components obtained through microinjection moulding
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Resumo

O desenvolvimento de microsistemas cada vez maigepes e eficazes para aplicacbes médicas,
electronica e automoével estd a conduzir a industeiacentros de investigacdo para o
desenvolvimento de novos processos de fabrico. nfratasenvolvidas diversas técnicas nas
tltimas duas decadas orientadas para o cumprimeite requisitos da microfabricacao.
Considerando a sua natureza especifica e object®gprocessos de microreplicagcdo como a
microinjeccdo revelam-se como 0s mais adequadas glavados niveis de producdo. Contudo, a
moldacédo por microinjeccéo é ainda um processotirgmente pouco dominado considerando o
comportamento do escoamento de polimero a micr@eséessim sendo, é fundamental a
realizacédo de estudos experimentais e de simulagd@gricas para optimizar o processo. Efeitos
de escoamento & microescala, tais como o escorregfane a transferéncia de calor podem ter
uma influéncia significativa nas condi¢cbes de psseenento da microinjec¢cdo assim como na
qualidade das pecas moldadas. Estes efeitos dessim ger contabilizados para que se possa
realizar uma simulagcdo numérica que produza reslad$aprecisos. Para esse efeito, foram
realizados testes de microinjeccdo num micromoldgrimentado com o objectivo de retirar
dados comparaveis com os resultados numéricos dchireento e da compactacao.
Adicionalmente, considerando a utilizacdo de bloeosldantes fabricados por tecnologias
aditivas tais como a estereolitografia (SLA) e aafu selectiva por laser (SLM), revela-se
importante a avaliacdo do seu comportamento meoarapods a realizacdo dos testes
experimentais. A utlizacdo deste tipo de blocoddarmdes contribui decisivamente para o
decréscimo ddime-to-marketpara microcomponentes plasticos obtidos por micioiscdo por

injeccéo.
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Introduction

Chapter 1 — Introduction
1.1. The context of the research work

The development of smaller and more effective nsigstems for medical, electronic and
automotive applications is driving the industry ardearch institutions to the development of new
manufacturing processes, suitable to produce coemisrand systems at the microscale. In the
last three decades several techniques were dedelopmplying with the requirements of
microfabrication. These developments are suppditedxpensive technologies, highly complex
equipments or even the use of exotic materials lwhitake microfabrication techniques less
affordable. Therefore, microfabrication needs thalitg of mass production to become
economically feasible and popular. One of the pses that possess mass production capacity at
the microscale concerning flexibility and repeattbis microinjection moulding.

During the last decades injection moulding of thapiastics was responsible for the mass
production of components and systems such as keligs or home appliances. The shapes and
size of plastics parts vary illustrating the veidgtof the process. On microinjection, the same
principles are applicable. Products, as small aarifg aids or micro gearwheels, are being
produced for specific costumer demands. Howeverstltcess of the process at the microscale is
not just a question of downsizing. The injectiomiipgment design, mould design, part design and
process parameters must be also considered [tthdfomore, the flow at the microscale exhibits
differences from the conventional [2]. The govegiguations that are used for modelling the
polymer flow may require additional terms to inauahicroscale effects and to enable their use on
microinjection numerical modelling [3].

The more recent challenge is to perform microimggcton moulding blocks manufactured by
additive technologies. The use of this type of rdimg blocks contributes decisively for the time-
to-market decrease of plastic microcomponenteshag tan be produced faster and without
tooling problems. Additive technologies are quitexible concerning tridimensionality and
multimaterial layering which opens an all new wasfdoossibilities to micromoulding.

The additive technologies have gained relevancthimdomain since they can process materials
that withstand mechanical efforts and temperatamations without significant degradation [4].
Their use at the conventional scale is limitedddipular cases due to the costs involved. In fact,
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the cost of a normal-sized part manufactured bgdaditive technology is dependent on height and
construction volume [5]. However, at the micrometiemain, even if the materials are rather
expensive, the height and construction volume aite gmall. The cost/size ratio at the microscale
can be feasible, providing that conventional miapatding blocks and micromould design are
optimized to incorporate inserts produced by adelittechnologies. Allied to this economic
advantage, the capacity of building freeform geoiesgtor the use of multiple materials gives
microinjection extended capabilities such as the aisconformal cooling channels or localized
material thermal characteristics to enhance plgsdit cooling. Nevertheless, not all additive
microfabrication technologies are suitable for tmd) the micromoulding blocks, as degradation
and surface finishing problems may arise. Suchlpm® can only be assessed experimentally.

In this scenario this research work has three rgaials: 1) to develop rheometry studies on
microchannel flow to determine the effects of walip and heat transfer; these results will be
considered on subsequent studies and the reswultitey considered for use with commercial
software to ascertain their value on predictingialcinoulding, 2) to generate data for modelling
the polymer flow at microscale, these data beirrgufse with simulation software to fill in the
mathematical gap on the governing equations crebiednicroinjection, and 3) assess the

capability of additive technologies for use in gsa&mn microinjecttion moulding.

1.2. Description of the thesis content

The state-of-the-art of microtechnologies is made Ghapter 2. Notions such as — what a
microcomponent is, what dimensions, tolerancesghteadr features should be considered on the
microscale — are required to understand the clesa8dn made afterwards. These notions are
included on the subtopic ‘Preliminary definition®Regarding microfabrication processes, two
technigues — material addition and material remevakve significant differences and different
capacities concerning the geometries produced hedptocessed materials. The difference
between a microfabrication and microreplicationgesses is pointed out in terms of the economic
feasibility of microcomponents and microsystems.e TiMicrofabrication technologies’ are

analysed in two subtopics concerning additive andtractive technologies. Current

microreplication technologies are grouped and thaassification made according to the

technologies used. Equipment features for microtiga, micromould design and manufacturing

are also described.
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Despite its resemblance with conventional injectitie phenomena at the microscale make this
process mathematically less predictable with thveeotl governing equations. Heat transfer, wall-
slip and surface tension are effects not accoufdedn current mathematical models, making
numerical simulation not entirely reliable at ttssale. The mathematical models used in
commercial simulation tools are analysed and it€rdpancies with microinjection highlighted.

The Chapter 2 closes with the fully detailed objext of this research work.

On Chapter 3 the engineering solution design fer riicrorheometry studies is described. A
mould was designed for this purpose, comprehentlingrequired functional systems and data
acquisition system for pressure monitoring. Stathdard commercial microinjection equipments
were used to perform the injection trials requirEde results obtained on this setup are compared
with the results from traditional rheometry andnfroumerical simulations using Moldex 3D. The
injection tests performed with the moulding blockanufactured by subtractive techniques are
summarized in the subtopic ‘Microinjection mouldinghree geometries with different aspect-
ratios are tested. A fourth geometry with a throbgle was used to evaluate weld-line formation.
The use of moulding blocks manufactured by addite@hnologies is reported on the subtopic

‘Additive technologies in microinjection moulding'.

The comparison between conventional and microsdaemetry is also made in Chapter 3.
Mathematical models are discussed pointing outmelyflow phenomena on microfeatures such
as ultrathin walls, high aspect-ratio features aagillary flow. Methods for data retrieval and
treatment are also discussed considering the emtjuiomparison of experimental results and
numerical modelling results. The microrheometrytssare compared with conventional capillary
rheometry establishing a reference on polymer #bwhis scale. The microrheometry test data are
compared with numerical solutions using Moldex 3@ssess the effect of the non-accounted for

variables on current mathematical models.

Chapter 4 contains a full description of the modésign, concerning design options, functional
systems, monitoring devices and the optimizatiothefmould-injection machine interface.

The experimental results obtained with the toolscdbed in Chapter 5 and are reviewed in
Chapter 6, which includes a detailed discussiorthef main features studied in the selected
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micromoulding parts. Microinjection results on mdinly blocks obtained by subtractive

technologies and additive technologies are analgsed-ompared to Moldex 3D results.

The conclusions of the research work highlight ¢betribution of the work to the academic and

industrial communities.

This work, despite its contribution to microinjemtiresearch, suggests further research, especially
considering the current evolution on nano-filledtenials. Possible activities are suggested in the

final ‘Future work’ section.
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Chapter 2 — State of the art

Microtechnologies have been widely employed in ogomponents and microsystems for many
types of applications over the last two decadesstMpplications are quite complex, thus, their
microsystems are developed combining subsystems kiy tasks like fluid analysis,
microsensoring or microactuators. Today, emergirgas of application of microtechnologies
include microoptics, microfluidics, microelectrogiand micromechanics [6, 7].

The concept of microcomponent has been associatéihh surface-to-volume ratio [7], small
latteral dimensions and high aspect-ratios [8], giveiof the part [9], or the detail of
microstructured regions and features with microimetimensions [10]. The most commonly
accepted definition of microcomponents or micrasgites refers to objects with sub-millimetre
dimensions and tolerances of few micrometers [Ihg aspect-ratio of microfeatures is a main
issue on microfabrication. The capacity of a precissrecognized by the aspect-ratio of the
components it can produce. The aspect-ratio isngbyethe feature’s maximum height divided by

the smallest dimension of feature’s base [12] asmgatified in Figure 2.1.

Figure 2.1. Aspect-ratio of microfeatures

2.1. Mass productionversus short/medium-run technigues

The continuous development of microcomponents almtlosystems is supported by the success
of mass production technigues. Technologies suahiainjection or micro hot-embossing are
commonly used for large series. However, initialalepments for components or systems, no

matter which scale they belong to, still rely opesimental trials in real working conditions. For
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such experiments prototype parts that can repretentfinal parts are required, concerning
material and manufacturing method. Considering plaeticular case of microinjection, an
alternative approach can be done by using hybridlaso[13]. This concept enables the use of
alternative materials as well as the combinationmanufacturing techniques. The moulding
blocks for this approach can be manufactured bytisddechnologies, enabling time-to-market
reduction for the microsystem or microcomponent.m&oadditive technologies such as
stereolithography can process materials that gtegadimensional precision at the micrometer
domain. Other additive technologies such as sekedtser melting produce fully dense metallic
moulding blocks. Using current technologies, thecpss can produce tools for large series but for
the micrometer domain, further finishing operatioase required. On the other hand,
stereolithography products can only withstand trecanical efforts imposed by the injection
process for a short period of time, making thes¢eri@s suitable for small run series. These
materials exhibit physical, mechanical and therpraberties rather different from conventional
materials, introducing a new challenge, concerttiiegorediction of its behaviour, using numerical
simulation [14]. Furthermore, these differencespooperties also affect the moulded parts since

the thermal behaviour of the moulding blocks ha&aginfluence on polymer flow.

2.2. Microfabrication technologies

The mouldmaking industry has already adopted sciibtsamethods in microinjection moulding,
mainly because of their similarity to the conventibprocesses used. In the micrometric domain,
laser technologies have been extensively useddotop-to-bottom (subtractive) and bottom-to-
top (additive) processes. Both techniques needdwegpnent for their use on micromanufacturing
and this can be achieved by new developments enfleatures and material characteristics [15].
Considering the methodology used, top-to-bottomcesees show significant technological

developments regarding accuracy and surface fimgsinnprovements. On the other hand, bottom-
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to-top processes benefit from advances on chert@chhologies, enabling better process control
at a similar dimension level as top-to-bottom testbgies. The developments verified on both
approaches enable their integration into new matwifilng methods [6].

The microfabrication processes, concerning thectiepplication of their products as a mass
production tool can be classified as hard andtsoling processes. All manufacturing processes
described here are suitable for microfabricatianyédver, some cannot produce parts capable of
supporting the mechanical efforts required by dicafion process like microinjection on a long
run series (Figure 2.2).

CITTET s—

Microcomponents
limited series

Microcomponents
mass production

Figure 2.2. Microtechnologies: hard toolimgrsussoft tooling

Additive manufacturing processes, that build the pattom-to-top, usually have no problems in
generating undercuts and other details like holaswvities beneath the part surface, impossible to
obtain on a top-to-bottom strategy; geometry ifat free for such processes [16]. The capacity
of working with metal and ceramics as well as ppotpmerising polymers gave these processes
the possibility of entering both the rapid toolidgmain and the rapid manufacturing world where
their products, can also be used mould tooling, ematuse functional parts, besides prototyping
[17].

On the other hand, subtractive manufacturing psaestill possess relevant features despite the
fact that these processes consist on a top-tofhatteategy for generating geometry [6]. Features
such as achievable aspect-ratio and surface firgsktill provide to this type of processes
significant advantages concerning some domainpmfcation [18, 19].
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2.3. Additive microfabrication technologies

The additive manufacturing technologies rely bdkiaan the phase transformation of a specific
material to form a tridimensional object [15]. Whet it is a photo polymeric liquid or a micro-
sized powder, additive techniques comprehend grergrces that can supply a light beam for a

curing process or a heat source for a sinteringga®[20].

2.3.1. Photocuring-based processes

The photocuring processes are based on the pobatien of a photosensitive medium such as
liquid monomer by the absorption of a given amafrpphotons per volume unit of medium. The
absorbed light generates reactive species thaténdrosslinking of monomer chains. The three
dimensional object is generated layer wise [21].

The microstereolithography process was first deyedio at the Department of Microsystem
Engineering of the Nagoya University in 1992. Thiegess is under continuous development;
layer thickness has been lowered to 200 nm by psirng the resin below a glass slide to prevent
resin agitation. Laser spot size has also beenceeljushorter focal length and higher pulse
frequency, increasing process microfabrication ciiga [20]. An important development such as
the integral exposure for each layer instead cdrldsam scanning across the resin surface is
shown in Figure 2.3 [22].
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Figure 2.3. Integral exposure of a single layer{&het al.2003)
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The MicroTec Corporation (Germany) patented theidRaficro Product Development (RMPD).
RMPD process is based on microstereolithographwelrer, the laser beam is split by optical
means into several beams, enabling several pabis toeated at the same time, greatly increasing
productivity. The process shows high precision lagdr thickness is as small as 1um. By splitting
the laser beam, RMPD process can produce up t00®@arts per machine and hour [15].

The uSRD process was developed at the Lazer Zertimmrmover (Germany). The process is an
evolution of stereolithography but includes spek&y) features that make this process suitable for
microfabrication. Working area is limited to 40xd(n and its movements are precisely
controlled by piezoelectric actuators. Verticalpstebelow 10 um enable good lateral surface
finishing and the fabrication of high aspect-raticrocomponents [23].

Envisiontec GmbH (Germany) commercializes the R&sfg equipment using the DEP
technology based on the DMD (Digital Micromirror\ee) chip developed by Texas Instruments
(Figure 2.4). The insertion of this technology daes change the manufacturing process but it can
speed it up by accelerating the most time consumpirage — the mask generation [24]. The CAD
model is initially converted to STL format and theP® technology can now output the generated
pattern to cure each resin layer [25].

7 Spring
Pti |J

substrate

Figure 2.4. DMD chip developed by Texas InstruméHtznbeck 1998)

The Two-Photon Polymerization (2PP) process wa®ldped at the Lazer Zentrum Hannover
(Germany). This process, unlike the previous onkighvare based on layer-by-layer processing,
allows the generation of fully freeform geometria€Tuse of hybrid polymers like ORMOCER
ORganic MOdified CERamic [26] or HPEA - HyperbraadhPolyEster Acrylate [27] enables the
laser beam to emit two photons to a tightly focugexkl of resin, allowing localized cure due to
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the quadratic dependence of the two-photon alisarpate on the laser intensity. Both materials
show important features for this process, high aaptitransparency, excellent thermal and

mechanical properties and high chemical resistdnego the absence of porosities [28].

In this research work high precision stereolithpbsawas used for the production of moulding

blocks for microinjection and the process will ladled later on Chapter 5.

2.3.2. Metal sintering/fusing-based processes

Selective Laser Sintering (SLS) has been used shedate 80s in several applications on the
rapid prototyping and rapid manufacturing domaihs to its ability to produce both prototypes
and fully functional components, in polymer or ntet@bject consolidation is achieved by
scanning the processing areas with a focused b@san over the powder layer wise, supplying the
thermal energy required for binding the powderipkes [29].

Selective Laser Sintering suffered significant depments, especially concerning to the binding
mechanisms used to consolidate the powder. Onkeofribst recent advances is Selective Laser
Melting (SLM). Both processes are layer-wise mateaddition techniques, but, different binding
mechanisms are responsible for building the objébe SLS process exhibits molten and non-
molten material areas after fusing the powder méxtand therefore, its consolidating method is
Partial Melting. On the other hand, the SLM procesghkibits near full density, since the laser
beam completely melts the powder — Full Melting]{30

The SLM process is currently available in industéquipments from several companies which
use proprietary materials and their own specificetifor the process. EOS GmbH (Germany) uses
Direct Metal Laser-Sintering (DMLS) on its EOSINT 2T0 model. Concept-Laser GmbH
(Germany) developed the LaserCUSING process in 288® incorporates it used on their
equipments [31]. MTT Technologies (United Kingdoai3o use SLM on their Realizer Il and
SLM2100 models [32]. The scheme for the SLM proéeshown in Figure 2.5.
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Figure 2.5. Scheme of Selective Laser Melting tettgy (Santo®t al. 2006)

The MicroSINTERING process was developed at the Laserinstitut Mittélsen and patented in
2003 [20]. The continuous development verified bathlaser characteristics and material grain
size enabled a performance increase on the pracas®ntly, it is possible to have material grain
sizes in the 5 um range. Solid state lasers ha@eealolved, from spot sizes of few hundreds of
micrometers to a few tens of micrometers, enalffiigiper resolution on part building [16]. The
process takes place inside a working chamber wihtrolled temperature, pressure and
atmosphere environment. Similarly to conventional5 Sorocess, undercuts are supported by
unprocessed powder, therefore, enabling a cledraptre end of processing.

The LENS process produces structures using a Nd:Yas8r beam to form a molten pool of
material on a substrate. Powder particles are bliowonthis molten pool and fused to add new
material. The process occurs on a controlled atherspwork chamber, where the part is built on
a 3D positioning system under powder delivery uf83]. Laser scanning over the substrate or
previously deposited material enable the additibra mew layer of material by repeating this
sequence [34]. The LENS process was developed hgigalational Laboratories (United States)
and implemented by several North-american compasigsh as Optomec, MTS Systems and
AeroMet [35]. In Figure 2.6 it is shown the path afsingle powder particle. The patrticle is
directed to the beam axis at the beam’s waist.

11
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Figure 2.6. Powder interaction with laser beam {iGiaiet al. 2001)

The Micro Spark Coating process was co-developethbyJapanese companies Ishikawajima-
Harima Heavy Industries Co. and Mitsubishi Electfibis technology is meant for surface coating
and cladding by small electric discharge pulse® fdol is an electrode made of semi-sintered
powder. The microelectric discharge pulses gengrb&tween the electrode and the work piece
surface, submerged in dielectric fluid, melts tlhecgode and part of the work piece surface. The
melted powder moves toward the work piece surfé&igue 2.7). Repeated discharges form
strong bonds between the coated layer and thecsuita, 36].

Minute pulse discharge Insulation oil

Substrate

Figure 2.7. MSCoating process schematics (Ogtial. 2006)

The Electron Beam Meltiffg(EBM) is a process patented by Arcam AB (Swed&hg process is
based on FIB technology, on its deposition capadihe material, typically titanium, on powder
form is melted by the electron beam and depositeer dhe substrate. After melting and
solidifying one layer of titanium powder, the presds repeated for the subsequent layers. The
parts are built in a vacuum chamber which provideslean environment, resulting in good
material characteristics, quite suitable for preo®s reactive metal alloys like titanium. The

12
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vacuum also provides a good thermal environmeningigood thermal stability during the build.

Final machining can be done with any conventionathod [37].

In this research work SLM was used for the proaunctf moulding blocks for microinjection and

the process will be detailed later on Chapter 5.

2.3.3. Additive processes classification

The additive processes that were described herelagsified next on Table 2.1 according to their

products capacity of being used as replicatiorstool

Table 2.1. Additive processes

Process Classification Process features

Suitable for microfabrication, microreplication gdse

Microstereolithography (uSL) Indirect for small runs

Rapid Micro Product Development . . . L

(RMPD) Indirect Suitable for microfabrication

Two-Photon Polymerisation (2PP) Indirect Suitallerhicrofabrication

MicroSystem Rapid Development Indirect Suitable for microfabrication

(HSRD)

Three-D Printing (3DP) Indirect Suitable for micbfication

Digital Light Processing (DLP) Indirect Suitable fmicrofabrication

MicroSINTERING Direct Suitable for microfabricatidmmicroreplication
LaserCUSING Direct Good potential for microfabricat/ microreplication
Roll-based Powder Deposition Direct Suitable for microfabrication / microreplizn
(RbPD)

Laser Engineered Net Shape . . . _ S
(LENSTM) Direct Good potential for microfabrication / micepdication
Micro Spark Coating (MSC) Direct Good potential foicrofabrication / microreplication
Electron Beam Machining (EBM) Direct Good potent@ microfabrication / microreplication

13
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2.4. Subtractive microfabrication technologies

The production of microcomponents and microsystevas initially focused on technologies
traditionally used in the world of electronics ams@miconductor industries, like etching,
lithography and other fabrication techniques [Hdwever, an increasing trend towards product
miniaturization has arised along with the rapid elegment of microengineering technologies
based on conventional manufacturing processes aachilling, turning or EDM [38]. The
subtractive manufacturing technologies rely oneddéht mechanisms for material removal which

make them suitable for specific applications.

2.4.1. Chemical etching

The lithographical processes were the first to sipmtential for microfabrication. The original
LIGA process was developed nearly 20 years aghéyResearch Center FZK at Karlsruhe [39].
The acronym LIGA stands for the German designatifimsall process phasesltographie
Galvanoformung Abformung he process consists on: a) radiation exposuneadérial through a
mask, d) developing the irradiated material andtedeeposition of metallic material and c) use of

the obtained metallic component as an insert foi@oreplication process (Figure 2.8).

Radiation exposure Development Electrodeposition

Radiation Electradeposited
absorber ) _d > metal

Mask Support material .
= after developing ;s
Support
- material
\/ Substrate

Metallic mould insert Component after demoulding

Support
material

Substrate

Cavity

Plastic
component

Cavity

Figure 2.8. LIGA process phases
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The original LIGA process uses X-ray radiation fransynchrotron. However, the cost of using
this equipment makes this process expensive degpitenown capacities. Several researchers
have looked for others sources of radiation ang sweceeded in creating new variants for the
LIGA process. Ultra-violet light [40], ion beam [BHand laser beam [42] have been explored as
alternative radiation sources.

The Synchrotron Radiation Etching (SRE) process waseloped to overcome processing
difficulties on specific materials like polytetrafirethylene (PTFE), perfluoralkoxy (PFA) or
fluorethylkene polymer (FEP) that are transpareithin the ultraviolet and infrared wavelength,
causing difficulties on laser ablation processidg]] Unlike LIGA, SRE is a maskless process.
The etching procedure is carried out inside a ldegdeuum chamber. The SRE process uses low
intensity X-rays, quite lower than those used ofGAlX-ray processing. Being a maskless
process, it enables tilted angle operations toiistanted or curved side walls [44].

The ElectroChemical Machining (ECM) shows sevedalaatages, such as the absence of wear on
tools, good surface finishing of the processed petsl Furthermore, the process possesses the
ability to machine complex shapes on electricatigductive materials regardless of their physical
properties. ECM is based on an anodic electroctamdissolution using potential difference and
uses ultra short voltage pulses, which guaranteeigg micro-machining. For the microECM
process, parameters such as machining voltagetradyée concentration, pulse on time and
frequency of the pulsed power supply have direitiémce on the material removal rate and the
accuracy at the microscale [45].

2.4.2. Breaking of molecular chains

lon beam has been extensively used since the &3slyput the first commercial equipments using
this technology appeared almost a decade after Tt system consists of an ion column to
generate and guide the ion beam, a work chambec@m system and/or gas injection system.
The process consists on the emission of ®as, generated on the ion column. The beam is
obtained through the application of a high intgnsitagnetic field on an ion source, causing the
emission of positively charged ions in the samflee process takes place inside a working
chamber under vacuum, typically 4Pa, the same pressure value used for the ion colum
Working tables for sample processing may have uptaotion axes, allowing several degrees of
freedom and enabling 3D micromachining [46].
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Laser ablation is a technique widely used on fieddsh as microfabrication of medical surgery
appliances, mass spectrometry and film synthekis.pfocess may involve both photothermal and
photochemical processes, depending on the typdeofptocessed polymers. The photothermal
process involves the absorption of photons, folbviwy the release of the photons into the
polymer matrix through vibrational cooling. Thisdirces a rapid temperature rise in the bulk
material leading to the thermal decomposition @& piolymer. If the vibrational energy attains a
particular fluence threshold, then bonds in theympelr will break. On the other hand, the
photochemical process involves the breaking of e¢b@mbonds due to interaction with

nanosecond or picosecond highpower ultraviolet (Wu)ses yielding gaseous photoproducts.
During this process, thermal and mechanical dantagbe surrounding polymer is minimized,

therefore achieving more precise control over thiatad region [47].

2.4.3. Sublimation

The use of laser-assisted metal machining by nsetalimation has been around since 1995 [48].
However, the first commercial equipments fully megd for the process appeared only a few
years later. The laser milling process is basedetal sublimation, the material absorbs the heat
provided by the laser beam, a melt pool is formeuidly and due to the intense heat, metal is
vaporized causing shock waves to expel out moltetaihn the form of re-solidified particles. The
types of lasers used for this type of processingpegent are Nd:YAG or excimer lasers due to
material’'s energy absorption, typically up to 80€@@mmercial equipments are currently using
Nd:YAG lasers due to their reliability, operatingl®64 nm, in pulse or continuous modes. Laser
milling has proven its capacities in the mould makiindustry enabling high savings on
processing time for small volume EDM operationsyentheless, the maximum aspect-ratio this

process can obtain is of 10:1 [49].

2.4.4. Cutting

Micromilling and microturning are evolutions to thmicroscale from their conventional size
processes. However, tools and equipments for thesgesses are not just miniaturized versions,
they must comply with the precision and repeatgbittquired at this level. As in conventional
size processes, also micromilling and microturmimgk with cutting tools. This means that tools
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are extremely small and fragile. For micromillingppess, endmill’s diameter can be smaller than
a human hair, down to 20n [50]. Tool miniaturization, however, brought sotyenefits. Errors
caused by thermal expansion or workpiece deformadi@ minimized since cutting forces are
much smaller. Several field experiments on micrihg have achieved excellent surface finishing
along with high performance on contouring, groovémgl threading operations [51].

Concerning Wire/Electric Discharge Machining (W/ERQMhe principle of operation for these
microfabrication processes is quite similar to tlwainventional size versions. Material is eroded
through localized electrical discharges. The cotidiig of the dielectric fluid is controlled by the
distance between material and tool. When the tppr@aches the material, the dielectric fluid
becomes conductive enabling electrical dischargeth® material. The released thermal energy is
used to melt and vaporize the material. The tam 8 dramatically reduced but the main issue is
still the equipment. With conventional mechanisnmgl @ctuators it is extremely difficult to
control small movements within the sub-micron radge to contact friction. Companies like GF
Agie Charmilles (Switzerland) are exploring altdivia solutions taking advantage of controlled
material deformation and high precision linear me{62].

Operating parameters for microEDM/WEDM are alsoy\arecific. On microEDM, gap size may
cause troubles on particle evacuation if smallemtl3 um. Conditions like these also cause
difficulties on dielectric fluid circulation. For isroWEDM, commercial equipments are already
available on the market. Wire diameters of 25 ph grecise motion control enable positioning
precision of £1,5 um [53]. Some studies have bemmacted in order to increase microEDM
efficiency using ultrasounds. Applying this typewifration to the electrode, the flow of dielectric

fluid is increased and consequently, surface finglis clearly better [54].

This research work used micromilling, microEDM abhBM as subtractive processes, mainly
related to the mouldmaking industry. Such optiodus to the expectable relevance of the use of
such processes, many of them are already availabl¢he production of microcomponents
through replication processes that require suitedmés. The processes used for the production of

moulding blocks for microinjection will be detailéater on Chapter 5.

17



A study on the performance of microinjection moulds
obtained using additive manufacturing

2.4.5. Subtractive processes classification

Subtractive processes are described here andfiddssin Table 2.3 according to the capacity of
their products to be used as replication tools.

Table 2.3 — Subtractive processes

Process Classification Process features
I&iﬁyﬁ)rg\:fsl;e:n d Laser) Direct Suitable for microfabrication / microrepli@n
Synchrotron Radiation Etching (SRE) Indirect Sdieefor microfabrication
Focused lon Beam (FIB) Direct Suitable for micrafastion / microreplication
Laser Milling Direct Suitable for microfabricatidrmicroreplication
Micromilling / turning Direct Suitable for microfaleation / microreplication
MicroEDM / WEDM Direct Suitable for microfabricati/ microreplication

2.5. Hybrid microfabrication technologies

The so called hybrid processes rely on the comibinatf electrodeposition or welding techniques
and machining or other surface regularisation tiegles, respectively for the additive and the
subtractive components of the process. Therefareh snanufacturing approach can use both
structural and sacrificial material enabling theodarction of self-assembled microsystems.
Furthermore, the additive component of the proossg comprehend several materials that can be
used to optimize the performance of the microcorapbor the microsystem produced [15].

The EFAB process was presented in 1999 and ittisalig owned by Microfabrica (USA) The
process itself is based on the chemical electrogsigpn of both structural and sacrificial material
on a layer-by-layer fashion, using a proprietachteque known as Instant Masking to define how
material is to be deposited, allowing a quick, tée and precise deposition of a theoretically
unlimited number of layers [55].

Lumex 25C is the commercial name of the hybrid popgint developed by Matsuura Machinery
(Japan). It combines freeform manufacturing by a I@€er sintering and high speed milling. The
integration of these two technologies eliminatessfiing operations [15].

The UPSAMS process was developed at the DepartmieManufacturing Engineering and
Fraunhofer USA Center for Manufacturing Innovatiorhe process uses diamond tools to
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machine structures with a sub-micrometer resoludiot a surface quality in the nanometer range.
UPSAMS combines the capacities of material rem@racesses with the electrodeposition of
nickel, aluminium, copper or brass to produce 8l geometries maintaining tolerances in the
nanometer range as well [56].

The Rapid Prototyping Laboratory (RPL) at Stanfaidiversity developed the SDM process.
SDM builds up a part from material layers; the &udiprocess is accomplished with plasma or
laser welding, casting, or UV curing. In the adtlitphase, the process can add structural material
but also sacrificial material to support the comgrano be generated. The subtractive component
of the SDM process is accomplished by grindingnifg, or milling material using CNC
machining. In addition, different materials candeposited during the building cycles to produce
multi-material objects with spatially varying magémproperties [15].

The hybrid microfabrication technologies describede are classified according to their products’
capacity to be used as replication tools. Howetegjr combination of both subtractive and
additive capacities makes them unique consideligggeometries they can produce. Table 2.4
summarizes the hybrid processes described abovitsasidssification.

Table 2.4. Hybrid processes

Process Classification Process features
Electrochemical Fabrication (EFAB) Indirect Suiwldr microfabrication
Lumex Direct Good potential for microfabricationdamicroreplication
UltraPrecision Manufacturing of
Self Assembled Micro Systems Direct Suitable for microfabrication and microregliion
(UPSAMS)

Shape Deposition Manufacturing

(SDM) Direct Suitable for microfabrication and microregaliion
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2.6. Microreplication technologies

The market success of microsystems depends oro#tesffective production of microstructures
in large scale [8]. This sentence reveals the itapoe of replication processes on the
massification of microtechnology. Manufacturing tsofer microtools may still be relevant on the
component final cost but after the tool is creatidwill be able to produce thousands of
microcomponents with no significant cost increddee costs for raw material are even reduced
due to the small amount of material used. Therefmasidering polymers as raw material and the
wide range of applications they possess, it is ipesgo obtain plastic microcomponents for
almost every purpose [57].

Two replication processes have succeeded at thepnariuct market and commercial equipments
are available: microinjection and micro hot-embogsiThese techniques may compete on the
same market segment depending on the part georbatryin fact they are complementary
processes [58].

Besides microinjection and micro hot-embossing,reéhare other relevant microreplication
processes such as reaction injection moulding, clie compression moulding and
thermoforming. However the significant developmerts microinjection and micro hot-

embossing contributed to the higher popularityhee replication techniques [57].

2.6.1. Injection moulding processes

Injection moulding of polymers is the more widesmtdéechnology for large scale fabrication of
high precision parts. Microinjection moulding ad@wvnsizing of the existing technology has been
successfully applied in large scale series of mparts [8]. The first developments of the
microinjection process started in the middle of 8edecade, aiming at the production of parts
weighing around 25 mg and reducing the mater&tiemce time in the injection cylinder [59].
Currently, microinjection is specifically designfmt the mass production of components weighing
less than 1 mg, dimensions smaller than 1mm andcépacity of reproducing details in the
nanometer dimension scale. The technology is stitler development, the material flow
behaviour and the temperature dependence atraeegrch and experimental work [9].
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2.6.2. Embossing-based processes

The hot embossing method was first developed byrtdrechungszentrum Karlsruhe (Germany).
Besides microinjection, this is one of the estéglis replication processes used for plastic
microcomponents and microstructures. Process d@sa@nable its products to have delicate
microstructures with high aspect ratio and low deal stresses [60]. Hot embossing is also a
highly productive method for replicating microfeads onto plastic substrates. The process is very
flexible, both stamping tools and plastic type t&neasily changed resulting in short setup times
[58]. This technique is widely applied on microsture fabrication for MEMS, optical sensors or
bio-chip applications [60, 61].

The hot embossing process consists of three maps gFigure 2.44): 1) a heated thermoplastic
film is inserted into the stamping tools, 2) theerastructured stamping tool is pressed against the
film with a pre-determined force inside an evacdatbamber and 3) the setup is cooled and the
stamping tool releases the microstructured compof&8]. The process takes place inside a
vacuum chamber to ensure complete filling of therostructured part; typically a value of
10'hPa is used. The plastic film must be heated ujtstesoftening temperature before the
stamping tool force is applied. This force mustkiept during cooling phase to avoid undesired

shrinkage or sink marks on the part [62].

2.7. Microinjection moulding

The microinjection process can be considered aasito conventional injection moulding except
for the equipments used and processing parametipgtead. The microinjection equipments
typically have an initial plasticising chamber waehe material is heated, mixed and melted.
Then, by means of a plasticising screw or a injecpiston, the melt is injected into the dosing
chamber or directly to the microimpression. Thetnaelume is metered with precision and then,
an injection piston or an injection screw injec¢tmito the closed mould. Each manufacturer has its
own approach to what might be considered as thtesb&gion for metering and process control. A
detailed overview on commercially available micjeation equipments is included next.

In the last decade several equipments dedicatethitooinjection from traditional injection
machine manufacturers have arisen. However, th&cplar specifications required for this
replication process have delayed the commerciaizatf some of these products
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The commercial equipment with the most highly redpgd capacity for microinjection is the
Battenfeld Microsystem 50 (Germany). This equipmeomtains a unique set of solutions for
injection moulding, handling and quality controltbe microparts. The most important feature is
its minimal and precise dosage capacity. Anothguoitant feature is the nozzle design. The
mould for this equipment must be designed accorthnity By making the machine nozzle reach
the mould parting plane, the sprue can be redubedgfore, increasing material efficiency (Figure
2.9).

Figure 2.9. Battenfeld Microsystem 50 injectiontuni

The Sumitomo Plastics Machinery (Japan) has receglttased its new SE7M injection machine

incorporating the SK-Il system to eliminate baakflduring screw pull back. Specially developed

for microinjection, this equipment improves shonsiéy control by pre-setting a pressure and
forward screw speed, automatically compensating day changes in polymer properties,

achieving high precision levels on injection fishpt weight and density) and peak pressure
stability. During plasticizing, the screw rotatiafiows the check ring and seal to align so the
channel is open for melt flow (Figure 2.10 — SK mpedn completion of recovery, the screw

counter-rotates to block the flow channel and tha@noel remains blocked during screw pullback
and fill (Figure 2.10 — SK close).
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Figure 2.10. Sumitomo’s SK-II system

Boy (Germany) has launched the 12 A model on thekeman 2004, specially dedicated to
microinjection. This equipment is fully hydraulim@ is designed for very small moulds and
enables high metering precision from 0,0001 to @@f. The injection unit supports three
plasticising units of 12, 14 and 18 mm of diam¢kegure 2.57). In 2009, the company launched a
new and more compact solution, the XS model. Eqaigrfeatures are not that different from the
Boy 12 A since it can operate also with two plasiig units of 12, 14 mm of diameter for
thermoplastics and a 16 mm plasticising unit faseimers.

The former MCP Group, now called MTT Technologie®@p (United Kingdom) has presented
in 2007 their 12/90 HSP and VSP models, specialetbped for microinjection. The equipment
is fully electrical which enables high precisiordaguick movements. It uses a plasticising screw
of 16 mm and combines it with a dosing plungerrfatering precision (Figure 2.11). A recent
development from DESMAtec (Germany) resulted onlpémtroduced microinjection equipment,
the formicaPLAST 1K model. This equipment enablgh Iprecision on material dosage due to its
two-phase injection units, much alike BattenfeldcMsystem 50. The injection unit consists of
two pistons, a @6 mm plasticizing piston and a @8 mmjection piston, allowing injection
pressure up to 300 MPa (Figure 2.12). Besides thadel, this manufacturer offers the
formicaPLAST 2K, a bimaterial microinjection unij@pped with two similar injection units side-

by-side.
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Figure 2.12. DESMAtec formicaPLAST injection

Figure 2.11. MCP 12/90 HSP injection unit detail unit

The microinjection equipment selected for this aesle work was the Boy 12A due to its metering
precision and availability. Furthermore, the equépin has features suitable for successful
microinjection monitoring such as injection spead aressure [63].

2.8. Flow phenomena at the microscale

Current rheological data used on CAE analysis lfow fsimulation on microchannels depends on
data obtained on macroscale experiments. Actutbre is enough evidence to support the fact
that polymeric flows differs significantly from miaxscale to microscale channels [64, 65]. As the
size of the microchannel decreases, polymer vigcasso decreases due to the wall slip effect.
The wall slip effect occurs when the shear stresthe material exceeds a critical value [64]

pushed by high injection speed and pressure, causaterial to slip on channel walls (Figure

2.13).
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Figure 2.13. Wall slip effect [66]

The evaluation of wall stress in conventional sizhdnnels and microchannels, showed that wall
stress increases rapidly with channel size decrddse also causes average speed to increase as
well as the material flow length. The wall slipexff on heat transfer is still under investigation.
Heat transfer has a significant influence on théenie flow length calculation. To determine this
effect, Yuet al introduced code changes on commercial softwahelip predict the material flow
length considering the wall slip and its influerae other variables [67]. These studies reveal that
flow in microchannels possesses characteristicsconsidered on conventional scaled channels
flow. Commercial software needs suitable code tediot these effects and thus, perform a
realistic simulation for the microinjection procg6s].

Other related effects such as polymer surface dansiere already successfully modelled and
tested [68]. Interfacial effects such as wettahikitdhesion and friction between polymer melt and
the mould cavity surface are relevant. If the payraxhibits a good wettability, the attainment of
higher aspect-ratios are feasible and a excelégiication of microdetails is expected [69].

Flow length is also an important issue on micratim. The evaluation of flow length on
microchannels is made with the following assumpsioa) injection time is short enough to
assume that there’'s no heat loss in the cavitynduimjection procedure, b) melt pressure is
dependent on the volume filled and c) the melt flate is constant. These considerations were

established to determine the ability to fill a ogrical microfeature. The flow length is strongly
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dependent on heat transfer phenomena, also reated thermal behaviour of the mould material

3].

2.8.1. Conventional mathematical models for cavityilfing

The equations for modelling the cavity filling asbtained from general equations for common
fluids, therefore, several assumptions have todme do make computing time more reasonable.
The conventional injection moulding process modgllilies on transient rheology and heat
transfer which already makes this domain ratherpgter[66, 70]. The fluid flow on injection
simulation is modelled considering the constituteguations for momentum, mass and heat
transfer as following [71].

The use of standard commercial software toolsrtwkite the microinjection process has revealed
significant differences between numerical analysgilts and real experiments. Typically, default
analysis would predict short-shots unless highctiga speed and pressure were imposed to the
process. This causes the material viscosity teetdaaed through shear rate increase. This can also
be seen through the use of different flow modekdusn numerical analysis. Flow models like
Hele-Shaw, Stokes and Navier-Stokes have been sgatied and evaluated their suitability for
microinjection simulation [65, 72].

Polymer flow behaviour on microchannels causesogitg to be much higher near the channel
walls, 50 to 80% higher than bulk viscosity. Foattmeason, classical Navier-Stokes equation
cannot fully explain polymer flow on these circuarstes unless it incorporates molecular
orientation effects [65].

The Hele-Shaw flow model provides simplified govagnequations for non-isothermal, non-
Newtonian and inelastic flows on thin cavities aitdis the most common approach to
microinjection simulation. However, software sinfigktions on flow velocity, pressure and
temperature can cause errors on predicting the flieimg the Hele-Shaw model [73].

Extensive flow model testing on commercial softwaras were performed and compared to field
experiments and flow model analysis was carried 22it The results are depicted on Figure 2.14.
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Figure 2.14. Fill simulations using Hele-Shaw @t))kes (b) and Navier-Stokes (c) row models [72]

Figure 2.14 shows differences in temperature 8istion for each flow model used. The gates are
of equal size but not symmetric, thus, a symmeteimperature like the Hele-Shaw model
predicted is not realistic (a). Stokes (b) and Ea@tokes (c) models were comparable to the parts
obtained on microinjection trials, reflecting sameld-line location as in numerical analysis [72].

2.9. Detailed objectives

The development of moulds for microinjection montglibrings about specific aspects that are
related to the dimensional scale of the tools usgd the process. These aspects include flow
behaviour, evaluation of roughness at the micresealoling and structure build up or the ejection
of the microparts. The current know how on injettimould design needs to accommodate not
only the rheological and thermo-mechanical aspetithe microinjection process, but also the
capabilities and limitations of new techniques us®dmanufacturing the micromoulding blocks.
Once these aspects are fully understood and ineetjrguidelines for development of moulds for
microinjection moulding may be envisaged for thésvrmarket niche.

For that purpose, rheometry studies on microchditmelwere carried out to determine the effects
of wall-slip and heat transfer in microinjection ahding. The results of these preliminary studies
will be considered on the subsequent studies amdrdbulting data considered for use with
commercial software to ascertain its value on sitioh of the experimental performance.
Another challenge is to perform microinjection omutding blocks manufactured by additive
technologies. The use of this type of moulding kéoenay contribute to the time-to-market
decrease of plastic microcomponents.

The detailed objectives of this research work t@mte organized into the following topics:

i) Assessment of the injection moulding flow at thieroscale,

« Evaluation of flow phenomena at the microscale,
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ii)

Vi)

» Effects of processing conditions on flow behaviour;

* Rheological characterisation of the moulding matsriat the processing conditions

likely to occur during microinjection moulding,
Design and manufacturing of the research microlao

» Design of a flexible mould to be used on a micmitipn machine, able to

accommodate different sets of moulding blocks,
» Design of the instrumentation and temperature ocbe&tup
e Manufacturing of the mould structure,
« Micromanufacturing of the moulding blocks by adektitechnologies;
Assessment of additive processes and mouldeawngtries,
» Assessment of the additive processes for the ptiuof specific geometries,

» Definition of impression geometries for assessnadrthe flowability in the mould

and the product performance (shrinkage, roughmesd]ine strength),
Rheological characterisation, flow and heat $fansimulation,
» Filling and cooling simulations of the mouldings,
e Assessment of the flow simulations referring toexkpental results;
» Assessment of the heat transfer on moulding blocks;
Structural integrity of the moulding blocks,
* Microinjection tests using the moulding blocks dta by subtractive processes,
» Microinjection tests using the moulding blocks dta by additive processes,
Microproduct assessment,
« Metrologic analysis of the mouldings in terms ofiskage and roughness,

» Microscopic analysis for replication details evaion,
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Chapter 3 — Flow in microinjection moulding

The content of this chapter is an expanded vemsidhe research paper already published in the
Journal of Micromechanics and Microengineering (\OK§ J. C.; MAIA, J. M.; POUZADA, A.

S., Thermo-rheological behaviour of polymer metismicroinjection moulding,J. Micromech
Microeng, Vol. 19, 10 (2009). A copy of this paper is atted in Annex A3.

This part of the research work aimed at the undedihg of the polymer filling behaviour in

channels at the microscale, establishing how fediffrom the flow in conventional geometries
and contributing with flow data that could improe performance of simulation tools currently
available. These softwares do not account for fffects such as wall slip, surface tension and

heat transfer phenomena.

Considering the flow conditions and the dimensi@amge in this research work, capillary
rheometry was selected to study the flow behavigiuthe melt. The resulting data will be
compared with the flow curves obtained from therngbannels, enabling the application of the
time-temperature superposition principle (TTS) t&tedmine the real temperature within the

microchannel.

3.1. Flow models
3.1.1. Capillary and slit flow models

The polymer flow in microchannels is consideredilsimto that in capillary rheometry [64, 74-
76]. The test data in capillary rheometry are basethe relationships between the pressure drop

along the capillary channel and the imposed flaw [a7]. The following assumptions are made:

* the Reynolds number (Re) is smaller than 2000, fansinar flow occurs;
0
e steady stateé—t =0;

+ fully developed unidirectional flowV, =V, =0 andV, =V,(r);
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dv, _d

 no slip at the capillary wall3Z,(r = R) =0 and

VZ .
£

Considering the microchannel geometry used in shigly, the mathematical models used to

describe polymer flow are the same as for capilthepmetry (Equation 3.1) and slit flow.

4Q

TR (31)

v w(app) =

After the Rabinowitsch correction for the sheaerat the wall, the following equation for non-

Newtonian fluid shear rate results [78]

. 4 3 1
yw(real) = ng (Z + Z n) (3.2)

whereQ - volumetric flow rate,
R - radius of the capillary channel, and

n - slope obtained by the bi-logarithmic correlatt®tweenlog Yapp)@Nd logr,, .

In order to eliminate the viscous and elastic é¢ffext the capillary entrance the application of the

Bagley correction to the apparent shear strgss,

AP
T

w(app) = Z R (33)

leads to the following expression for the shearsstiat wall [78]

. _OP _AP-R g
w(real) 2(%+e) L (3.4)

where AP - pressure drop along the capillary,
L and R - length and radius of the capillary,
e - Bagley correction factor, and
P, - pressure drop for a capillary with zero lengihd given rate of shear.

The model for the flow in a slit also derives froine equations used on the capillary viscometer in

a similar way to the previous flow models. The appashear rate in a slit is given by
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6Q

Vitapn = Wi 3.5)

After applying the Walter correction for non-Newiam fluids [78], it becomes

. _60Q (2 1
Yorear™ Wit [3 +§ ”j (3.6)

where Q - volumetric flow rate,
w and h - width and height of the rectangular cismstioned channel, and

n - slope obtained by the bi-logarithmic correlatimtweenlog y,, .., and logz,, .

The real shear stress equation for Newtonian flisiggven by

T -

h(-AP
w(real) — E

__T real 3.7
L] (3.7)

In the case of the slit, the edge effect on theassress must be corrected when the width /
thickness ratio is below 10. Thus the Equation &&dmes [78]:

Z-W(real) = Wl:h _AR'eal (3'8)
2(w+h) L
After the corrections on the capillary and the fititv models, the real viscosity can be calculated

for each type of flow by dividing the real sheaess by the real shear rate, resulting on [77, 78]:

_ Lreal
1 teay = ﬁ (3.9
real

3.1.2. Wall slip effect

The viscosity of liquids and polymer solutions fiogy in microchannels has been observed to
increase up to 80% near the wall of the channetinguhe polymer flow this effect is believed to

be due to high intermolecular interaction and disegiement between bulk and wall chains [79,
80]. Effects like microscale viscosity, wall slipdasurface tension need to be studied for a full

comprehension of the rheological behaviour of tbe in microchannels [65].
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The concept of wall slip was first addressed by Moo (1931), who found that certain flow
curves depended on the radius of the capillary dmeehear stress exceeded a critical value [81].
The effect takes place when the shear stress anitichannel wall exceeds a critical value,
typically, above 0,1 MPa [65, 74, 82]. As the miagpte of the shear stresses varies, polymer
melts flow in a way that is a superposition of giifg at the wall and shearing within the melt
[83]. When at a critical wall shear stress wall slgrurs the flow curves (wall shear stresssus
apparent shear rate) diverge from each other asdni® dependant on channel dimensions.
Usually the boundary conditions at the wall arevnand their influence on the flow behaviour
close to the wall is relevant. Assuming a constagdt flux at the wall dT/or=constant and
Bi(To-Ty)) without considering pressure or temperature ddeece, a simplified power-law slip
model (Equation 3.10) was introduced for the sifpuity [75]

a m

U =T 3.10
S 1+(r /)" (.10

where 1, —wall shear stress,

T, — critical shear stress for slip,

a — scalar coefficient and

m— mass flow rate constancy equation given by:

R
m= 271_[,0 v, it dr (3.11)
0

3.2. Experimental methods
3.2.1. Concept

Conventional capillary rheometers are difficultdperate with channels with dimensions at the
micrometric region. Alternative experimental setugsaranteeing the flow through the
microchannel must generate pressure high enougisugpmbrt the high stresses developed during
flow [64, 84]. A concept meeting these requiremartssists of using a small injection mould
structure with a set of interchangeable mouldingckd with calibrated microchannels, in an

injection moulding machine. The operation of suakegice requires accurate temperature control
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during the heating and cooling phases of the mogldicle, as well as pressure monitoring at the
extremities of the microchannel. The concept idcied in Figure 3.2.

Standard injection mould base

’::‘ Interchangeable moulding
Cartridee \ block with various
heate}g microchannels

—/L Parting plane

Pressure and

| | ‘ temperature monitoring
i

Figure 3.2. Concept of the tool for rheometric #gdn microchannels

The use of miniature pressure sensors and a suidiabh acquisition system makes it possible to
gather the information required for rheological reltderization of the flow in the microchannel as
suggested in the Figure 3.3.

It must be stressed that equipment based on thisepd is not exactly a microrheometer, but
rather a setup capable to replicate flow conditionactual micromoulding. More precisely it is a
viscometer that can be used on standard injectionlding equipment to analyse the flow using
processing parameters characteristic of microiilgaenoulding.

Inlet sensor

Gate / Outlet sensor

Figure 3.3. Variables for rheological assessmetti@flow in microchannels.
Ap — pressure drogt — time interval; L — channel length
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The pressure drop\p, measured from the pressure sensor data is egldfair calculating the shear
stress using Equation 3.8. The average melt fldevisaderived from acquired data that yields the
flow time between the locations of the pressuressenAt. The shear rate can then be calculated

using the equations already referred to.

3.2.2. Methodology

The studies on the flow in microchannels were dgwed using a commercial microinjection
moulding cell and a research mould that are detaieChapter 4. The mould was designed to
accommodate interchangeable moulding blocks, atigwihe variation of the microcavities.
Moulding blocks with two different microchannel em sections were tested: a slit with
rectangular cross section, 400 um wide by 100 pep,dend a 200200 um square cross section
to emulate the flow in a circular cross sectione Tangth of the microchannel is 5 mm. The
microchannel must be designed to meet the requirsmef a slit flow, enabling pressure
monitoring at both ends to generate specific expenial data. The general layout of the cavities

is shown in Figure 3.4.

Qutlet pressure

Figure 3.4. Layout of the microchannel with ovethihensions and pressure sensor location
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The use of a rectangular or square cross sectiablesa future comparison with pressure data
from a circular cross section with similar dimemsip since circular and square cross sections
exhibit different areas, although, with a similadhaulic diameter. The microchannel design is
completed with two deposits, thicker volumes atheaed, to provide melt flow stabilization. The

transition between the deposits and the microcHaisnas smooth as possible in order not to

disturb melt flow within the microchannel itself.

Concerning the location of the pressure sensoesetis a source of error that must be addressed.
The physical dimensions of the commercial sens@eduare of a scale different from the
microchannels. Hence, the microchannels are witdboth ends to allow the pressure reading by
the sensors. However, this geometry variation érflies the pressure drop and therefore an entry
correction is required, hence, zero-length microckts for each cross-section tested were
implemented in two additional moulding blocks (Fig3.5).

Pressure sensors

N
= 1

R B W

S o W S

L I R e
Smm lengtﬂ zero-length‘
microchannel microchannel

Figure 3.5. View of the 400x100 pm microchannebgihg
the 5 mm length (on the left) and the zero-lengttsions (on the right)

When the moulding blocks with microchannels arelemgnted, the mould can be used as a high
pressure viscometer enabling high injection presssur the microchannels, which are difficult to
be achieved in conventional viscometers [64, 65,843 85]. Since the goal is to promote steady
flow in microchannels, an external control unit ftdme heating system will provide the
temperatures suitable for polymer injection at gtale, enabling quantitative flow evaluation at
the same time and under the same processing corgliti
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Algorithm for microrheometry evaluations

The rheometry evaluations performed with the micermels followed a procedure that replicates
the calculations required on capillary rheometrize Tmicrochannel length used is 5 mm long,
requiring the Bagley procedure to correct the emtifects since the location of the pressure
sensors is outside the microchannel area due teehgor dimensions. For that purpose, a zero-

length microchannel for each cross-section was tsedrform this correction.

Capillary rheometry relies on the variation of thiston speed to impose different shear rates,
establishing the characteristic flow curves. Irs farticular case, such variation can only be made
cycle by cycle and not, within the injection cyclehich requires several injection cycles with
different melt speeds imposed. Each point of tleev fturve must be obtained directly from a

single standardized injection cycle.

The procedure for microrheometry evaluation is dbed step by step on the following list of

tasks:

1. Obtain a sample set of pressure curves (inletautlt pressure) for each melt speed
imposed for the 5 mm length microchannel;

2. Select the group of pressure curves (inlet aritbtopressure) which variation should be

contained within the standard deviation of +5%;
3. Obtain the average pressure curves (inlet ardtqaressure);
4. ldentify the time instant in which the melt toestthe first pressure sensay;(t
5. Identify the time instant in which the melt toesithe second pressure sensdr (t
6. Determine average melt velocity within the midraenel:

» The distance between pressure sensdk+® mm;

AL _ AL
At t, -t

 The average melt velocity is calculatedVy, , =

7. Determine the average flow rate within the mibieomel:

* The volume of the microchannel is obtained from3BeCAD model;
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Vol _ Vol

* The average flow rate is calculated Qy,,, = AN Lt
2 1

8. From the average pressure curves, based on thesvgathered by the data acquisition

system, obtain the pressure driyP) between;tand t, as shown on Figure 3.6;

2] M

— |nlet sensor [MPa]

Wi
N ///

.

T T T T
0,0 01 02 0,3 0.4

Pressure [MPa]

t, t, Time [sec]

Figure 3.6. Pressure drop on the 200x200 pm mierowél between t1 and t2

9. Obtain a sample set of pressure curves (inletauildkt pressure) for each melt speed
imposed for the zero-length microchannel;

10. Step2 to 8must be repeated for the zero-length microchannel;

11. Calculate the corrected pressure diBR, = AP s5-4P,o;

12. Calculate the apparent shear stiggs,, = h( ALPrea'j,

2
. 6Q
13. Calculate the apparent shear rgfg, ) = —-;
wh
. . . In areal - In Ureal-
14. Calculate the index of non-Newtonian flow bebavin = ! =

In Vapn =In Vapn,
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15.

16.

17.

18.

3.2.3.

Calculate  the shear  stress, applying the Raliisctw  procedure

o 8Q (2. 1)
yw(real)_W §+§n ;

Calculate the shear rate, applying the Baglesection 7, = Wi (_Apfea')-

w(real) — 2(W+ h) L ’

Based on the values for shear stress and shteacalculated previously on stels and

. . T
16, calculate VISCOSIty] omy = real -

real

Plot viscositywersusshear rate on a logarithmic scale.

Moulding blocks for microchannels

The various microchannels cavities were obtainedniigromilling in standard interchangeable
moulding blocks of the research mould (details imcuded in Section 4.3). A view of the

moulding blocks for the 400100 um cross-sectiond & mm and zero-length microchannels is

shown in Figure 3.7.

a) b)
Figure 3.7. Moulding blocks for the 400x100 pm rogtrannel.
a) 5 mm long microchannel; b) zero-length microcten
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3.2.4. Instrumentation

The rheological characterization of the polymerwflin the microchannel depends on the
monitoring the melt pressure at the microchanret isnd outlet using two miniature piezoelectric
pressure sensors. The pressure drop between thimdations and the flow velocity are used to
relate the shear viscosity to the shear rate [814, 7

For each microchannel the data for analysis weosettcorresponding to full-shot mouldings,
when pressure data were obtained by the pressoserse A typical set of pressure data is shown
in the Figure 3.8.

Inlet sensor [MPa]
— - Qutlet sensor [MPa]

// .

Y
Q.0 01 0,2

1580

100 4

Pressure [MPa]

50 A

W/}////?X/%?/

Time [sec]

Figure 3.8. Sample pressure curves for the 200x@@@nicrochannel moulding

Three different time frames, identified A%, At, andAt;, can be identified in this sample. The
first time frame At;, starts when the melt reaches the inlet pressurgoseat the entrance of the
microchannel (solid line on the graph). The enthisf interval corresponds to the instant when the
melt reaches the outlet sensor at the exit of tleeaonannel (dashed line on the graph). Aftgr

the flow is fully developed in the microchannel,psssure signals are recorded on both sensors,
and the measurements for the viscosity evaluaonbe initiated. During the second time frame,
At,, which ends when the outlet sensor reaches its, gbakmelt has filled completely the

impression. After this point, the melt flow stopsdathe microchannel freezes off, leading to the
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pressure drop monitored by the two sensors. Thiseloccurs during the last time framd,
where the peak on inlet pressure sensor valuesmmnels to the solidification of the gate. After

this point, pressure rapidly decreases as a rekthie variation of the specific volume of the melt

3.2.5. Materials

The injection tests were carried out with polyoxyhytene (POM), Hostaform C27021 (Ticona-
Europe, Germany). This semi-crystalline polymea igery easy flow injection moulding type with
MFR of 24 cni/10 min (190°C, 2,16 kg) that is commonly used iorginjection moulding [57].

3.2.6. Microinjection moulding

The initial approach for the injection tests wagsel to conventional rheometry. The melt speed

was increased gradually to establish the datamedjfior shear rate and viscosity calculation.

The melt temperature,,I used in the study is above the typical rangetticr POM grade. The
material manufacturer recommends a melt temperaamging from 190°C to 210°C. For the
purpose of this research study, the melt temperatas set to 235°C to enable the complete filling

of the microchannels.

The mould temperature,Jus Was also set above the recommended temperatge.rBespite
the fact that this POM grade already requires a higuld temperature (from 80°C to 120°C), the
injection moulding tests were performed at 145°C emmable the complete filling of the

impressions. This was particularly critical witletthinnest 400100 um slit microchannels.

The injection speed or melt speed was adjustedmiitie capability of the equipment, from 20 to
200 mm.&, to reach several values for injection timg, fleading to different values of shear rate
on each microchannel.

Differently from the microinjection process, no Rig pressure was used since the goal was only
to obtain a fully established flow within the mict@mnnel without pressure disturbances. The data

was obtained from full mouldingse., short shots were discarded.

For each injection speed a time intervsl, defined ad the time lag between the melt toughin
each pressure transducer, was measured, enat#ingltulation of the average melt speed within

40



Flow in microinjection moulding

the microchannel. Pressure data from the inlet@nbbt sensors, for typical injection moulding
conditions, (T,=205°C; Thou—145°C; #,=0,35s) are shown in Figure 3.12.

200

Curve.1.in
Curve.2.in
Curve.3.in
Curve.4.in
Curve.1.out
Curve.2.out
Curve.3.out
Curve.4.out
Curve. Avrg.in
—_—— — Curve.Avrg.out

rq4Ccer4d0®

Pressure [MPa]

-0,02 000 002 004 006 008 010 012 014 0,16

Time [s]
Figure 3.12. Typical pressure profiles during tloevfin the microchannel.

Suffix ‘in’ corresponds to the signal at the chdrinket and suffix ‘out’ at the channel outlet.
The lines in this excerpt correspond to the avetd@®00 experimental points for each curve.

During the tests the two pressure profiles werendaxd, from the sensors at the inlet and the
outlet of the microchannel. This information, agmyplified in Figure 3.13, allows obtaining the
following information: a) the pressure drop betwésliet sensor and microchannel inlap,; b)

the pressure drop on the microchannel itsalf,; and c) the pressure drop between the
microchannel outlet and the outlet senstp;. To determineAp,, the value forAp; must be
removed from the total pressure drop value obtagsstiming thahps is much smaller thaBAp;.

The zero-length microchannel (LO) is meant to detee its initial pressure drop, which will be
equivalent taAp, so the values for the 5 mm microchannel (L5) cdudctorrected (Figure 3.16).
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Figure 3.16. Determination of the effective preesinop within the microchannel

3.3. Results and discussion
3.3.1. Conventional rheometry

The conventional characterization of the polymerswaade with a twin-bore Rosand RH10
capillary rheometer (Malvern, UK). The determinatiof the flow curves were made at 180°C,
200°C, 220°C and 240°C. The flow activation enargg calculated since at these temperatures
POM is a thermo-rheologically simple material ah@ time-temperature superposition (TTS)
principle is expected to apply. For polymer meltis applies when the flow temperature is more
than 100°C above the glass transition temperalire.shift factor for each temperatueg, can

be expressed by an Arrhenius relation [86] as:

a = ex{g [ﬁ;_TiD 3.12)
0

whereE — flow activation energy,
R — gas constant and

T andT, — absolute temperatures.

As the TTS principle holds for the POM melt, thewl@ctivation energy, E, is approximately

44,8 kJ/K.mol. The flow curves obtained from capgijl rheometry are shown in Figure 3.14.
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Figure 3.14. Flow curves from conventional capjllereometry for the Hostaform® C 27021

The master curve is depicted in Figure 3.15, shouliat the TTS principle is fully applicable to

this material, confirming the previous assumptibat tthis material grade is thermorheologically
simple. This definition is based on the fact tha¢ tviscoelastic functions determined under
isothermal conditions remained unaffected in shapabling the application of the TTS principle

[71]. Therefore, it should be possible to estabtisielation between any other flow curve and the
temperature used to obtain it, considering theadis between curves on the plot. If such relation
cannot be established, the TTS principle might ietapplicable, raising the suspicion that the

flow is occurring under non-isothermal conditions.
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Figure 3.15. Master curve for Hostaform C 2702Kkenbing the time-temperature superposition prircipl

3.3.2. Flow in microchannels

For each melt speed imposed, it was obtained adiffezence At, between the signals of the inlet
and outlet pressure sensors that provided the feder value required for shear rate calculation
from Equation 3.6. The pressure drop was also édaiallowing the calculation of shear stress
through Equation 3.8. With these two values forheacelt speed, the shear viscosity was
calculated as the ratio between shear stress aadt sfte (Equation 3.9) and plotted as in Figure
3.17.
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Figure 3.17. Flow curves based on the 200x200 pdw@Ax100 um microchannel pressure data

An immediate conclusion arises from the shape ef glotted curves since there is an abrupt
change of the direction on both curves instead siaoth set of experimental points for each
curve. It is also possible to observe in this ffigthat the critical shear rate for this particular
material in the 200x200 um microchannel is arouf@05". The critical shear rate for the
400x100 um microchannel, for which successful shegse difficult to obtain at lower melt
speeds, is estimated to be approximately 600@\&er exceeding the correspondent critical shear

rates, shear stress ceases to increase, keepuaduiesalmost constant till the end of the curve.

3.3.3. Plug flow transition

There is an important change on flow behaviour achemicrochannel as shear rate increases, as
noticeable in the plot in Figure 3.17. Both curebsw a transition from a normal flow to a new
type of flow, although at different values of sheate, where the index of non-Newtonian
behaviour,n, is close to 1, indicating the onset of slip & thall. The horizontal section of the
curves, where the shear stress reaches a plateaty éndicating the change in behaviour from

shear flow to plug flow. This transition is asstéethto the wall-slip effect. The non-horizontal
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section of the curves, for both microchannels, esgonds to the shear flow regime, before the

critical shear rate is reached.

The different shear rates at which the plug flownsition occurred in the two types of
microchannels can be explained by their hydrauilgneter and the aspect-ratio of their cross-
sections. The 200x200 um square section, with pecasatio of 1:1, corresponds to an equivalent
round section 200 um in diameter. On the other hdmed400x100 um section with an aspect-ratio
of 4:1 has a hydraulic diameter of just 160 pm,ceem less favourable flow geometry. This leads
to a 36% decrease on the effective flow cross-@edf the 400x100 pm microchannel, causing it
to reach its critical shear rate at lower valuetetAthese critical values of shear rate, a plog/fl

is fully developed on both microchannels.

3.3.4. Interpreting the plug flow transition

Despite of the processing temperature used fomileflow in the microchannels being of 235°C,
the corresponding flow curve is located above 8@°C flow curve, as shown in Figure 3.18. This
means that the real temperature on the microchaisnetuch lower than the imposed melt

temperature.

1000

180°C
200°C
220°C
240°C
200x200pum
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Shear viscosity [Pa.s]

Shear rate [s7]

Figure 3.18. Plot data from conventional capilldrgometry and rheometry calculations based on@&200 um
microchannel pressure data.
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This incongruence is certainly due to the high aef area to volume ratio, which makes
conventional heat transfer equations insufficientiéscribe what happens at this scale. Table 3.1
summarizes some geometric relevant values for cosgpa between rectangular/square and

circular cross-sections microchannels.

Table 3.1. Comparison between different cross-eectiicrochannels

. Surface
. Hydraulic Cross-
Length Width [um] Height diameter  section area Surface Volurpe areato
[mm] [pum] P area [mm| [mm?] volume
[um] [m’] ratio
200,000 200,000 200,000 (¥ 0,040 4,000 0,200 20
400,000 100,000 160,000 (*) 0,040 5,000 0,200 25
400,000 0,126 6,283 0,628 10
5,000
200,000 0,031 3,142 0,157 20
160,000 0,020 2,513 0,101 25
100,000 0,008 1,571 0,039 40

(*) Hydraulic diameters

The values corresponding to rectangular/squarecandlar cross-sections microchannels shown
on Table 3.1 enable the analysis of the relevammgdric features. The decrease of the
microchannel dimensions corresponds to the increfske surface to volume ratio, enabling a
high heat transfer rate to the mould wall [38, 8Flurthermore, for similar dimensions,

rectangular/square cross-section microchanneligttigher surface area than the circular cross-
section, although their similar surface to voluraga. In this case, since heat transfer is mainly
through conduction, such effect depends directlyttan contact surface, which is higher on the

non-circular cross-sections.

Analyzing the flow curve corresponding to the 2008@21m microchannel, two sections can be
observed as in Figure 3.18. From A to B, shear flath its parabolic velocity profile is expected
to develop. At the end of this section, B a traositakes place and the section B to C corresponds

to a regime in which plug flow, with higher veldet close to the wall, progressively develops.

The faster cooling of the melt in the microchammelans that the temperature of the flowing melt

is expected to be well below the initial 235°C. Tiheptitude of the temperature decrease, but, it
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cannot be predicted from TTS, which is known tovhtd for this material, as shown previously.
In fact, an application of TTS to the microchanfielv data in order to superimpose it with the
other data yields an apparent flow temperaturesds than 80°C, which is impossible because not
only it is more than 66C lower than the mould wall temperature, but i® désver than the no-

flow temperature of POM, which in this case is ¢hestallite melting point of the material [88].

This fact clearly indicates that the heat transfealysis that is normally used with injection
moulding is not directly transferable to the migals due to the high surface area to volume ratio.
Comparing the rectangular/square cross-sectiors thi2 correspondent circular cross-sections
(200%200um versus 20@m and 400x10@m versus 16@m), it is possible to witness these facts.
The particular case of the 400x1@® microchannel shows a surface area which is thbldoof

its correspondent 16dm microchannel. Given their sub-millimetric dimesrss, the
microchannels exhibit a high heat diffusion ratdchicauses filling to occur almost isothermally
[65]. In this particular case, there is effectivéityle or no bulk in the moulding, so our results
indicate that heat transfer equations that are#jfyi valid at the macroscale should be disregarded

here.

The evaluation of the expected wall-slip velocitgsamade using Equation 3.10. The mass flow-
rate consistency value was calculated through Emua.11, using the hydraulic radii of the
microchannels. The melt front profile was estimadeda gradual shifting from shear flow to plug

flow as shear stress increases.

The data obtained for the 400x100 um microchannghtmo be conclusive since there is not
enough data in shear flow conditions to establiskliable trend to this value. However, the few
calculated local wall-slip velocities for this namhannel seem to corroborate the conclusions

already obtained on the shear stremsusshear rate plot (Figure 3.19).
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Figure 3.19. Plot of average melt speed versuscestilocal wall-slip velocity

Nevertheless, the curves in Figure 3.19 show thees@mend, when shear stress is less than the
critical shear stress, the local wall-slip redugelbcity is nearly zero. As predicted, the locallwa
slip reduced velocity becomes close to one if tiems stress keeps increasing [75].

An immediate conclusion of this study is that tleevfin the micromould is non-isothermal, which
means that the data eventually obtained is not @ordgarded as quantitatively accurate
rheometrical data. As stated before, the equipreetulp in this study is not a microrheometer, but
rather a viscometer that replicates the flow coodd in real flow situations,e., it is a process

analyser and simulator.

The use of a microinjection moulding tool for rhesiny purposes provided the establishment of
flow curves for POM at pressures higher than thesabtained on traditional rheometry, enabling

critical shear rate determination for each microcteh used.

Unlike conventional capillary rheometry devices,isttsetup used microinjection process
parameters namely the injection speed to obtafardifit shear rates, enabling the plotting of flow
curves. Therefore, the results could be easilyiagpinto the microinjection process itself or on

microinjection simulation.

An important microscale effect such as wall-slipsvaetected and the critical values of shear rate

were determined for both microchannels studied.themmore, local wall-slip velocity was
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calculated and compared to the average melt vglawiposed on the process, to determine its
relevance on the flow behaviour. It was noticed tha shifting between shear flow and plug flow

is much more abrupt on the 400x100 pm microchauluel to the less favourable cross-section.
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Chapter 4 — Design of the Micromould

This chapter describes in detail the design opticmssidered for the micromould. The design
constraints are referred, describing the mould rieeh specifications concerning the injection
equipment in which it will be operating, the typedadimensions of the parts that will be produced
as well as the type of research data that willXteaeted from it, using an external data acquisitio

system.

4.1. Design constraints

The design of this particular mould was developednteet some important requirements

concerning the microinjection research work. Thesp be obtained by microinjection moulding

are small (maximum 15 mm long), however, they idellsome microfeatures such as ultrathin
walls or microdetails. Considering the researckragt on testing several geometries, the mould
design considered the use of interchangeable maultiocks. Aspects such as the aspect-ratio of
micromoulded parts can be tested afterwards, wtetises the height of the moulding block to be
higher than necessary at this point. The mouldireg of the mould must enable the assembly of
two @1,8 mm pressure sensors as well as its cahtksonnections to the data acquisition system.
Such system will acquire the pressure data fromctgties, enabling its post-treatment for

analysis. These interchangeable moulding blocksildhbe assembled on the ejection side to
enable the assembly of the pressure sensors dnjéision side. This assembly choice does not
require the disassembly of the pressure sensor®maoles the change of the moulding blocks
with minimal setup time. Finally, another requirerthés the injection equipment to be used. The
mould was designed to work on a Boy 12A, regarditighe interface issues such as distance
between columns, mould fixation on plates and @eléyprocessing features such as minimum shot

dosage.
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4.2. The mould

The mould was built on a standard mould structugi@gicomponents from HASCO series K,
plate dimensions of 130x100 mm. It is equipped witlo HASCO K100 centering rings: a
(0110 mm ring on injection side and 80 mm ring on the ejection side, and a HASCO Z5inma
injector with 40 mm radius. The closed mould heighdf 155 mm for a minimum plate distance
of 100 mm, providing a maximum mould opening of % (Figure 4.2). A complete 2D

drawing of the mould, detailing all systems is ettted in Annex Al.
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Figure 4.1. Cross-section view of the micromould

The thickness of the cavity plate was mainly selécio accommodate the pressure sensors.
Concerning the moulding block interchangeabilibg backing plate enables the disassembling of
the moulding blocks mounted on the core plate. $pacer height resulted from the required

ejection stroke, especially those foreseen for drighspect-ratio parts. The centering system

(Figure 4.2) is composed by a set of 4 guide min&e bushings and alignment pins.
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Figure 4.3. Mould guiding and centering system

The interlocking system consists of two conicakiticks from HASCO Z05 series. These are

located so that thermal expansion is allowed withoausing problems (Figure 4.3). The

mouldings produced in this research do not reqoterlocking between both mould halves since

the moulded part is fully contained on the ejecsate. However, such feature might be required

afterwards for further studies on higher parts.

Figure 43. Interlocking system (highlighted in yello
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4.3. Moulding blocks

The moulding blocks used in this mould have a gepnw a parallelepiped of 20x22x20,5 mm.
They are assembled in the core plate (3), withgdreeral dimensions and tolerances shown in the
Figure 4.4.
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Figure 4.5. Blank moulding block

The use of interchangeable moulding blocks is natéie for maintenance and the need of testing
various micromoulding geometries. In the currenuldaconfiguration it is only possible to use
moulding blocks in the moving side of the mouldeTihjection side is flat and the cavity plate

was designed to accommodate the data acquisitgiaray

The Figure 4.5 shows as an example the mouldingkbdtr a 400<100 um microchannel cavity,

with the cooling channel and the thermocouple iooat
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Figure 4.5. Moulding block showing the cooling diitcand the thermocouple location

4.4. Feed system

The cold runner system shown in Figure 4.6 consists conical sprue, a cold material trap, two

runners, and the gates defined in the mouldingkslothis runner system has a total volume of
1,27 cm.,
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Figure 4.6. Feed system
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4.5. Temperature control

The microinjection process is often characterisgdhie use of Variotherm systems for enabling
quick changes in the mould [1]. In this study temperature control system was only designed for
heating before injection and cooling after the mmidohase.

The heating is provided at two individually conteol zones, each including two 1600V6,5 mm

cartridge heaters, and a type J thermocouple (Eigun).

Control Board

Zone 1 (Injection)

- BEEH
By - -
| |
1 ! . \‘H‘/u//////A
Cartridge Heaters m.l — ///

Thermocouple

B mr@maE| |9 =
Zone 2 (Ejection)
Thermocouple 1
Cartridge Heaters
i Q&‘—T Power Supply

Figure 4.7. Electrical wiring scheme for temperatoontrol

The temperature controller is located at the edlerantrol board. Zone 1 controls the temperature
at the injection side, on the mould cavity platecg there are no moulding blocks at the injection
side, the thermocouple is located as near as pedsithe parting plane. In Zone 2, the resistances
are located on the mould core plate. The moulditogks are located in this plate and the
thermocouple is mounted directly on one of them.

The micromould is also equipped with independemwling circuits on injection and ejection side
(see Fig. 4.8). A simple “U” shape circuit is demd in the moulding blocks since complex
cooling channels are not easily implemented. M®adtls were made to receive the cooling
connectors.
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Figure 4.8. Cooling circuits on the micromould
a) cooling circuit on the injection side; b) codiaircuit on the moulding block

4.6. Ejection system

Standard ejector pins from HASCO, Z40 series wesedufor the ejection system, namely
Z40/5,5x 100 for the return pins, Z40/5&58 for the sprue ejector, and Z40/4 @1 (gate side)
and Z40/1,% 062 (exit side) for the cavity ejectors (Figure)4.9

73

Figure 4.9. Mould view with the ejection systemuated (left) and
the cross-section view of the ejection system Jigh
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4.7. Venting

The air vents are machined directly in the moulditark parting plane. Furthermore, the location
of the last ejector pin also contributes to thetwvenof the impression (Figure 4.10).
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Figure 4.10. Example of the air vent at the enthefmicrochannel cavity.

4.8. Pressure and temperature monitoring

The monitoring of the injection moulding cycle iade in terms of temperature and pressure. The
melt pressure in the mould is monitored with,8mm pressure sensors Priamus, model 6006B0,2

(Switzerland), located as shown in Figure 4.11.
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Figure 4.11. Location of the pressure sensors regpect to the surface of one of the moulding tdock

The data acquisition unit consists of two physiaaits, the input module Priamus Multi DAQ
8101A and the amplifier module Priamus Mobile DAQO&B. The user interface is ensured by
the Priamus Molding Monitor software, which resylége is depicted on Figure 4.12.
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Figure 4.12. Results page of the Priamus Moldingnitbo software

The thermocouples installed on the moulding bloeksble mould temperature control. As
described on the Temperature Control item, themibeouples used are type J, with a working
range from -200°C to 750°C, according to manufactdata. Considering the space available, the

thermocouple used on the injection side is larigan the one used on the ejection side.

59



A study on the performance of microinjection moulds
obtained using additive manufacturing

For the injection side, a Resitec TC.002 model riagiPortugal) was selected for assembly on
mould plate (2). The thermocouple is positionedttun plate so it can perform the temperature
reading on the moulding block area, as shown onrEig.13.

SECTION A-A

Figure 4.13. Location of the thermocouple on thedtion side

The body of this thermocouple does not allow anydi®ey operations. Therefore, its length was
selected to enable all curves to be imposed oncéide. An overview of the thermocouple
assembly on the injection side is shown on Figutd .4

Figure 4.14. Overview of the thermocouple asserohlynould plate (2)
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On the ejection side, due to the geometry requingsnat was necessary to select a flexible
thermocouple that could be bent in order to rehelminimum distance between the thermocouple
and the moulding surface. For that purpose, a &3i€.001 model (Leiria, Portugal) with 50 mm
in length and 1 mm in diameter was selected foerag$y on the moulding blocks. Underneath
each moulding block, there is a spacer to enaldehtbrmocouple to be assembled, as shown on

Figure 4.15.

Figure 4.15. Overview of the thermocouple asserohlyhe moulding block

As shown previously, to reach to the appropriasalirg area, the body of this thermocouple was

bent twice with suitable radius, in order to avdamaging the thermocouple (Figure 4.16).

Figure 4.16. Overview and general dimensions otlieemocouple

61



A study on the performance of microinjection moulds
obtained using additive manufacturing

4.9. The microinjection moulding cell

The mould already described is to be used in atioje moulding machine Boy 12 A (Dr Boy,
Neustadt-Fernthal, Germany). The equipment featresppropriate for the microinjection tests
since the maximum shot weight is rather small, @gh4b grams, using polystyrene as a reference
material. Given the nature of the parts to be akhiby microinjection moulding, the equipment
has clamping force of 129 kN, much more than regliiThe relevant features of the Boy 12 A

model (Euromap size 129-15) are detailed on Taldle 4

Table 4.1. Equipment features for Boy 12A (Eurorsiae 129-15)

Injection unit

Screw diameter 14,0 mm
Screw length-diameter ratio 18,0

Maximum stroke volume (theoretical) 45 tm
Maximum shot weight in PS 4,45 g
Injection force 37,1 kN
Injection flow 30,6 ols
Maximum specific injection pressure 2413 MPa
Maximum screw stroke 40,0 mm
Maximum screw speed 500,0 ritin

Clamping unit

Clamping force 129,0 kN
Maximum plate daylight 300,0 mm
Minimum mould height 100,0 mm

The main dimensions of the equipment that are agledor the mould assembly are shown in
Figure 4.17. This cross-section view shows the diams for the centering rings of the mould as

well as the adjustable distance for the injectionzte.
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Figure 4.17. Daylight dimensions of the Boy 12 A

The microinjection moulding cell incorporates otleguipments, namely for temperature control
and pressure monitoring, as shown on Figure 4.18.

Signal Data acquisition
amplifier | | system
_ |-_ [ _ _ - —
L
Temperature control system
Thermoregulator | 7ne 2 o
Mould temperature Zone | =
control unit Loone 1 e
LT L1

Figure 4.20. The microinjection moulding cell

The mould is equipped with two connections for phessure sensors. The signals are acquired by

the data acquisition module and are processed énfplifying module. The signals from the
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pressure sensors are input afterwards in the saftaad can be exported to worksheets for post-

treatment.

Concerning temperature control, the mould is didide two control zones, for heating and for

cooling, enabling the operation with different teargtures on cavity and core sides.

The electrical connections are located on the i af the mould, away from coolant connections
to prevent problems in case of leaks. The connegtior the data acquisition system are located
opposite to the operator side, liberating the dperside for handling, assembly or maintenance

operations. The general layout for all mould exaéoonnections is shown in Figure 4.19.

Electrical connections
(Heaters & thermocouples) TOP SIDE

i
Qutlet senscr@

Inlet sensor

7, OPERATOR'S
= “ o/ SIDE

Coolant IN

| E— 1
Coolant OUT

Figure 4.19. Electrical and coolant connectiongition side)

Figure 4.20 shows the complete setup of the migoiion moulding cell and Figure 4.21 shows

the micromould open.
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Figure 4.20. Full view of the complete setup for Figure 4.21. Micromould showing electrical andssan
the microinjection tests connections

4.10. Process control data sheet

The injection process can be suitably describedh grocess data sheet, where all processing
parameters are summarized. This data sheet maydmciot only the parameters imposed by the
user, but also the values given by the equipmeaibler4.2 details the process parameters to be

recorded for further analysis.

Table 4.2. Process control data sheet

Mould
temperature
[°C]

Barrel temperatures (zones [L

Cooling fluid temperature
to 5) [°C]

Plastic material/grade
Moulding block material
[°C]

Cooling fluid flow rate
Injection speed [mm’§
Injection pressure [MPa]
Holding pressure [MPa]

[cm®.sY
Melt temperature [°C]

Injection side
Ejection side
Dosage [mm]
Cushion [mm]
Holding time [s]
Cooling time [s]
Injection time [s]
Cycle time [s]

% Elements supplied by the user
% Parameters for introduction on the mould tempeeatontrol unit

% Parameters for introduction on the thermoregulator

% Parameters for introduction on the microinjectimuipment

Values retrieved from the microinjection equipmeht
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4.11. Microinjection moulding cell operation proceelsi

The microinjection moulding cell requires prelimipaprocedures before operation. These
procedures are important since they contributafoaccurate data acquisition.

The cables of all systems must be connected fatigwthe good practices. Equipments are
powered off at this moment and all electrical cartioms, after established, should be blocked by
a latch lock or by a blocking nut to prevent acoidédisconnection during operation.

After setting up all systems, the microinjectioruiggnent can be powered on. In order to operate
with maximum accuracy, the equipment requires tiabilization of the hydraulic system, by

performing a few movement cycles to promote oitwition at adequate temperature.

Barrel temperature must also be stabilized befgreraiion. At the micrometric level, where
temperature control is definitely very importanght tolerances on the temperature setpoint of
each barrel zone are recommended to enable melttioy at the intended temperature. This
simple precaution is even more important when sgasimaterials with narrow processing

window are being used.

A similar procedure should be carried out for mowdchperature. The mass of the mould is very
small and heat transfer through convection is high to the exposed area. Mould temperature
control and thermoregulator should be initializedhwappropriate values. Mould temperature

should be then stabilized with the mould closedriter to achieve the temperature setpoint faster

and uniformely both on cavity and core side.

The data acquisition system requires trigger turuggbefore initialization. The trigger is a
capacitive detector that should be positionedga sut the ‘mould closed’ position and start data
acquisition. If the trigger is not positioned oWlee mould parting line, it can be positioned owgsid
attached to the column of the moving plate so ieds the closing of the mould, the event that

signals the beginning of a new injection cycle.

The data acquisition should be initialized by settiip the channels that are currently connected.
Preliminary checking of the sensors datasheetcdsmenended for a proper setup of the reading
range. Acquisition frequency should also be setupsidering the accuracy required for analysis.
A compromise between accuracy and the size availabthe hard disk must be considered.
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Chapter 5 — Experimental techniques and methods

This chapter describes the materials, the manufagt@nd characterization techniques and the
equipments used in this work. Furthermore, therteghods, the injection tests and the simulation
analyses are also detailed herein.

5.1. Tooling

5.1.1. Subtractive technologies

The concept of the moulding blocks obtained by mdbive technologies came from the
cooperation with similar studies aiming at the astibn of the performance of
micromanufacturing technologies. Therefore, confgbatimoulding blocks were produced for
common interest studies. For that purpose, a sipate was designed containing a vertical rib
enabling aspect-ratio evaluation both from the rfecturing and replication points of view. The
standard blank moulding block which was alreadgutised in Chapter 4 (Figure 4.4) is shown on
Figure 5.1.

2 20 hé 2

i
L
=
& 10,10
4*.-’7%

20,50 ha

d

2497

2.80
22 hs

Figure 5.1. Standard moulding block with main disiens and features
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The moulding blocks have a blank volume of 478,58 rand were produced using micromilling,

microEDM and laser milling, depending on the aspatip of the features to be machined, as
shown on Table 5.1.

Table 5.1. Dimensions achievable with the manufaaguechnologies used

Wiop 1

T Technology Whottom Wiop Height Aspect ratio
J [pm]  [wm]  [um]
® Micromilling 100 100 1000 10:1
T
y MicroEDM 100 60 1500 15:1

| |
o Woten Laser milling 100 60 400 4:1

Four cavities were implemented in the moulding kéodGiven the dimensions, two mouldings

were designed comprehending the adequate feedrsjatéwo cavities in each one (Figure 5.2).

Figure 5.2. 3D models of the parts to be obtainmethe moulding blocks
produced by subtractive technologies

In the first block (Figure 5.3) two similar caviiewhere produced using micromilling and

microEDM. They differ in the aspect ratio of thégiand the manufacturing technology used in
each of them.
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Figure 5.3. Moulding block with ribs produced bycraimilling and microEDM

The second block has two cavities, one similah&ogrevious ones, but produced by laser milling,
the second, a round protrusion produced by mictomgjlwith a through hole to study weld-line
formation (Figure 5.4).

Figure 5.4. Moulding block with rib produced bydasnilling and protrusion produced by micromilling

The dimensions of the ribs produced by micromillimgcroEDM and laser milling in each cavity
were detailed in Table 5.1 along with the aspeabsaf each rib.

The micromilling operations were made with a FIDHS644 High Speed Micro Machining

Centre (Torino, Italy) with a spindle speed of ®Min®*. Other relevant of machine features are
rapid acceleration and high axis feeds and sophistil algorithms of the Fidia C1 numerical
control. With these solutions, the equipment isatdg of milling hard materials that have been
traditionally machined by EDM, exhibiting good résuin terms of surface roughness, accuracy

and execution times. The parameters used for metouifiag are listed in Table 5.2.
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Table 5.2. Micromilling processing parameters

Parameter Units Values
Cutting Speed (Y m.min* 68
Spindle Speed (n) mih 36.000
Feed per tooth {f um 4
Width of cut (@) um 4

For laser beam machining, a Deckel-Maho DML 40 Bielgfeld, Germany) with 100 W

Nd:YAG-type pulsed laser with wavelength of 1064 mas used. Several parameters can be

considered when producing 3D microfeatures. Witls 8pecific equipment, it is possible to

change processing parameters such as pulse frgquecenning speed, machining strategy,

cutting depth and hatching on industrial environtnebhe operating parameters used for

manufacturing are listed in Table 5.3.

Table 5.3. Laser beam machining processing parasnete

Parameter Units Values
Pulse frequency kHz 30
Cutting depth pum 2
Hatching um 10

The microEDM was performed with an AgieCharmilleypdrspark (Geneve, Switzerland).

Removal and surface roughness determine the putgerequirement. In the case of EDM, the

objective is always to optimise the material remi@exformance and to reach the surface quality

of the workpiece being processed. The operatingmaters are described in Table 5.4.

Table 5.4uEDMprocessing parameters

Parameter Units Values
Current Intensity A 0,8
Voltage \% 120
Pulse time us 7,5-32
Pause time us 2,4
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From hereon these moulding blocks will be refeti@és MS01, the one with identical cavities,
and MS02 that with the rib and the circular featdxeview of these moulding blocks is shown in
Figure 5.5.

Figure 5.5. Moulding blocks manufactured by sulitvacechnologies,
MSO0L1 at the left and MS02 at the right

5.2. Additive technologies

In view of the brittleness and cost of the partsdpiced by additive technologies, a base insert was
designed to assemble moulding blocks manufacturdtis way (Figure 5.6). This base insert was
manufactured in 1.2767 (X45NiCrMo4) tempered steel.

Figure 5.6. Moulding block base for inserts prodlibg additive technologies
The block is attached to the base by a fixing sfgch is fixed on the main body by two screws
(Figure 5.7). This setup is required to providetale fixation on the base insert and also to

minimize the construction volume. For an appropri@mperature monitoring, this assembly must
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consider the location of the thermocouple on thditag moulding block itself. Therefore, the

base insert is equipped with a through hole to lenthis type of assembly for the thermocouple.

Figure 5.7. Exploded view of the moulding block &%), fixing ring (2), moulding insert (3),
fixing screws (4) and a cross-section showing thie for the thermocouple

The moulding insert obtained by additive technadsghas a maximum height of 3 mm, this

dimension being suitable for construction in eatthe technologies selected. The dimensions for
the blank moulding block insert are shown on Figuge

14 4

‘ e
U

o . 14
ol

Ejector pin holes

:
;

Figure 5.8. Blank moulding block insert
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Three inserts were designed to be manufactureditijive technologies enabling the evaluation
of several problems that could occur during thedtipn procedure. These aspects were the
mechanical resistance to flow effects during fdlifFigure 5.9 a); the evaluation of the replication
of microfeatures (Figure 5.9 b); and the evaluatibthe effect of ejection forces (Figure 5.9 c).
These moulding blocks hereon will be identified hwihe prefix “BA” followed by two digits
according to the shapes illustrated there in. #i$® added the suffix “SLA” or “SLM” to identify
the technology used in rapid prototyping, Sterbolijraphy and Selective Metal Melting,

respectively.

a) b) c)
Figure 5.9. Moulding block obtained by additivehrologies: a) BAO1; b) BA02; c) BAO3.

The BAO1 moulding block is meant to evaluate theclmagical resistance to flow effects during
cavity filling, therefore, a set of pins of differeaspect-ratios were designed. The replication of
microfeatures is going to be studied with the BA®Qulding block, where two institutional logos
were used in low relief, closer to the gate, andhigh relief next to the end of the cavity. The
microdetails have a minimum width of 100 um. Fipaflor the evaluation of the mechanical
strength offered by this type of mould insert oe #jection phase, the BA0O3 moulding block
features two annular sections and a connectindpativeen them, which creates a large contact

area therefore causing difficulties resulting frtiva friction forces involved.
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5.3. Materials

5.3.1. Subtractive technologies

The material selected for the moulding blocks poadiuby subtractive technologies is typical steel
used by the mouldmaking industry, 1.2767 (X45NiCdyloThis steel is widely used due to its
excellent properties concerning finishing and miaahility operations. The main properties are
described on Table 5.5.

Table 5.5. Mechanical and thermal properties feritt2767 steel (manufacturer data)

Hardness [HRC]

Property Unit s = s
Tensile strength MPa 1960 1860 1620
Compressive strength MPa 2745 2450 2060
Temperature
20°C 200°C
Density kg/m® 7750 7700
Coefficient of thermal expansion from 20°C pm/meC - 11,6
Thermal conductivity W/m.K 26,1 27,1

5.3.2. Additive technologies

Stereolithography

Despite some handicaps of the stereolithographigs.esamely low thermal conductivity leading
to longer cycle times and limited mechanical sttenthey have been considered a viable solution
in rapid tooling [89, 90]. In this work, the redManoForm 15120 from DSM Somos (Hoek van
Holland, The Netherlands), an epoxy resin filledhwéeramic nanoparticles that produces strong
and stiff parts, was chosen for producing the issar the moulding blocks. It has been used

successfully in injection moulding for short to med run production [90, 91]. The mechanical
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and thermal properties of the material are listedTable 5.6, where the post-cure treatments
effects are considered.

Table 5.6. Mechanical and thermal properties of D&ivhos Nanoform 15120

After UV +
ASTM method Property Unit After UV Thermal
post-cure
post-cure
Tensile strength MPa 48 53
D638M Elongation at break % 2,1% 1,2%
[%)]
'% Modulus of elasticity C 5000 5900
8 Flexural strength MPa 98 129
e D790M
IS Flexural modulus MPa 3630 4450
f__% D256A Izod impact-notched Jicm 0,15 0,159
[S]
% Compressive strength MPa 137 234
D695-02a
Compressive modulus MPa 4510 4680
D1004 Hardness Shore D 93 92
0 0 111,9
Coefficient of 0° to 50°C pum/m.K 50,9
§ E831-00 thermal 50°C to 100°C pm/m.K 143,6 84,0
g expansion 1 ngec to 150°C um/m.K 106,3 128,6
(—Qs' E1545-00 Glass transition temperature °C 39 80
IS -
E Heat deflection temperature oc 65,5 269
= @ 0,455 MPa
D648-98¢ Heat deflection temperature
P °C 52,9 115
@ 1,82 MPa

Selective Laser Melting

The material used with this rapid prototyping/mautfiring method is a pre-alloyed stainless steel
fine powder GP1 from EOS (Germany). It correspotalgthe European classification 1.4542

(X5CrNiCuNb16-4) and is characterized by good cleainand mechanical properties for which it

is widely used in engineering applications. The @Bilvder has an average grain size of 30 um,
and the minimum layer thickness recommended focgssing is 20 um. The mechanical and
thermal properties of GP1 are detailed in Table 5.7
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Table 5.7. Mechanical and thermal properties of EBPS powder

Properties Values
Horizontal direction (MPIF 10) 1050 +50 MPa

g Tensile strength
'*g Vertical direction (modified MPIF 10) 980 +50 MPa
o
o Horizontal direction (MPIF 10) 540 50 MPa
o Yield strength
8 Vertical direction (modified MPIF 10) 500 +50 MPa
c
£ Elongation at break (MPIF 10) 25 +5%
(3]
= Modulus of elasticity (MPIF 10) 170 +20 GPa

Hardness (DIN EN ISO 6507-1) 230 +20HV
,§ Coefficient of thermal expansion 20° to 600°C 14mmid
8 @ 20°C 13 W/im.K
= Thermal conductivity @ 100°C 14 W/m.K
g
E @ 200°C 15 W/m.K
|_

Maximum operating temperature 550°C

5.3. Polymers for microinjection moulding

Materials already used by other authors in micemtpn studies, e.g. [57, 72, 92] were used in
this work. For assessing the effect of the cryisityi amorphous (PS) and semi-crystalline (PP
and POM) materials were chosen. The Moplen PP waplied by Lyondell Basell (The
Netherlands), the Polystyrol PS by BASF (Germaagy the Hostaform POM by Ticona-Europe
(Germany). The relevant properties of these madsesi@ listed in Table 5.8.

Table 5.8. General properties of the thermoplastics

Material Grade Density MVR Mould shrinkag Thermal Specific heat
[kg/m*]  [cm%10min] [%] conductivity [W/m.K [J/kg.K]
PP Moplen HP548R 905 31 1.8-20 0,202 1900
(estimated)
0,3-0,6
PS Polystyrol 145D 1046 15 (D955) 0,15 2300
POM Hostaform C27021 1410 24 18-19 0,155 2210
(1ISO 1133) '
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5.4. Rapid prototyping

Laser micro sintering has been used in microirgectboling [4]. The selection of the additive

process more suitable for a given tool dependshentype of materials to process. Metallic
powders suffer from limitations associated to thdimg mechanisms [93, 94], namely the surface
roughness. In this aspect stereolithography usahgmperic resins is a very precise method. Thus,
high-resolution stereolithography, and selectisetamelting of metal powders were selected for

manufacturing moulding blocks.

5.4.1. High-resolution stereolithography

The equipment used to produce the components Wisea SF by 3D Systems (Valencia, USA).

The main equipment features are summarized on Table

Table 5.9. System specifications of 3D SystemsNV§i2

Type Solid state Nd:YVO4
Laser Wavelength 354,7 nm
Power at vat 100 mW
Recoating system Process ZephyrTM recoating system
Beam diameter (standard) 0,250 +0,025 mm
Optical and scanning
Beam diameter (hi-res mode) 0,075 +0,015 mm
Vertical resolution 0,0025 mm
Platform Position repeatability 0,0076 mm
Build velocity 5m.s-1

The NanoForm components were outsourced at SIRRiSgglies, Belgium) and subjected to an
UV post-cure right after manufacturing. The mecbahand thermal properties are improved with

no significant variation on hardness, allowingdinng operations.

As shown in Table 5.6, material properties cantdeaaced by performing an additional post-cure
treatment. Since deviations are expected aftethbignal treatment, all correction operations were
postponed until a new dimensional analysis was opmdd. The thermal post-cure was

programmed according to SIRRIS recommendations,fdiipwing the temperature profile

depicted on Figure 5.10.
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Figure 5.10. Temperature profile for the thermaitprure of NanoForm 15120

The thermal treatment was performed in a furnacdeurcontrolled temperature, with the
components immersed in glass beads. This enabifessrarheating of the components, avoiding
hot spots that could promote warpage of the compsnepon relieving internal stresses.
Furthermore, according to the manufacturer daticiteases the glass transition and the heat
deflection temperatures, enabling its use on nigeation moulding.

5.4.2. Selective laser melting

The parts obtained by SLM of metals were outsoateBundacion Prodintec (Gijon, Spain). The
equipment used was an EOSINT M270, by EOS (Krgjili@ermany). The main features of the
equipment are summarized in Table 5.10.
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Table 5.10. System specifications of EOS EOSIVI270

Type Yb-Fibre laser
Laser
Power 200 W
Variable focus diameter 100 to 500 um
Optical Scan speed Upto 7,0 m.s
Precision optics F-theta-lens, high speed scanner
Layer thickness (material dependant) 20t0 100 um
Platform
Build velocity (material dependant) 2t020 m.s-1

The sintering process occurs at 80°C in nitrogemgphere at 0,15 kPa. Oxygen levels are kept

below 0,7% to prevent reaction with gases genededg processing and oxidation of the parts.

For the sintering, three parts were produced sanatusly and positioned so that the recoating
unit could not introduce any positioning error. Blacing the parts on a diagonal pattern and
rotating them by just 10° it is enough to prevéuet tecoating unit from colliding with all the parts

at the same time and, for each one of them, toleratsmooth recoating operation, from one

corner to the opposite one (Figure 5.11).

‘ Recoating
direction

Figure 5.11. Parts positioning for the selectivsetamelting process

The process performs an initial laser scan on libe sontour, to contain the sintering area of the
slice. Then, a hatch scan is performed inside dhe& using a hatch angle which is going to be
increased in every slice to prevent unwanted at@rt effects on mechanical properties and
dimensional variations. At the end of each slicppst-contouring scan for a final definition of the

sintered area on the slice is performed (Figur2)s.1
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Initial Hatch scanning Post
contour (angle increment)  contour

Figure 5.12. Processing phases used by the EOSMI®)

The parts were built on support pillars to faciktahe separation from the platform. Finishing
operations are required to remove the pillars andrisure overall dimensions and tolerances of

the sintered parts. Figure 5.13 shows two setsud$ gtill attached to the building platform.

Figure 5.13. Parts processed at the EOSINT M270

80



Experimental techniques and methods

5.5. Capillary rheometry

The preliminary evaluation of viscosity for all golers was carried out in a twin-bore
Rosand RH10 capillary rheometer from Malvern Insteats (Malvern, UK). The
determination of standard flow curves was carrienf 180°C to 250°C, covering the

range of processing temperatures used in the mjewtion tests.

The capillary rheometry tests were performed wit@@amm bore, using two dies: a)
16 mm long die for calculating the pressure drod &ip zero-length die for the entry

correction and Bagley procedure.

5.6. Microinjection moulding

The injection tests were performed on a microinpectnoulding cell based on a 129 kN
clamping force Boy 12 A injection moulding machiakeady described in Chapter 4,
Section 4.9.

5.6.1. Injection moulding program

The test planning considered the different mouldharks tested as well as the polymer
to be moulded. The setting of the processing camdit particularly concerning to the
melt temperature, mould temperature and the maximworking temperature of the
Nanoform 15120 resin was taken into account in ¢hee of the stereolithography
moulding blocks. For the metallic blocks, the tenapares were raised to enhance the

process performance.

The processing conditions used with the mouldingckd manufactured by subtractive

technologies are summarized on Table 5.11.
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Table 5.11. Processing conditions for the matetiaéxi on the MS00 moulding blocks

Melt temperature Mould temperature Injection pressure Holding pressure Flow rate

Material [°C] [°C] [MPa] [MPa] [cm®.sY

PP 230 80 6 3 123

é PS 240 60 12 0,2 154
= POM 200 95 10 0,2 154
PP 230 80 8 5 123

% PS 240 60 12 0,2 154
= POM 200 100 10 0,2 208

The processing conditions for the SLA Nanoform X5&Pe summarized in Table 5.12, referring
to the BAOOSLA blocks.

Table 5.12. Processing conditions for the matetiatsi on the BAOOSLA moulding blocks

Melt temperature Mould temperature Injection pressure Holding pressure Flow rate

Material [°C] [°C] [MPa] [MPa] [cm®.sY
< PP 240 50 4 2 v
= PS 240 60 12 0.2 154
5 POM 215 75 4 2 77
< PP 240 50 4 2 7
& PS 240 60 12 0,2 154
& POM 215 90 4 2 139
< PP 240 50 4 2 v
3 PS 240 60 12 0,2 154
5 POM 205 80 4 3 66

In the case of the SLM moulding blocks, due todimeilarity of thermal conductivity and thermal
expansion of the GP1 material to steel, the pratgsonditions were closer to those on Table
5.11. The processing conditions for the BAOOSLMcklare summarized in Tables 5.13.
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Table 5.14. Processing conditions for the matetiatsd on the BAOOSLM moulding blocks

Melt temperature Mould temperature Injection pressure Holding pressureFlow rate

Material [°C] [°C] [MPa] [MPa] [cm®.sY
s PP 240 70 6 5 231
g PS 240 60 12 0,2 154
& POM 215 100 6 2 231
= PP 240 70 6 5 231
g PS 240 60 12 0,2 154
5 POM 215 100 6 2 231
s PP 240 70 6 5 231
g PS 240 60 12 0,2 154
& POM 215 100 6 2 231

5.7. Characterization

The dimensions of the moulding blocks as well as nficrodetail dimensions required several
characterization operations to support this reseawork. This subtopic describes the

characterization methods used.

5.7.1. Microscopy

The assessment of the integrity of the mouldingkdpafter production or post-treatment
was performed by optical and hybrid microscopy. ©pé&cal microscopy analyses were
done with a Axiotech 100HD microscope from Carlsge{Gottingen, Germany) (Figure
5.14).

83



A study on the performance of microinjection moulds
obtained using additive manufacturing

Figure 5.14. Sample of optical microscopy obtainéth the Carl Zeiss Axiotech 100HD

The SLA blocks were examined with a VHX-500F hyhrigtroscopy system from Keyence (New
Jersey, USA). This equipment is capable of obtgitiigh resolution images, up to 2,11 Mpixels
through a CCD image sensor (Figure 5.15).

Figure 5.15. Sample of hybrid microscopy measuresneptained with the Keyence VHX-500F
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5.7.2. Roughness evaluation

The surface roughness evaluation of the mouldirngKksl was performed by contact and non-
contact solutions. For the contact tests, a perghenmMahr Marsurf M2 (Gottingen, Germany)
was used on the MS00 and BAOOSLM blocks, whose nahtenables a roughness contact

measurement without damaging the part. A typicaghmess profile is shown in Figure 5.16.
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Figure 5.16. Sample of roughness profile obtainit the Mahr Marsurf M2

For preserving the integrity of the BAOOSLA blocliswas used a non-contact solution for the
surface roughness evaluation and surface charzatieri. A laser perthometer Rodenstock
RM600-3D (Munich, Germany) was used. This equipmemables the full mapping of 3D
surfaces, based on the data acquired by an autaihatiocused infrared optic sensor. The data
was post-treated with the Gwyddfosoftware, which enables the improvement on thehjcal

representation of the surfaces’ topography (FiGui).

Figure 5.17. Sample of the 3D mapping of the serfalatained with the Rodenstock RM600-3D

5.7.3. SEM and X-ray spectroscopy

SEM scans were performed with a scanning electionostope FEG-SEM, Nova Nano SEM 200
(Hillsboro, USA). SEM scanning was used to obtagtaded images of the microfeatures on

BAOOSLA moulding blocks. The sample was attachedroaluminium pin with a double face
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tape. The SEM analysis was carried out at low vacwithout any coating of the samples and

using an acceleration tension of 5 keV (Figure .18

mode| WD
300 x| 10.0 kV |LVD | None [11.1 mm SEMAT/UM

Figure 5.18. Sample SEM images of the microdetditained with the Nova Nano SEM 200

The elemental analysis was carried out with a EDAfégrated X-ray microanalysis system to
perform elemental analysis by energy dispersivay)spectroscopy, using a Si(Li) detector (New
Jersey, USA). This elemental analysis was perfortoatetermine which material was present on
the SEM images. Elemental analysis occurred antrnal chamber pressure of 90 Pa with an
acceleration tension of 10 keV. An example of ammeintal analysis carried out on polymer

particle reveals traces of Nanoform resin and P&@Vshown in Figure 5.19.

Figure 5.19. Sample elemental analysis obtainek thi¢t EDAX X-ray analyser
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5.8. Numerical simulation

Mathematical modelling of phenomena enables easgssment of what is likely to happen to a
system or to a component limited by known boundamyditions when submitted to predictable
loads or thermal and flow fields. In which concemmscroinjection moulding, there is still
insufficient data for a precise prediction of pobmfilow at the microscale. Therefore, heat transfer
simulation is recommendable prior to the fillingsilation, in order to improve the results.

5.8.1. Heat transfer simulations

Heat transfer is one of the variables less knowtha@tmicroscale. It was already mentioned in
Chapter 3 that in microinjection moulding some dapa from conventional heat transfer models
should be reviewed at this scale. Thus, a simplen8ilel of an injection moulded bar was
considered to evaluate heat transfer. In the aisatyss assumed that filling of the cavity hastjus
ended and the analysis is focused on the heatférafiem the polymer to the cavity and core

materials.

Simulation model

The simulations were performed on Abaqus, release The 3D model for the heat transfer

simulation is depicted in Figure 5.20.

a) b)
Figure 5.20. 3D model of the heat transfer simatati
a) mould with highlight of the impression; b) simtibn mesh with 277245 nodes and 264000 elements
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This model consists of three elements: the impoeds#ied with melt, the cavity and the core. The
moulding is a thin parallelepiped of 16x4x0,3 mrattivas meshed so that at least 3 elements
exist through the thickness, which implies an agermesh size of 0,1 mm. The element DC3D8
type selected on Abaqus is an eight-node brick etg¢mable to support heat transfer through
convection and diffusion. The cavity and the correvalso meshed with this type of element.
These meshes were refined to match the impressidacs, leaving the corner volumes with a

coarse mesh size since the contact area betweleisdaitons is null.

The properties of the material can be input in gzant of the simulation volume, enabling the test
of various material combinations. The materialsdusehe simulations were EOS GP1, Nanoform
15120 and 1.2767 tool steel. The relevant propgedi¢hese materials are listed in Table 5.14.

Table 5.14. Thermal properties

Property
Material Thermal Conductivity Density Specific Heat
[W/m.K] [kg/m?] [3/m* K]
1.2767 tool steel 32 @293K (34 @423K) 7850 460
Nanoform 15120 * 0,307 @293K 1380 1582
EOS GP1 13 @293K (14 @373K) 7800 460
Hostaform C27021 0,155 @293K 1410 2210

* Material data supplied by supplied by SIRRIS @em)

Loads and boundary conditions

In this particular case, the loads are the impdseetperatures. Considering that only the cooling
phase is going to be analyzed at this point, thisulstion was prepared under the following

assumptions:

- The cavity has just been filled, so, the polymeitrhas suffered only the temperature
drop corresponding to the heat dissipated on theesgnd channels;

- The cavity and core sections are subject to aalnigéimperature of 90°C, a typical mould

temperature imposed in several injection tests;

« The outside air temperature is 25°C enabling timpésature drop.
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Heat transfer simulation planning

The goal of this heat transfer simulation is tabksh the magnitude of the heat flows verified in
each combination of materials. The following matkedombinations tested are shown in Table
5.15.

Table 5.15. Planning for the heat transfer simoiesi

Section Initial temperature Simulation 1 Simulat® Simulation 3 Simulation 4
Cavity 90°C 1.2767 Steel 1.2767 Steel 1.2767 SteeNanoform 15120
Moulding 180°C POM Hostaform C27021
Core 90°C 1.2767 Steel EOS GP1 Nanoform 15120 fdemnadl5120

5.8.2. Filling simulations

The software packages to simulate the injection |diog procedure are based on conventional
governing equations. Preliminary results (as reei¢im Chapter 2), showed that current software
packages cannot accurately predict the results haf microinjection procedure without

incorporating the effects of microscale phenomena.

The software Moldex 3D (Core-Tech, Taiwan) was usmdcomparing filling simulation of

various impressions with the pressure data obtdnoed the instrumented mould.

Simulation models

Considering the different cavities to be submittech filling simulation for comparison with the
experimental data obtained, two different spruefigarations were modeled for compatibility
both with the “MS00” and the “BA00” moulding block$) a double-gate sprue and 2) a single-
gate sprue, respectively (Figures 5.21 and 5.22).
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X

J 3

Figure 5.21. 3D model of the double gate runneduse  Figure 5.22. 3D model of the single gate runnedus
on the “MS00” moulding blocks on the “BA00” moulding blocks

For this particular type of simulation, Moldex 3Bcommends a three-dimensional hybrid type of
mesh, the Boundary Layer Mesh (BLM), incorporatmgmatic and tetrahedrical elements. This
mesh incorporates different topological elementsbéng the full description of the non-
continuous temperature distribution at both sidethe interface between the melt and the mould
[95].

Furthermore, all part models were meshed ensuhiagthe number of elements across the part
thickness was equal or above 5, causing the derrefi®lement size and consequently, the
increase of the number of elements. The examplstiited on Figure 5.23 shows a broken-out
section of the MS01 model mesh. In this particudsration, the part thickness at the base is
300um and the rib is 100m wide. Two layers of prismatic elements at theerfistce are

combined with tetrahedrical elements on the cdt@var the part.
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Figure 5.23. Broken-out section of the MS01 modesim
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Filling simulations planning

The performed numerical simulations were made uslireg processing conditions used in the
experimental program described in Section 5.5.2msh models incorporated two node sensors
on the exact location of the pressure sensorsddcah the mould impression, enabling the

comparison of pressure data from both sources.

From the range of moulding geometries tested welected three models considered as
representative for the numerical analysis, a) M®)IBAO2 and c) BA03. The filling simulation
planning for these models are described on Tati 5.

Table 5.16. Filling simulations planning

Mesh model Technology Filling Packing Warpage

MS01 Subtractive Yes Yes Yes
SLA

BA02 Yes Yes If relevant
SLM
SLA

BAO3 Yes Yes If relevant
SLM

91



A study on the performance of microinjection moulds
obtained using additive manufacturing

92



Results and discussion

Chapter 6 — Results and discussion

The experimental results of this research workr@veewed and analyzed in this chapter. Although
some preliminary conclusions were possible afteheaperiment, only the correlation between
results in different areas will provide the reqdirdata for final conclusions. The discussion
hereupon is organized into the following topics: @joduction of moulding blocks; b)

microinjection moulding; c) replicability; d) suda wear; and €) numerical simulation.

6.1. Moulding blocks

The technologies and equipments used for the matméaof the moulding blocks were described
on Chapter 5. Although it is relevant to comparmesthprocesses, the manufacturing approach of
each technology must be addressed separatelysgecdic features are not directly comparable.

Considering the processes that rely on a top-tebotapproach, in this case, micromilling,
microEDM and laser beam machining, there is an iapo limitation concerning feature size
since none of these processes is able to obtaid f@ature below 1Qm. From these processes,
micromilling and microEDM provide the best surfafieishing and microEDM achieves the
maximum aspect-ratio [19]. On laser beam machining,use of an optical tool enables higher
scanning speeds and expectably, higher materiadvaates. However, a compromise between

these parameters is required to improve surfacghfitg [96].

The key issue for processes whose manufacturingoaplp is bottom-to-top is the mechanical
behaviour of its products. The SLM process enathlesnanufacture of full density metal parts, its
products exhibiting good mechanical properties .[844terial improvements have enabled SL to
use photocurable resins with ceramic nanofillerantprove the mechanical properties of the
products [97]. Other parameters such as scanmaggy and laser power are conditioning factors
for surface finishing on the SLM process [98]. Camming the replication of the microdetails

addressed in work, high precision SLA is more efiecthan SLM.
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On an overall comparison between all these prosedbece key features arise, a) freeform

geometry, b) mechanical integrity of the produgisruuse and ¢) manufacturing time.

The capacity of producing a full freeform geomeisythe domain of rapid prototyping/rapid

manufacturing and specific alternative materialsstthe used to enable that capacity. However,
concerning the mechanical behaviour, only metaliimducts are able for long term use. Finally,
the flexibility of RPT shortens manufacturing timrethough some of the products may require

some post-processing operations.

6.1.1. Cavity geometries

The MS type geometries present a challenge comzethe manufacturing of the moulding blocks
and the success of microinjection. The MS01 (a) D2 (b) moulding blocks are shown on

Figure 6.1.

a) b)
Figure 6.1. Steel moulding blocks

From the manufacturing point of view, it is relevan determine if subtractive processes could
yield the intended geometries from a single blo€kmaterial, without using any inserts. The
aspect ratio of the rib features makes it intengséilso for microinjection considering that the rib
width is small enough to be considered as a thith-wkowever, the manufacturing approach
caused an additional problem in microinjection sia@r vents could only be created at the parting
plane and not on the top of the ribs, as it is commn conventional injection moulding. Filling
simulation will be performed, in order to determiifi¢he predicted polymer flow behaves as in
reality.
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The BA type geometries present several difficultexgarding manufacturing. The use of materials
with rather different mechanical properties reqiirgpecific processing conditions. This is
particularly true for the moulding blocks manufaetli by high precision stereolitography. On the
other hand, the surface finishing achieved by eaemufacturing technology along with its

replication on the moulded parts will cause addaidlifficulties during microinjection.

The aims of the BAO1 geometry are: a) from the rfecturing point of view, to determine if it

would be possible to build the pins; b) from thecmoinjection point of view, to determine the
capacity of filling the protrusions and c) from tmechanical integrity point of view, to determine
if the pins could withstand the effect of polymiewi (Figure 6.2).

Figure 6.2. BAO1 geometry

The BA02 geometry presents a challenge concerhmdjlting of the microfeatures that define the
logos. An additional challenge is imposed since/per must fill first the thin-walls that connect

the microfeatures. The mechanical behaviour ofntlbellding block microfeatures is also a issue,
especially in the case of Nanoform 15120 as a teerial (Figure 6.3).

Figure 6.3. BA02 geometry
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The BA0O3 geometry was designed to evaluate theviiminaof the moulding block upon ejection.
Such evaluation is certainly more relevant with B®ROOSLA blocks due to mechanical properties
of the SLA resin. In this case, the main issue tieghe surface finishing of the moulding block

and on how it affects the moulded parts (Figurg.6.4

Figure 6.4. BAO3 geometry

6.1.2. Steel moulding blocks

The MS01 moulding block has two cavities, each cmataining a longitudinal rib with different
aspect ratio: a) 10:1 for the rib manufactured ligromilling and b) 15:1 for the rib manufactured
by microEDM (see Table 5.1). However, a factor éoalscounted for is the draft angle of each rib

since the aspect ratio definition does not inclinda feature, which is relevant for mouldability.

The rib manufactured by micromilling has its walterfectly vertical. Contrarily, the rib
manufactured by microEDM has a small draft angiehls case, the existence of vertical walls on
the rib manufactured by micromilling benefited fransmaller aspect-ratio. The rib manufactured
by microEDM has the highest aspect-ratio and benéfom the existence of a draft angle to
enable ejection.

The steel moulding blocks group, manufactured frbi2767 tempered steel, are not likely to

suffer wear or abrasion in operation.

Like MS01, the MS02 moulding block has two caviti€ke first cavity features a longitudinal rib
manufactured by laser milling with aspect ratio of. Concerning mouldability, there is a
generous draft angle to enable a smooth ejecti@natipn. The second cavity has a similar base

but instead of a rib, it has a round protrusiorhvatthrough hole. Ejection problems may occur
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since the only draft angle exists inside the thiohgle. The outside wall of the round protrusion

is vertical, without any draft angle.

6.1.3. RPT moulding blocks

In this section, the preliminary evaluation of theoulding blocks manufactured by rapid
prototyping/tooling technologies such as SLA and/3& described.

SLA moulding blocks

The BAOOSLA group gathers the moulding blocks mantufred by high-precision
stereolithography. This group is particularly imsting since it provided excellent replication of
microdetails and a rather good surface finishingthia preliminary evaluation. However, the
combined effect of melt temperature, melt flow &jekction will certainly be relevant on a future
use of this type of moulding blocks. Consideringsih effects, less aggressive processing
parameters were used that could preserve the itytedithese moulding blocks. Figure 6.5 shows
the set of BAOOSLA moulding blocks, ready to becassled on the micromould.

Figure 6.5. BAOOSLA moulding blocks
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Preliminary dimensional analysis of the componshtsnved some dimensional or other geometric
variations that require further analysis afterttiermal post-cure.

The initial dimensional analyses were performechvah optical microscopy device Keyence
VHX-500F. The critical dimensions for assembly wemntrolled to determine the dimensional

compatibility with the support mould insert, congeg block external dimensions, ejector pin

holes diameter and location. An example of theimiehry dimensional analysis for the SLA

moulding blocks are shown on Figures 6.6 and 6.7.

ty

Figure 6.6. BAOlSLAouIding block, Figure 6.7. BAlSL mouldg bock,
top side (magnified 18) bottom side (magnified 20)

The metrology data of all BAOOSLA moulding blocke summarized in Table 6.1.

Table 6.1. Optical microscopy measurements of BA@0®oulding blocks (units in mm)

Dimension Nominal BAO01SLA BAO2SLA BAO3SLA

L 20,00 20,43 20,43 20,10

w 8,00 8,17 8,17 8,04

T 3,00 3,10 3,03 3,06

C 14,00 14,31 14,54 14,19

)] 1,49 1,50 1,47
1,50

@, 1,49 1,50 1,45

Concerning external dimensions, length (L), widi) (and thickness (T), all moulding blocks
show excess material that need to be removed genady with the support base. Ejector pin
holes, on the other hand, show some deviation &glyeconsidering their relative position. The
distance between the ejector pin holes (C) shoeldxXactly 14 mm but for all cases that distance
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shows deviations up to 3,85%. The ejector pin d@eeters (Pand @) however, are according

to the 3D model or even smaller, which requiresmaalk preliminary correction on the hole
diameters before assembling the ejector pins. After thermal treatment, no significant
dimensional deviations were noticed with respedhtonominal dimensions. Therefore, the same
observations made before are now also valid, cointgrassembly purposes and components
compatibility with ejector pins, especially the ésldiameter and the distance between centres.
The results of the metrology analysis performedratfte thermal post-cure are detailed in Table
6.2.

Table 6.2. Optical microscopy measurements of BA@0®oulding blocks after thermal post-cure

BAO1ISLA BAO2SLA BAO3SLA

Dimension Before After Variation Before After Vatiian Before After Variation

L 20,43 20,49 +0,29% 20,43 20,29 -0,69% 20,10 20,32+1,09%

W 8,17 8,20 +0,37% 8,17 8,15 -0,24% 8,04 8,16 +%,49
T 3,10 3,10 0% 3,03 3,02 -0,33% 3,06 3,02 -1,31%
Cc 14,31 14,32 +0,07% 14,54 14,42 -0,83% 14,19 14,32+0,92%

a, 1,49 1,50 +0,67% 1,50 1,50 0% 1,47 1,50 +2,04%
a, 1,49 1,49 0% 1,50 1,52 +1,33% 1,45 1,50 +3,45%

The BAOOSLA blocks built from Nanoforf 15120, even after the thermal post-cure, exhibit a
glass transition temperature of 80°C, which deteesithe decrease of processing temperatures to
enable the use of these materials in moulding Islo€kerefore, one of the goals in the initial tests

was to establish lower limits of the mould temperas.

The BAO1SLA moulding block consists on a serieshoée cylindrical/conical cavities with pins
inside, with different feature dimensions but sanilaspect-ratio, in order to mould annular
protrusions on the plastic part. However, ejecti@as not properly considered since the contact
area of these pingersusthe area of the ejection pins caused several gmubl The high contact
area between pins and moulded part may generatgletioction to cause damage.

The BAO2SLA moulding block features a series of 1idwide microdetails, depicting the logos
of the School of Engineering (from now on desigdadsSE logo) and the University of Minho

(from now on designated &Vl logo), both in high-relief and low-relief. The higelief and low-
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relief areas are connected through a thin wall tvinezjuired additional injection pressure to make
the polymer reach the outlet pressure sensor. Garsg the moulding block material, such

increase is likely to have damaging effects omtirodetails.

The BAO3SLA moulding block has a series of almastigal walls, meant to evaluate the ejection

effects on the moulding block. Basically, besides two protrusions where the ejector pins acts,
the cavity features two annular protrusions corattbly ribs, creating a high contact surface. The
part itself does not represent a challenge for amgection, however, the effects of ejection over

the Nanoform composite are still to be determiniedesthe results obtained so far with such

material indicate that the layer effect due to rinufacturing process and draft angle should be
optimized to enhance the moulding block performdacé

SLM moulding blocks

The BAOOSLM group includes the moulding blocks nfaotured by selective laser melting,
using the same 3D models. From this particular grolimoulding blocks and considering the
manufacturing process used to produce them, norntgmage is expected on the moulding
blocks. However, the surface finishing already fbam the preliminary characterization, allowed
the suspicion that the ejection procedure on theselding blocks would be rather problematic.
On a selective laser melting process, even theidgets fully attached, decreasing the surface
finishing of the part. In which concerns to micieittion processing, the material of these
moulding blocks supports the use of high melt ammiloh temperatures. The EOS GP1 exhibits
mechanical and thermal properties similar to stgislsteel, enabling processing parameters

similar to the ones previously used on the MS miagldhlocks.

6.1.4. Moulding block assessment

The moulding blocks were topographically assess#dré the microinjection tests to determine
initial conditions for future reference. Concernthg MS type moulding blocks in particular, there
are some surface roughness results that requéetiatt. On both moulding blocks micromilling

was used, so the surface finishing of both arearaevthe process was applied should be similar.

Nevertheless, the MS02 moulding block shows a mhiher surface roughness on the
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micromilled areas, which is somehow related torttiling strategy. As expected, microEDM and
micromilling show the best results while LBM showasly a reasonable surface finishing. Table

6.3 summarizes the surface roughness measurenefasnped on the MS moulding blocks.

Table 6.3. Preliminary roughness measurementseoM®itype moulding blocks

Average roughness Mean peak-to-valley  Max. roughness

Moulding block Cavity (Ra) height (Rz) height (Rmax)
microEDM 0,075um 0,59um 0,13um
MS01 s s s
microMilling 0,083um 0,69um 0,21um
LBM 0,588um 3,48um 3,82um
MS02 - - !
microMilling 0,221um 1,62um 1,85um

A optical microscopy analysis of these mouldingckkenabled the evaluation of rib radius and

width at the base, as shown on Figures 6.8 and 6.9.

4 e
Figure 6.8. Rib detail on the MS01 moulding block Figure 6.9. Rib detail on the MSO02 moulding block
manufactured by microEDM manufactured by microMilling

The BAOOSLA moulding blocks showed interesting tessconcerning surface finishing. Although
these roughness measurements were taken on tenlfaite of the cavity, where no layer effect
could be noticed, the surface finishing is onlys@ble despite the smooth appearance. Only the
BAO3SLA moulding block shows excellent surface gyallhe results are detailed on Table 6.4.
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Table 6.4. Preliminary roughness measurementsefBA00SLA-type” moulding blocks

Mean peak-to-valley height ~ Max. roughness height

Moulding block Average roughness (Ra) (R2) (Rmax)
BAO1SLA 0,645um 4,33um 4,89um
BAO2SLA 0,600um 3,83um 5,09um
BAO3SLA 0,193um 0,95um 1,03um

The microscopy analysis enables to determine tla¢e sbf the microdetails prior to the
microinjection tests. Figure 6.10 shows the dathithe smallest pin, Pin 1, built with an aspect
ratio of 3:1, 20Qum diameter at the base and 08 height. Figure 6.11 shows the high-relief and
the low-relief logos, where the high-relief is budlith microdetails of 12@m width by 200um
height.

Figure 6.10. Detail of the Pin 1 on the BAO1SLA Figure 6.11. Detail of the high-relief and lowieél
moulding block logos on the BAO2SLA moulding block

The BAOOSLM type moulding blocks showed the leameriesting results concerning surface
finishing, this being expectable. Neverthelesss ielevant to notice that the BAO3SLM moulding
block shows a quite interesting surface qualitymParing to the other two moulding blocks also
manufactured by SLM, the obvious difference conicgynprocessing is the laser scanning
strategy, which may have caused a poor surfacdtyjgaice both cavities have more details built
on them. Table 6.5 summarizes the surface roughmessurements performed on BAOOSLM
moulding blocks.
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Table 6.5. Preliminary roughness measurementseoBAYOSLM type moulding blocks

Mean peak-to-valley height ~ Max. roughness height

Moulding block Average roughness (Ra) (R2) (Rmax)
BAO1SLM 4,121um 19,3um 22,5um
BAO2SLM 5,083um 23,02um 45,3um
BAO3SLM 0,936um 4,61um 5,21um

The surface roughness results are confirmed bynibeoscopy analysis. Surface quality is in fact
poor, but, no polishing process was intentionabyf@grmed. The elevated edge effect due to the

SLM processing can be noticed on all edges [98hatised in Figures 6.12 and 6.13.

% ¥ éo\
B e . " A
Pin 3in BAO1SLM Figure 8.Detail of rib wall in BAO2SLM
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6.2. Microinjection moulding

This section refers to the microinjection mouldipgocedures, from thermoplastic materials
characterization through rheometry techniques,spiressensor position on the cavity, processing
parameters analysis, mouldability on the severalldiog blocks tested, cycle time and process

repeatability.

6.2.1. Polymer characterization

The thermoplastic materials used on this researeke wreliminarily characterized through
capillary rheometry. The flow curves obtained wiren compared to the rheological database for
the same thermoplastic materials from MoldexX®3®hich is the numerical tool selected for the
filling simulations.

Considering the range of dimensions that are thgestion this work, capillary rheometry was
chosen as the most representative of the type aingey that is going to be submitted to the
microinjection tests. The group of test materiddat twere subject to capillary rheometry was
already described in Chapter 5. The same procddurpreparing the analysis was used on all
materials. For each material it was defined a esfee temperature £J) and from that, additional
temperatures: J; — 40°C, T — 20°C, Tes + 20°C and E; + 40°C, that were used depending on the
width of the conventional processing temperatungeaof each material. The capillary rheometry
results for the PP Moplen HP548R are shown in Eiguil4 and Figure 6.15 shows the data for
the same material from the Moldex 3D database. iBegome initial instability at 220°C in
capillary rheometry, the polymer behaviour on bfitw curves is quite similar especially at
higher shear rates.

WFI(230,2 161=23 g1 Bmin PP Moplen HPS48R  LyondellBasell
3

Y

10! 10° 10° 10 10°
1e+1
ter 1e+2 1e+3 Te+d 1e+s Shear Rate [1isec]

" TC)
[ Ac1an
{81230
|2

—— 200°C
220°C
—— 240°C

W

2
?
&

scosity [a/(cm.sec) |

Viscosity [g/cm ]

Shear rate [s”]
Figure 6.14. Flow curves from capillary rheomety f Figure 6.15. Rheological data from Moldex 3D
PP Moplen HP548R database for PP Moplen HP548R

104



Results and discussion

For the PS Polystyrol 145D, the reference temperatised was 230°C and here also were
obtained two other temperatures, respectively,at+tT20°C and [k — 20°C. However, the 230°C
flow curve resulted too instable and it was negldciTherefore, only the 210°C and the 250°C
flow curves are shown in Figure 6.16. The comparigith the Moldex 38 data (Figure 6.17)
shows also similarities on the high shear rate,dreaever, the index of non-Newtonian flow is

higher on capillary rheometry since viscosity decayich faster with the increase of shear rate.
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Figure 6.16. Flow curves from capillary rheometwy f Figure 6.17. Rheological data from Moldex 3D
PS Polystyrol 145D database for PS Polystyrol 145D

Finally, for the POM Hostaform C27021, the refemrnemperature used was 200°C and three
additional characterization temperatures were usgd- 20°C, T + 20°C and E; + 40°C. The
resulting flow curves are depicted on Figure 6.48 there is some significant differences to the
Moldex 3D data for the same material (Figure 6.T8f flow curves from capillary rheometry do
not form a plateau at lower shear rates and tseeemuch sudden increase on the index of non-
Newtonian flow at higher shear rates. Such behauoay indicate an important trend for this

POM grade since it might slip at lower shear rates lower temperatures than the other materials

studied here.
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Figure 6.18. Flow curves from capillary rheometwy f Figure 6.19. Rheological data from Moldex 3D®
POM Hostaform C27021 database for POM Hostaform C27021
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6.2.2. Instrumentation

The sensors selection for the instrumentation setap conditioned by the existence of a data
acquisition unit from Priamus. Therefore, to endute compatibility, the pressure sensors were
acquired to the same manufacturer. This sensor hasansitivity of less then 2 pC.Bawhich
makes it quite suitable for high precision pressneasurement.

Considering the application to microinjection manfy it would require sensors as small as
possible. In this case, the smallest pressure senadable from Priamus has @1,8 mm, making it
possible to use on this application. These pressansors can also give some indications on
process repeatability by providing pressure infdiomainside the cavity. For the same processing
conditions, pressure curves are quite similar,catitig that the process is stable, concerning
times, pressure peaks and the format of both curiéisdata is compared with numerical
simulations. In this case, Figure 6.20 shows a samsgi of average curves for Hostaform C27021
with the BAO2SLA moulding block where two effectsncbe noticed. The first effect is the sudden
decay of pressure at the inlet pressure right afsconds, indicating the end of packing pressure.
The second effect is given by the higher valueutfed pressure at the end, indicating the absence
of air vents.

80 A - ® Time vs POM@90°C.Avrg.1
O  Time vs POM@90°C.Avrg.2

Pressure [MPa]

0,0 0,5 1,0 15 2,0 2,5

Time [s]

Figure 6.20. Sample pressure curves from the BA@2Sbulding block using Hostaform C27021
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The high sensitivity of these pressure sensors aBosed some difficulties during the
microinjection tests. Noise reduction would be ieggi to isolate the electrical signal from the
noise. In particular, the determination of the amstwhen the melt touched the sensor was quite
difficult and required detailed analysis of thega@re curves.

Concerning pressure data acquisition, all moulditacks were designed to have at least one
pressure sensor directly on the cavity. In the chgbe MS blocks, given the two gating solution,
one pressure sensor is directly located at theiqgiedddie location of a weld line. Figure 6.21 shows

the pressure sensors location at the cavitiesed #8801 and MS02 blocks.

Figure 6.21. Pressure sensors location at theiesiir the MS01 and MS02 moulding blocks

The evaluation of the process temperature wasdirtid the use of temperature sensors. However
the purpose of these is simply to control tempeeatat the moulding blocks and not the
temperature of the flowing polymer by itself. Theeuof such device would be highly
recommendable but commercial solutions are cugrénéxistent or unaffordable. The smallest
temperature sensor available is extremely reliabbléas @0,6 mm, but basically is a contact
sensor, which means that it reads temperatureeoimtérface mould/part. Concerning temperature
on microinjection, the core temperature of the pwy is quite significant as shown earlier on
Chapter 3. A solution for evaluating core tempeawatiould be the use of infrared thermal sensors,
although, the size (94,0 mm minimum) of the actoaimercial sensors available makes it
impossible to adopt since there is no suitabletiondor it, given the dimensions of the plastic
parts.
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6.2.3. Mouldability

In this section are summarized the problems onaimniction related to mouldability of the parts
along with the surface conditions provided by eattoulding block, considering the

manufacturing process involved.

Steel moulding blocks
The steel moulding block consist of vertical rilval gorotrusions whose aspect-ratio created some

problems on ejection. On the MS01 moulding blohk, ib manufactured by micromilling has the
same width at top and bottom, therefore, the daafjle is null. On the other hand, the rib
manufactured by microEDM has a draft angle per fleD,764°. Concerning conventional
injection moulding, such draft angle would be erfotay an adequate part ejection considering its
height. However, in this case, the draft angle atherib was clearly insufficient, especially
considering the few injection tests done with PiSe Triction between the plastic and cavity on the
central area rib often caused the parts to getkbibon the moulding block and the successfully
ejected parts were bent upon ejection. Another thet caused this problem is that, for
compatibility reasons, the ejector pins actuatesidatthe part and not on the part itself. Figure
6.22 shows the moulded parts on this moulding hlagkhe part injected with the POM and b) the
part injected with PP.

a)
Figure 6.22. Plastic parts obtained from the MS@Llating block
a) POM and b) PP

The moulded parts were then separated to analggdbmetry of the ribs. Figure 6.23 shows
details of the ribs moulded on POM, depicting sdittiag defects. In Figure 6.23a is shown the
end corner of the 150@m height rib, where a small unfilled area appeagsulting on a rounded
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corner. However, only a detailed analysis of theitgawould confirm if it is in fact a filling
defect. For the 1000m height rib, Figure 6.23b shows a similar defacttioe corner which is
consistent with a frozen melt front. At the basetlod rib, another unexpected defect appears

resulting on a small gap, which is a clear evideofcthe melt speed difference, at the base and
inside the rib.

a) b)
Figure 6.23. Rib analysis of the POM parts mouldiedhe MS01 moulding block

The same analysis was performed for the PP paotb. fibs exhibit a similar filling defect on the
end corner as shown in Figure 6.24. The 1n@theight rib (Figure 6.24a) illustrates as well som
irregularities on the top surface of the rib. Oe t000um height rib (Figure 6.24b), only the
unfilled area on the corner of the rib was notiteab

B s

a)
Figure 6.24. Rib analysis of the PP parts mouldethe MS01 moulding block

The filling defects present on the corner of thesridespite the injected material, are consistent
with the absence of air vents. Nevertheless, ailddtanalysis on the moulding blocks is

recommendable, although such analysis, given thecasatio of the rib cavities, would require
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the destruction of the blocks for a proper topohi@gharacterization. Like the MS01, the MS02
block has two cavities. The first cavity containagitudinal rib manufactured by laser milling.
Concerning mouldability, the rib dimensions resulta generous draft angle of 2,86°. The second
cavity has a similar base but instead of a rithas a round protrusion with a through hole.
Ejection problems occurred since the only draftl@mxists inside the through hole. The outside
wall of the round protrusion is normal to the basighout draft angle. Figure 6.25 shows the parts
obtained with the MS02 moulding block.

a
Fii}ure 6.25. Plastic parts obtained from the MS@2ldting block
The analysis of the 4Q@m high rib on the two materials showed that theeesmme anomalies at
the bottom of the rib cavity. In this particularsea the rib cavity was manufactured with laser
beam machining, whose surface finishing is cletirty worst of the subtractive processes tested
here. The POM part shows a small bump on the tdjae of the rib (Figure 6.26a). The same
defect appears on the PP part and another sigmegbdor surface finishing arises since a small

piece of material was trapped at the cavity dubeadebris (Figure 6.26b).

a) b)
Figure 6.27. Analysis of the 4Q0n height rib for the parts moulded on the MS02 rdimg block
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Concerning the surface finishing of the mouldingdl, both exhibited the lowest roughness,
enabling the ejection of the rib features despgitdrtaspect ratio. The major ejection problems
could have occurred on the rib manufactured byrlaeam machining, but this rib was designed

with the lowest aspect ratio.

SLA moulding blocks
The BAO1SLA moulding block enabled only a few irjen runs from which fully filled parts

resulted. The parts obtained with this mouldingckl@are shown on Figure 6.27. Due to the
fractured pins and the consequent damaging ofntluislding block, only the POM was tested.
Figure 6.27a shows a general view of the mouldetigral Figure 6.27b highlights the different

heights of the protrusions despite the warpagdtesgirom ejection.

b)

Figure 6.27. Plastic parts obtained from the BAOA®lock

All the few produced parts resulted in full-shogsabling the preliminary conclusion that the
geometry of this cavity was not the most diffictdtfill. Despite the existence of the protrusions
created by the pins, the typical wall thicknesshef part was kept constant. Figures 6.28 and 6.29
show the top face of the protrusions moulded byPtimel and Pin 2 cavities, respectively.
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Figure 6.28. General view of Pin 1 protrusion FégB.29. General view of Pin 2 protrusion

The top face of the protrusion generated by Psderfectly flat. On the other hand, the same face
on the protrusion of Pin 2 suggests that delanonatf resin layers has occurred. Another
important aspect is that the edges of Pin 1 primnusave been kept while on Pin 2 protrusion, the
edge was totally lost.

The plastic parts moulded with the BAO2SLA bloclgttb on POM and PP, show a high
replication level of the microfeatures. In facteavhe damages noticed on the previous topic were
well replicated on the plastic parts. General vidwhe plastic parts moulded in POM (a) and PP

(b) are shown on Figure 6.30.

b)
Figure 6.30. Plastic parts obtained from the BAOR®lock

This moulding block revealed some difficulties dlfing the cavity since the second half of the
part has a thickness of 1Qfh, which resulted in many short-shots with theiahisets of
processing parameters. Figure 6.31 shows flashimyigh the parting plane with both materials.

However, the increase of mould temperature playedngportant role despite the limitation
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imposed by the Nanoform 1512@, enabling the full filling of the cavity. Figureés31 to 6.34
show detailed views of the microfeatures replicateth the POM plastic parts.

Figure 6.31. Detail view of the low-relief UM logo Figure 6.32. Detail view of the low-relief SE loga
on POM (10x) POM (10x)

| 200pm

Figure 6.33. Detail view of the high-relief UM logo Figure 6.34. Detail view of the high-relief SE togn
on POM (10x) POM (10%)

This POM grade exhibits an excellent replicabilifymicrodetails, both on high and low-relief

areas of the part, even considering that some darhag occurred. Figure 6.32 shows the
replication of the fracture surface onto the ptagtirts. Another damage replication is shown in
Figure 6.34, on the almost closed area formed bywlls of theSElogo.

The parts injected with PP are depicted in Fig@&5 to 6.38, showing detailed views of the

microdetails.
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Figure 6.35. Detail view of the high-relief UM logo Figure 6.36. Detail view of the high-relief SE togn
on PP (1) PP (10x)
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Figure 6.37. Detail view of the low-relief UM logo Figure 6.38. Detail view of the low-relief SE logn PP
on PP(1&) (10x%)

The low-relief area of the part shows some probldoesto the damage suffered by the moulding
block, as detected already on the parts injectead ROM. In the high-relief area, théM logo
shows a reasonable replication level. The detaiiledd of the SElogo confirms that PP was the
material trapped inside the cavity, since trace®mf material appear here as well.

The BAO3SLA moulding block produced only one partldailed. That part was trapped inside
the cavity and the ejection system released om\etttiremities of the part. The contact area on the
core side for this moulding block is very large.nSimering the surface area of the cylindrical
walls as well as the surface area of the ribs tlhanect them, the friction forces are certainly
higher than the ejection force transmitted. Thetaja force is concentrated on the two ejector
pins which are clearly insufficient to remove thest [89].

The contact area between part and cavity, basedeasurements on the 3D model, is 131°mm
which is roughly more than 67% of the total surfacea of the part. Furthermore, the ejector pins
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area is very small (3,5 nfinand the ejection force is only applied at theenxities, as depicted
on Figure 6.39, which causes the part to bend vefetion takes place.

Figure 6.39. Ejector pins’ area (highlighted inagrgefor the BAO3SLA part

SLM moulding blocks
The surface quality of the BAOLSLM moulding bloakrdsees the predictable quality of their

plastic parts. The debris accumulated at the sairdiatnages the moulded parts upon ejection. The
details of the only part moulded in POM are showr-mures 6.40 and 6.41.

. 200pm

Figure 6.41. Detail view of Pin 1 moulded with POM Figure .42. Detail view of Pin 2 moulded with POM
on the BAO1SLM block (18) on the BAO1SLM block (18)

The parts moulded in PP show similar surface qudtibwever, the higher shrinkage exhibited by

this material caused damage during the ejectioogoiare (Figure 6.42 and 6.43).
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Figure 6.42. Detail view of Pin 1 with PP on the Figure 6.43. Detail view of Pin 2 with PP on the
BAO1SLM block (10x) BAO1SLM block (10x)

All plastic parts, regardless of the material usedre ejected manually, suffering damages and
fractures. Therefore, it was impossible to get cetepparts from the BAO1SLM moulding block
in order to obtain a trend on weight evolution.

The building problems on the manufacturing pro@esgerning microdetails made the BAO2SLM
moulding block just a reasonable replication tddgierefore, the quality of the moulded parts is
below the quality of the cavity itself, as shownkigures 6.44 and 6.45, when POM was injected.

Figure 6.44. Top view of the high-relief SE logo on Figure 6.45. Top view of the high-relief UM loga o

POM (10%) POM (10x)
The results obtained with PP are not much better the previous ones. The microdetails are now
more visible, indicating that the PP parts were ldamaged during ejection (Figure 6.46). As
suggested before, this material shows the highestkage, which in this case may have played an
important role. On Figure 6.47, there is an indiaple proof that PP was injected after the POM,

since a small remaining piece of POM is seen orPthgart.
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Figure 6.46. Top view of the high-relief SE logo on Figure 6.47. Top view f the high-relief UM loga o

PP (10) PP (10)
The parts obtained are consistent with the surfadighing of the BAO3SLM moulding block
shown previously. Therefore, all moulded parts wdesnaged upon the ejection procedure
disabling the possibility of a stable injection ogéon. The parts were fully filled, enabling the
acquisition of pressure curves. However, the caratgea of the part together with the poor surface
finishing resulted on seriously damaged parts, wilthwalls plucked away as shown in Figure
6.48.

Figure 6.48. Damaged parts obtained from the BAOB&toulding block
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6.2.4. Moulding repeatability

The repeatability of the microinjection processabftypes of moulding blocks used was assessed.
Processing conditions were stabilized enabling detideval concerning injection time and part
weight. Considering the difficulties noticed on thjection of the BAOOSLM parts, it was not
possible to establish a trend for the moulding tthu¢he reduced number of samples. On the
BAOOSLA moulding blocks there was also a limitednier of complete parts which causes the
sample to be insufficient to establish a trend. éttheless, all data is based on a minimum
sampling of 10 parts. Figure 6.49 shows the waigpersion for the MS01 moulding block using
PP Moplen HP548R.

0,0374

0,0372

0,0370 R T

0,0368

Weight [g]

10

0,0366

Samples

Figure 6.49. Weight sampling for the MS01 mouldirgck using PP

The data of average injection time and part wefghtall moulding blocks and thermoplastic

materials tested are detailed on Table 6.6.
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Table 6.6. Average injection time and part weight

. . . Average Injection . Weight Standard
Moulding block Injected Material Time [s] Average Weight [g] Deviation [g]
Hostaform C27021 1,08 0,0588 +0,0003
MS01 Moplen HP548R 0,33 0,0370 +0,0002
Polystyrol 145D 0,17 Not enough samples  Not en@aghples
Hostaform C27021 0,29 0,0577 +0,0005
MS02 Moplen HP548R 0,19 0,0344 +0,0002
Polystyrol 145D 0,17 Not enough samples  Not en@aghples
Hostaform C27021 0,21 Not enough samples  Not ensagiples
BAO1SLA
Moplen HP548R Not available Not available Not sahbié
Hostaform C27021 0,21 0,0211 +0,0005
BAO2SLA
Moplen HP548R 0,24 0,0150 +0,0001
Hostaform C27021 0,20 Not enough samples  Not ensagiples
BAO3SLA
Moplen HP548R Not available Not available Not sabié
Hostaform C27021 0,21 Not enough samples  Not ensagiples
BAO1SLM
Moplen HP548R 0,25 0,0297 40,0005
Hostaform C27021 0,19 Not enough samples  Not ensagiples
BA02SLM
Moplen HP548R 0,27 0,0147 +0,0003
Hostaform C27021 0,20 Not enough samples  Not ensagiples
BAO3SLM
Moplen HP548R 0,28 Not enough samples  Not enougiples

In the case of the MS moulding blocks, the PS Wwashly material that created difficulties on the
ejection. This polystyrene grade exhibits the |ldvetsinkage, compared to the other materials (as
in Table 5.8 of Chapter 5). This caused the mdtésidoe trapped in the cavity several times,
causing damage on the parts upon ejection.

Concerning the few moulded parts with BAO1SLA, #&swnot possible to establish a reliable trend.
Although it might not be representative, the POMuidings exhibited an average weight of
33,7 mg.

Despite the initial difficulties, the BAO2SLA moitild) block enabled full automation of the
process. The microfeatures of the part have a lgyect ratio and no major problems occurred
during ejection.

Concerning weight evolution in the case of the BBDRI moulding block, the POM parts were
very damaged and even fractured. Thus, no whols paare obtained to establish a trend on this
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parameter. The only set of whole parts, suitableestablish a trend on weight throughout
processing was obtained when moulding with PP.

In the case of the BAO3SLA, BAO1SLM and BAO3SLM nding blocks, only few injections
were possible since the thermoplastic material tweggped inside the cavity. Therefore, it was not

possible enough mouldings to establish a trend.

6.3. Moulding surface replication

The replicability of the moulding blocks surfacastbe plastic parts was assessed through optical

microscopy and scanning electron microscopy.

Concerning the replication of the cavity surfacetttd MSO1 moulding block, it is possible to
notice the eroded surface generated by the microfpbddess. Figure 6.50 shows the texture of
the 1500um height rib wall of the POM part. A detail of th@croEDMed surface obtained with
the same processing parameters is shown on Fighlte 6
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Figure 6.50. Replication of microEDM surface on to Figure 6.51. SEM micrograph detail of a sample
the rib of MSO1 moulding block with POM microEDMed steel surface

The surface texture of the 40 height rib of the MS02 moulding block (Figure B)%learly
shows the effect of the debris left on the cavitsface processed by laser beam machining on a
POM part (Figure 6.53). In fact, considering thatfee geometry, it is possible to believe that
surface finishing inside the rib cavity could beeewvorse since the evacuation of the expelled

particles may not have been effective [99].
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Figure 6.52. Replication of LBM surface on to tite r Figure 6.53. SEM micrograph detail of a sample
of MS02 moulding block with POM LBMed steel surface

In which concerns to the parts produced on the ®&idulding blocks, the surface finishing is
similar for all parts. These moulding blocks wemdduced at the same time under the same
processing parameters; therefore, surface qualigiso similar. The analysis of cavity surface
replication onto the part (Figure 6.54), the Pioa®ity at the BAOLSLA moulding block (Figure
6.55) shows a particular pattern that will be fartidiscussed when analyzing the structural
integrity of the moulding block. However, it is m#able that the bottom of the cavity is fully

replicated onto the top of the POM plastic feature.

SEMAT/UM

Figure 6.55. SEM micrograph detail of the
obtained with POM bottom of the Pin 3 cavity

Figure 6.54. Microscopy image of Pin 3

The surface analysis of the BAO2SLA moulding bl@stables the evaluation of the replicated
texture of plane surfaces and featured microdetgitpure 6.56 shows a low-relief detail of the

plastic parts making perceptible the surface qualgrovided by the high-precision

121



A study on the performance of microinjection moulds
obtained using additive manufacturing

stereolitography process. The SEM image depictdeigare 6.57 shows the correspondent high-
relief microdetail as well as the surface qualitytbe cavity itself.

Figure 6.55. Microscopy image of a low-relief .
microdetail on the POM plastic part microdetail on the SLA cavity

The final quality of the plastic parts producedtba SLM moulding blocks does not allow the
comparison between surface quality of the mouldilogk and the parts. However, it is possible
that the moulded material has replicated the catitface but ejection damaged it. Analyzing the
part feature (Figure 6.58) and the correspondevitycéFigure 6.59), it is almost impossible to

establish a relation concerning replication.
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Figure 6.58. Microscopy image of Pin 1 Figure 6.59. Microscopy image of the Pin 1 cavity o
moulded with PP the BAO1SLM block

Regarding to the BAO2SLM moulding block, the sarteasion occurs. Only the surface of the

part (Figure 6.60) is shown as a replication of ¢heity surface (Figure 6.61), since the surface
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quality is in both cases equally poor. The repiarabf the microdetails that form the UM logo is
quite bad, making it hard to make a plausible campa.

e
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Figure 6.59. Microscopy image of the high-reli#l Figure 6.60. Microscopy image of the low-relief itav
logo on the plastic part for theUM logo

6.4. Surface wear

The surface roughness of the MS01 moulding block esaluated prior to the microinjection
tests. Although it is not expected any wear of sheface, roughness measurements were made
before and after moulding to determine if the payrilow produced any significant change on the
moulding surfaces. The results are detailed oneT@i.

Table 6.7. Roughness measurements on the MS01 imgudkbck

Average roughness (Ra) Mean peak-to-valley h€ighy Max. roughness height (Rmax)

Cavity Before After Variation  Before After  Variatio Before After Variation
WEDM 0,075um 0,014um -81,3% 0,59m 0,11pm -81,4% 0,84m 0,13um -84,5%
uMiling  0,083pum 0,023um  -72,3%  0,69m 0,14um -79,7% 1,0gm 0,21ym  -80,2%

The results above show that a significant changsusface roughness occurs despite the excellent
surface finishing provided by the subtractive texbgies used. The average roughness (Ra) is
known to be less sensitive to surface topograpbwehver, it agrees with the variations of the Rz
and Rmax parameters.

The surface roughness of the MS02 moulding block &also evaluated prior to the microinjection
tests. The results, before and after the injectiom detailed on Table 6.8.
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Table 6.8. Roughness measurements on the MS02 imgudibck

Average roughness (Ra) Mean peak-to-valley h€ighy  Max. roughness height (Rmax)

Cavity Before After Variation  Before After Variatio Before After Variation

LBM 0,588um 0,485um -17,5%  3,48m 2,55um  -26,7%  3,82m 3,25um  -14,9%

uMiling  0,221pm  0,022um  -90,0%  1,62um 0,15um  -90,7%  1,8mm 0,17um  -90,8%

The surface roughness decrease on micromilledcasgfaccurs also on the MS02 moulding block.
However, the changes on the laser beam machinéaceuare much smaller, despite the initial
low surface finishing obtained, when compared vather subtractive technologies. While the
trend on surface roughness is similar on all patareefor the micromilled surface, the LBM
surface presents a significant variation of Rz Bnthx, indicating the presence of surface defects.
However, considering the nature of the micromartufirogy process used, such defects are likely
to appear, requiring a post-treatment to preveist shuation. Regardless of the manufacturing
process, the improvement of the surface finishihgath moulding blocks is certainly due to the
polymer flow and the high melt speeds imposed. @&lgh it may be possible, there is not enough
data to support the existence of an influencing feffect, namely wall-slip, that could cause this
change on surface roughness. These results hawepbesented in the conference Polymer and

Moulds Innovation 2010 (Ghent, Belgium). A copytioé paper is attached in Annex A5.

6.5. Structural integrity

The moulding blocks structural integrity was coesatl an issue especially in the case of the use
of SLA as a manufacturing technology. Despite thahoform 15120 having already been used
before for mould tooling purposes, its mechanigalpprties, although enhanced by the ceramic
nanoparticles, are still limited. Considering mexdito long production run, failure is likely to
appear due to the stresses imposed by injectiotdngy97].

After 5 injection cycles, the BAO1SLA moulding blogot damaged. The ejection phase was
often accomplished manually before the next injectiycle. During one of these procedures, the
bigger pins, Pins 2 and 3, got fractured, seriodsijaging the mould insert. Figure 6.61 shows
Pin 3 trapped on the part. More detail is showthenSEM image at Figure 6.63.
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Figure 6.62. Detail of Pin 3 (10x) showing the Figure .3. SEM image of Pin 3 trapped in the par
Nanoform 15120 pin inside the part showing its fracture surface

Although the fractured pin is already visible ore tmicroscopy image, the SEM image gives

additional information, namely a significant amooftracks at the bottom of this pin cavity.

An elemental analysis with the X-ray microanalyzemfirmed that the piece of material trapped

inside the plastic part was in fact a piece of Namo 15120. Figure 6.64 shows the result of the

spectroscopic analysis where carbon appears amdle constituent and silicate, denoting the

presence of the ceramic nanopatrticles.

CAEDS AnalisysiJOEL VASCO-DP}22-10-2009-EDSIPINO spc

Label A: PINO

Lo 200 3.00 400 500 6.00 o0 8.00 300 10.00 keV

Figure 6.64. Spectroscopic analysis of the trappaterial
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Considering the integrity of the moulding blockither SEM analyses were performed to check if
additional cracks appear in the cavity. Figure@&fd 6.66 show images obtained at the Pin 3

cavity.

F T E—
SEMAT/UM

Figure 6.64. Top view of the Pin 3 cavity Figur6% General view of the Pin 3 cavity

Cracks are visible in the two SEM images. The tgw\wlearly shows the fracture lines. At the
bottom, the cracks that were detected on the POMdimy are also visible here. On the general
view, cracks are also noticed on the side walla assult of the pressure applied on this cavity.
Another issue here is the absence of air ventsistdcation, causing the pressure increase of the
air trapped inside the impression.

Similar problems were also detected when analyttiegPin 2 cavity. This pin did not fracture at
the root, probably due to the manual interventionhie ejection process. Only nearly half of the
pin was fractured, as shown on Figures 6.67 arl 6.6

Figure 6.67. o view of Pin 2,
facture surface

N

Ing primary

VD | None |10.8 mi

Figure 6.66. General view of Pin 2 cavity
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A clear fracture surface is noticed in the two SHivhges. Figure 6.67 shows two fracture
surfaces, the primary one, shown in detail in Feggu68 and a smaller one, the secondary fracture
surface, on the opposite side of the pin (Figu®)%.Similarly to the Pin 3 cavity, cracks were

also detected at the bottom of the cavity andesitie wall (Figure 6.70).

a mode| WD | HFW
1.000 x| 10. D None [10.5 mm_ 298 ym

Figure 6.69. Top view of Pin 2, detailing the
secondary fracture surface

The first pin, Pin 1, was the most fragile inspifehaving the same aspect ratio as all others. It
seems that it supported the mechanical loads Hfdred some damage. Figures 6.71 and 6.72
show the fractured pin and cracks are visible atdide walls of the pin cavity and not at the
bottom face.

Figure 6.71. General view of Pin 1 cavity Figuré2 Bottom face of Pin 1 cavity

In Figure 6.71, at the top of Pin 1 a fracturedae appears, but the overall height of the pin is
kept. This fracture can be caused by delaminatfothe@ Nanoform 15120 resin. The moulding
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blocks from the BA series were built layer-wisettie vertical directioni.e., along the axis of the
pin. The polymer flow could be damaging enoughaose a fracture between layers of resin.
Other pressure effects can be observed at thdagtion. At the parting plane, the gate appears
well defined and undamaged (Figure 6.73). But atiibittom of the gate (Figure 6.74), cracks are
evident, showing that, even if the pins were keftdt, this moulding block would become

seriously damaged in the short term.

| 200pm

Figure 6.73. Gate detail of the BAO1SLA at the Figure 6.74. Gate detail of the BAO1SLA at the
parting plane (18) bottom of the gate (1¥)

Generally, the effect of the melt flow pressurensee¢o be present in all analyzed areas. With the
exception of Pin 1, where the bottom face is fidt, other faces are cracked. All pins were

designed with the same aspect-ratio and the highes, Pin 2 and Pin 3, have less material
underneath, as shown in Figure 6.75. Thereforis, jtossible to conclude that in this case, the

moulding block height should be higher to incredsestructural integrity of the moulding block.

Pin 3 Pin 2 i Pin 1

. iy

z ! ’z

1,20
1,80
2,40

Figure 6.75. Cross-section of the BAO1SLA mouldihack (dimensions in mm)
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The BAO2SLA block was designed to evaluate not dhky replication of microdetails on the
plastic parts but also the integrity of microfeagiof the cavity itself. In particular, the lowisdl
area of the plastic part replicates the high-refigfrofeatures of the cavity. These features may be
considered fragile despite their small aspect rédtedow 3:1) since they have a typical top width
of 100um and height of 30Qm (Figure 6.76).
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Figure 6.76. Cross-section of the BAO2SLA cavitd aetail of a microfeature (dimensions in mm)
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These features are located close to the gate sigdnmnakes them more exposed to polymer flow
effects. However, before these features, theretisnawall that protects the microfeatures from
being swept away by the polymer flow.

Optical microscopy enabled the detection of somaetfire surfaces in both logos, as shown in
Figures 6.77 and 6.78. However, it was not possiblkevaluate the height of the fracture surface

or even to determine a possible cause for it.
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Figure 6.77. Top view of high-relief SE logo at the Figure 6.78. Top view of high-relief VY] logo ateth
low-relief area of the part (20) low-relief area of the part (20)
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Further analyses were required to evaluate thesesdeable damages. Figure 6.79 shows the
preliminary topographic analysis made with the lgsthometer.
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Figure 6.79. General topographic analysis of th@B3LA cavity

Each logo on the low-relief area was then analyatiroughness measurements were carried out
on the entire cavity. Figures 6.80 and 6.81 shamwo surface topographies.

Figure 6.80. Topographic analysis of the high-felie Figure 6.81. Topographic analysis of the highefeli
SE logo UM logo

These topographic analyses showed that this mauldiock had already suffered serious damage
at this area. Some microfeatures were completelgiked away, which is more visible in the case

of the UM logo since the layout of these features creatdesed loop, therefore, imposing more
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resistance to polymer flow. At the next regionitip there is the high-relief area of the plastary

or the low-relief area of the cavity. Here, the rafeatures consist of through holes with similar
dimensions as in the previous logos. However, ikegrity of this region would be very different
since no protrusions exist. The same topographédysis was performed over this area and the

results are shown on Figures 6.82 and 6.83.
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Figure 6.82. Topographic analysis of the low-relief Figure 6.83. Topographic analysis of the low-ffelie
UM logo SE logo
From these topographic analyses, it is possibotwlude that the depth of the features was not
correctly replicated. Therefore, it is reasonablestispect that remains of polymer were trapped
within, filling the microfeatures. Additional SEMcans were performed to determine which walls
were in fact intact at the cavity of the mouldingdk. Figure 6.84 shows the general view of the

high-reliefSElogo and Figure 6.85 shows a detail of a fractuvati on the logo.

Figure 6.83. General view of the high-relief SEdog Figure 6.84. Detallrgiﬁevlyngflrsggured wall on thigh-
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In all features, fracture surfaces are visibleth& intact walls, however, layer-wise cracks ase al
visible that could be the source for this probldm.this logo, at least, three walls are intact
allowing the conclusion that they generated lesistance to the polymer flow.

On the high-reliefJM logo, as stated earlier, the walls form an alnatisted loop, imposing more
resistance to flow. As shown in Figure 6.86, fout of five walls are fractured. The fifth wall is
intact because it is oriented in the same direa®the polymer flow. Figure 6.86d shows oriented

fracture lines in the same direction of the polyfew.

F T E—

SEMAT/UM

Figure 6.86. Detail view of fractured walls on thigh-relief SE logo

Concerning the high-relief area of the part, or-l@hef of the cavity, the preliminary analysis
with the laser perthometer allowed the concluskai there is material trapped inside the cavities.
Figure 6.87 shows two of the cavities of the loliefeUM logo where vertical cracks are visible,

denoting that the melt pressure had an effect esetlieatures.
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Figure 6.87. Detail view of the cavities on the {oslief UM logo

In the case of th&Elogo, the same vertical cracks exist but themmaderial trapped inside the
cavities. The cavity details, shown in Figures 6a8®l 6.89, confirm the existence of foreign
material. The draft angle on these cavities is gare 3° per side, but it seems to be insufficient
for a proper ejection. In Figure 6.88, besidestthpped material, a residue is visible near thesedg
of the cavity. Considering that in Figure 6.89 limwn a piece of ripped material that probably
occurred on ejection, it is possible that suchdwesiis also a result of a ripped piece of plastics.

v WD | HFW
500 x| 10 None m Jone [21.5 mm | 597 pym Si

Figure 6.88. Detail (1) view of filled cavity wah Figure 6.89. Detail (2) view of filled
the low-relief SE logo low-relief SE logo

cavity wah the

Since this moulding block was used for the injetiad POM and PP, the X-ray microanalyzer was
used to determine which material was in fact predegures 6.90 to 6.91 show the results of the

spectroscopic analysis conducted on the low-r&lietbgo.
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Figure 6.90. Spectroscopic analysis of the particle Figure 6.91. Spectroscopic analysis of the residue
depicted on Figure 6.87 depicted on Figure 6.88

The elemental analysis of the particle illustravedFigure 6.90 reveals that its main constituents
are oxygen, carbon, silicate and aluminum, theegfivaces of both Nanoform 15120 and POM.
The elemental analysis of the residue shown inreigu89 is not conclusive since the dragged
material shown should belong to a polymeric maltéwia few traces of it were found.

The BAO3SLA moulding block became unusable after fitst injection test with POM because
the moulding was trapped inside the cavity. Thd peske at the middle zone and it is trapped

inside the cavity, as shown on Figure 6.92.

a)

Figure 6.92. Small piece of the plastic part trapipside the BAO3SLA cavity
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6.6. Numerical simulation

The simulations described in this topic include tiimg analyses with Moldex 3D R9.1 and the
heat transfer simulations with Abaqus 6.7 EF. That hransfer simulations are performed, not to
simulate the microinjection process, but to detaamihe effect of heat transfer in the thermal

performance of the moulding blocks.

6.6.1. Injection moulding simulation

In this particular case, the simulation of the micjection process with a numerical tool gives an
insight on polymer flow at the microscale. Envisggindustrial applications at the microscale,
this capacity is relevant for the optimization ebgess tools and the process itself, minimizing

costs and shortening development and operation[fio@.

Moulding cycle
The melt fill time, in the case of the cavity oetMS01 moulding block was in agreement with the

microinjection tests for all materials and procegstonditions imposed. Figure 6.92 shows a) the
melt front time and b) the shear rate for the PObstidform C27021. A copy of the Moldex 3D
simulation report with the MS01 moulding block tsaahed in Annex A2.

Moldex3D Moldex3D

rrrrrr Mt Front Time

Time = EOF

Figure 6.93. Numerical results for POM on the M&@dulding block
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Table 6.9 summarizes the information from all siations performed on the MS01 moulding
block geometry. Concerning shear rate, the highaktes appear at the gate area, as expected.

However, significant values occur also at the thadl near the end of filling.

Table 6.9. Simulation results analysis on the MB@ulding block

Melt front time Maximum shear rate
Material Mould Input value Numerical Value Location
temperature
PP 70°C 0,33s 0,331s 15,1%%d Gate
18,0x10 st Gate
0 3
PP 80°C 0,17 s 0,171s —95x10 S° Thin-wall
36,4x10 s? Gate
0, 3
POM 100°C 0,20 s 0,207 —20x1d < Thin-wall
PS 60°C 0,17 s 0,171s 19,180 Gate

The filling of the impression of the BA0O2SLM mouftdj block was also in agreement with the
microinjection tests for all materials and procegsconditions. Figure 6.94 shows a) the melt
front time and b) the shear rate for the PP Mopl®®48R. The presence of several thin-walled
sections caused a significant increase on the shigrup to 7,3xf%". A study including this

part as a case-study was presented on tfleMReting of Polymer Processing Society (Banff,

Canada). A copy of the paper is attached in Annéx A
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Figure 6.94. Numerical results for PP on the BAORIShoulding block

Table 6.10 summarizes the information from all datians performed on the BAO2SLM
moulding block geometry. Shear rate reached siganifi values for all materials. In all cases, this
increase was found on the thin-walled sectionk@btse of the moulding.
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Table 6.10. Simulation results analysis on the B&O? moulding block

Melt front time Maximum shear rate
Material terl:lﬂr?:rlgture Input value Numerical value ocation
1
PP 70°C 0,20s 0,201s 7.,368:113 §1 Th(isrf\t/\‘/aall
POM 100°C 0,25s 0,270 s ?%é’fllg 511 Thﬁ]e-l\t/\(/eall
POM 110°C 0,19s 0,209 s ﬁgf:fg Ssll Th(i;rf\tl\(/aall

The filling of the impression of the BAO3SLM moutdj block also agreed with the microinjection
tests Again, using the data from the microinjectiests, the cavity filling was predicted correctly.
Figure 6.95 shows a) the melt front time and b)sthear rate for the PP grade Moplen HP548R.

Moldex3D Moldex3D

Fillng_Melt Front Timo. Fillng_Shear Rato.
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Figure 6.95. Numerical results for PP on the BAOBIShoulding block
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Table 6.11 summarizes the information from all datians with the BAO3SLM moulding block
geometry. The part has a typical thickness of 800 therefore, it is not predictable that the
geometry might origin a shear rate increase. Adiditi processing conditions for the PP were
tested on Moldex 3D according to the experimenti@romjection tests, resulting on parameter
Sets 1 to 7. Fill time was correctly predicted ilh situations despite the variations on the
processing conditions. As expected, the higheremhf shear rate were verified when injection
speed and injection pressure were pushed up, whiclirred on the simulations that used
processing parameters Sets 4 and 6).
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Table 6.11. Simulation results analysis on the B&0@ moulding block

Melt front time

Maximum shear rate

Injection

Material Flow rate pressure Input value Numerical Value Location
POM 231cms! 60 MPa 0,20 s 0,204 s 48,2813 Gate
PPSetl 231chs® 60MPa 0,27 s 0,271s 85,1813 Gate
PPSet2 108chs® 80 MPa 0,30s 0,301s 76,6 %K} Gate
PP Set3 108 chs® 100 MPa 0,32s 0,321s 71,8213 Gate
1 92,0x1d s? Gate
PPSet4 123chs’ 120 MPa 025s 0251s —— oo e Base
PP Set5 46chs® 120 MPa 052s 0,522s 44,1380 Gate
a1 22,4x10 st Gate
PPSet6 277 chs® 120 MPa 0,09s 0090s —Zge ~ger Base
1 66,3x10 s? Gate
PPSet7 277chs’ 30 MPa 015s 0153s ——goaeT Base

Filling

The ribs of the MS01 geometry are the only featwbgch require some analysis concerning
filling. Despite the obvious difficulty, the rib e#ies were filled without major problems.

Nevertheless, some filing defects detected on rfmulded parts showed some differences
comparing to the numerical results. The rib corr@oser to the gate are easily filled, but the
simulation shows the presence of air traps in lmthtions. At the opposite side, the rib corners
are also filled but the melt front profile of th©® grade (Figure 6.96) exhibits some differences,

considering the assessment of the moulded padassisd previously in Section 6.2.3.

Moldex3D

Fillng_Melt Front Time.
10 1 [sec)
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7 AL00% (0207 se0) (Enhanced Solve), Ep=459,139 £6=0 Em=0 HedBLli=
o

~ B
w1 Posweon oo
5108 37) 1201098 2010

a)

Figure 6.96. Numerical filling results for POM dretMS01 geometry
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The BA02 geometry has several microfeatures whithg capacity should be assessed. In this
case, the second half of the part consists ofvtlailfs which make this geometry the most difficult
to fill [85]. The filling simulation enabled a ddéd analysis of each microfeature, but no filling
problems were detected except for the existenardfaps on the last areas to fill. Figure 6.97
shows two sequences of filling for the PP gradegtdhe high-relief UM logo and b) at the high-
relief SE logo.

Moldex3D Moldex3D

Fillng_Melt Front Timo. Fillng_Melt Front Time
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Figure 6.97. Numerical results for PP on the BAORShoulding block

The BAO3 geometry has no details that could beidensd as difficult to fill. Considering the
overall part dimensions, wall thickness is largewgh to enable full filling of the impression
without problems. The only issue is the formatiériveo weld-lines at the annular protrusions, as
shown in Figure 6.98. Consequently, the mould teaipee should be increased to prevent the

local weakening of the moulding [101].

Moldex3D

Fillng_Weld Line
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Time - EOF
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Bt
s vot0m7 1932081008 2070 %

Figure 6.98. Numerical results for PP on the BAOBIShoulding block
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Temperature
The analysis of the maximum temperature on the M§imetry enables the conclusion that the

viscous heating affected all materials, since tive ¢temperature was significantly higher than the
melt temperature. Figure 6.99a shows the partiarkas where skin temperature raised above the
processing temperature. The core temperature atiikearea is shown in Figure 6.99b where
different temperature profiles are noticeable.
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a) b)
Figure 6.99. Filling temperature simulation for P@&Iing the MS01 moulding block

The temperature rise due to the viscous heatingcteippears on the maximum melt front
temperature with gains of approximately 20°C onrgvsimulation. The results from all

simulations are summarized in Table 6.12.

Table 6.12. Simulation results analysis on the M@®@1lding block

Maximum temperature

Simulation Input value Core Melt front
PP@70°C 230°C 300,11°C 247,60°C
PP@80°C 230°C 318,55°C 253,09°C
POM@100°C 200°C 267,13°C 226,80°C
PS@60°C 230°C 308,32°C 251,46°C

As noticed previously, the thin-walled sectionstbae BA02 geometry caused relevant effects on
shear rate and therefore, on melt core temperasirgell. Analyzing the second half of the part
length it is possible to notice that the PP tempeeais predicted to increase locally above 300°C
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due to viscous heating and that shear rate reactess closer to 600 000.sThe criticalness of

that temperature can be evaluated comparing the speleds measured experimentally and
numerically. Moldex 3D results showed filling dispancies compared to experimental results
when using the same processing conditions. In timeenical simulation, the impression was only
fully filled upon the application of packing pressuThe last simulation comprehends an attempt
to optimize the process by increasing mould andt merhperatures. The skin a) and core

temperature b) are shown on Figure 6.100.

Moldex3D Moldex3D
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Figure 6.100. Numerical temperature results fooREhe BA02SLM moulding block

The viscous heating effect is much more evident wWits geometry, since the base of the second
half of the part is a 100m thick wall. The temperature rise for PP at thét finent and core were
significant, as shown on Table 6.13. On the otrerdh POM behaved quite differently. This
material show lower temperature rise and the imgreaf the mould temperature enabled the

decrease of maximum temperatures, both at skircared

Table 6.13. Simulation results analysis on the BROZ moulding block

Maximum temperature

Simulation Input value Core Melt front

PP@70°C 240°C 378,87°C 324,99°C
POM@100°C 215°C 273,47°C 261,60°C
POM@110°C 220°C 268,41°C 252,52°C
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The BAO3 geometry consists on several features avitypical thickness of 30@m. Once again,
the viscous heating effect can be noticed, althpugfh a different magnitude. However, it is now
possible to observe significant differences betwsidn and core temperature, since the typical
wall thickness is large enough for such differetmebe noticed. Figure 6.101 shows the skin
temperature a) and the core temperature b). Amadyttie middle rib, it is noticeable that the
temperature difference achieves more than 40°C32®am thick wall.
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Figure 6.100. Numerical temperature results fooRfhe BAO3SLM moulding block

The data from all simulations is summarized in €all14 and it shows the differences between
the processing temperature, the core temperatutethen melt front temperature. For the POM
grade, the mould temperature was kept at 100°CPPothe mould temperature was kept at 70°C.
In both cases, the temperature difference betwkienasd core is increased with a lower mould

temperature or with the increase of flow rate anjédtion pressure imposed on Parameter Set 6.

Table 6.14. Simulation results analysis on the BRO@ moulding block

Maximum temperature

Simulation Input value Core Melt front
POM 215°C 273,81°C 240,77°C
PP Set 1 260,10°C 251,46°C
PP Set 2 259,02°C 250,44°C
PP Set 3 259,95°C 249,91°C
PP Set 4 240°C 261,04°C 252,13°C
PP Set 5 254,48°C 246,18°C
PP Set 6 283,56°C 265,82°C
PP Set 7 260,29°C 252,27°C
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Pressure
The use of pressure sensors on the mould enabéedaimparison between experimental and

numerical results. The results for both pressuta da the MS01 geometry are shown in Figure
6.102a. The pressure at the end of filling phastdsvn in Figure 6.102b for the POM Hostaform
C27021.
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Figure 6.102. Numerical results for POM on the M&tdulding block

As depicted on Figure 6.102a, the inlet pressuré¢he simulation shows a peak completely
different from the experimental. This may be du¢hinlet sensor location on the runner and not
on the part itself. The same occurs in the simutatcausing the sensor node to be located on a
runner-type mesh instead of a part-type mesh, wiety have caused a peak with such
magnitude. A similar situation occurred in all atkanulations and therefore, the inlet signal from
the simulation was discarded.

The pressure results obtained on the numerical Iatron for all materials and processing
conditions are summarized in Table 6.15.

Table 6.15. Numerical pressure results analysthemMS01 moulding block

Maximum outlet sensor

pressure [MPa] Maximum numerical pressure [MPa] Time span betwesssrs

Simulation Experimental Numerical End of filing  &wf packing Experimental  Numerical
PP@70°C 36,33 107,23 106,81 113,50 35ms 10,2 ms
PP@80°C 40,82 123,28 120,56 128,42 40 ms 5,36 ms
POM 46,39 106,46 117,39 126,39 45 ms 11,6 ms
PS 25,59 120,21 117,80 126,63 40 ms 5,37 ms
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Comparing the pressure peaks on the outlet semsouch higher value results from the numerical
simulation. The same occurs for the maximum pressirthe end of the filling and packing
phases. All numerical pressure values are muchehighan those measured experimentally.
However, analyzing the last two columns in Tabl&56.t is possible to observe that the melt
speed is also rather different. Considering thé batween the two sensors, it is not possible to
perform an accurate speed measurement, althoigghassible to conclude that the flow regime is
quite different on simulation. This fact may alsantribute to explain the pressure peaks on the
simulations.

Figure 6.103 shows the simulation for the PP with BAO2 geometry concerning a) the pressure
at the end of filling phase and b) the pressurthatend of packing phase. The end of packing
shows some interesting results. The part has deatenapt section variations, increasing pressure
drop and causing packing to be ineffective at thé ef the part. Considering the volume part
compared with the overall volume, the pressurecbadver to was set to 99,8% of filled volume

to prevent the packing pressure from acting tom $202].

Moldex3D Moldex3D

Figure 6.103. Pressure numerical results for PBi@emBA02SLM moulding block

The comparison of experimental and numerical valoethe PP grade on Figure 6.104 shows that
the two sets of curves are different. Contrarilye POM grade exhibited a similar behaviour

(Figure 6.105), especially considering the prespeaks that are similar.
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Figure 6.104. Comparison between pressure Figure 6.105. Comparison between pressure
experimental and numerical results for the PP grade experimental and numerical results for the POM
on the BAO2SLM moulding block grade on the BAO2SLM moulding block

These curves enable the comparison of the expetaingme span between sensors with the same
value estimated on the numerical simulation. By imgkhis comparison, it is possible to foresee
if shear rate reaches in fact critical values timatld promote a flow regime change. These results

obtained on the numerical simulation for all matksriand processing conditions are summarized
on Table 6.16.

Table 6.16. Numerical pressure results analystheBA02SLM moulding block

Maximum sensor pressure [MPal Maximum numerical Time span between sensors /
P pressure [MPa] Average speed
. . Experimental Numerical End of End of Experimental Numerical
Simulation

Inlet Outlet Inlet  Outlet filling packing Time Speed  Time Speed
PP@70°C 76,37 72,36 194,78 192,68 188,17 18740 ms2 045m3d 0,95ms ~9m3d

POM@100°C 69,55 37,57 91,02 2586 113,01 0,0 15M60 m.8 6,72ms ~1,3m5
POM@110°C 64,26 762 76,10 19,69 94,42 0,0 25m86 18,8 9,10ms ~1md

The simulation pressure data for POM, despite theioos differences, are closer to the
experimental values than those obtained for PPsi@ering pressure at the end of packing, the
POM simulations show a null value as in the expental tests, noticing that packing time was
too long for this application. On the same paramdé® exhibits a different behaviour at the end
of the packing phase. Although numerical simulatwadicts a much higher value at the inlet

sensor, the outlet signal, both experimental armderical, seems to converge to a value close to
20 MPa.
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These two materials show excellent ability for roiojection since they exhibit easy flow
capacity, achieving high melt speeds with good icafibn of microdetails. However, the
simulation of average melt speed is completelyeddifit than the experimental data, allowing the
conclusion that the shear rates calculated in thmemical simulation are not as critical as they
seem to be.

The simulation results for the BAO3 geometry foe AP Moplen HP548R are shown in Figure
6.106 concerning a) the pressure at the end dafidilbhase and b) the pressure at the end of
packing phase. In this case, the geometry is essiéil and enabled a more effective packing

phase.

Moldex3D Moldex3D

Figure 6.106. Pressure numerical results for PBemBA03SLM moulding block

The comparison between experimental data and dimdafor this moulding block showed
similar results. Despite the different pressurefilg® Moldex 3D has predicted comparable
values. Figure 6.107 illustrates the comparisoexgierimental and numerical values for the POM
grade where the pressure peak values for thesaletor are quite similar. The pressure decay on
both simulation curves is much faster than in tgaliowever, the trend leads to values similar
experimental. The PP grade exhibited also soméasitiés with simulation curves (Figure 6.108).
The pressure peaks are similar, at the inlet artleabulet, but the pressure decay has different
profiles. Nevertheless, the decay on the inlet @edses not reach zero, which also occurred on
the simulation, although with a much higher valllbe pressure decay on the outlet sensor has
also a different profile, but its trend is identita the experimental profile, which is stabilized
slightly below 40 MPa.
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Figure 6.107. Comparison between pressure Figure 6.108. Comparison between pressure
experimental and numerical results for the POM experimental and numerical results for the PP grade
grade on the BAO3SLM moulding block on the BAO3SLM moulding block on Set 6

All other parameter sets for PP (Parameter Satsbland Set 7) resulted in significant differences
between the experimental pressure curves and timenzal ones. In all cases, the pressure data
predicted numerically were always lower than thpeginental. Furthermore, the profile of the
curves, especially the geometry of the pressur& ped pressure decay were different, although
keeping a similar trend. The results obtained a@nrbimerical simulation for all materials and

processing conditions are summarized on Table 6.17.

Table 6.17. Numerical pressure results analystheBA03SLM moulding block

Maximum sensor pressure [MPa] Maximum numerical Time span between sensors /
pressure [MPa] Average speed
Simulation Experimental Numerical End of End of Experimental Numerical
Inlet  Outlet Inlet Outlet filing  packing Time  Speed Time Speed
POM 77,83 7471 8184 7533 7222 1533 10ms @8 435ms ~2m3}

PP Set 1 7297 52,47 50,74 49,06 28,97 31,81  20Mm45m.§ 3,59ms ~25mk
PP Set 2 105,41 51,44 33,22 3185 27,48 10,33 15080 m.8 3,37ms ~2,7m%
PP Set 3 118,38 66,60 36,13 33,40 26,62 14,84 15080 m.8 4,24ms ~2,1mk

PPSet4 107,82 5857 4524 4353 30,25 2557 1580 m.8 3,29ms ~2,7m5
PPSet5 111,64 56,61 29,83 26,14 21,81 5,72 256036 m.§" 6,89ms ~1,3m5
PPSet6 113,45 93,56 97,44 96,60 55,18 81,55 5m80m.g 1,21ms ~7,4m5
PP Set 7 47,78 4295 2890 26,40 26,04 0,00 10 @0 .s" 3,33ms ~2,7m5

Considering the pressure peaks at the sensorse Babl confirms that the greater similarities

between experimental and numerical values appetreirPOM simulations and also in the PP
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simulation, using Parameter Set 6. All other simoles show great discrepancies on pressure peak
values. In which concerns to the average melt spestdie the cavity, other significant differences
arise, since numerical simulation predicts melt esise much higher than those measured

experimentally.

6.6.2. Heat transfer simulation

The heat transfer simulations were prepared touatalthe magnitude of the heat flux under
transient conditions on moulding blocks for micjegtion. Therefore, a simple impression was
generated using a sample part consisting of afélaiture with approximate dimensions of the base
of the BAO1 and BAOQ3 type parts. For that purp@sjmple mesh model was generated and a
transient analysis was defined on Abaqus 6.7 Egtaiafy this phenomenon, as described earlier

in Chapter 5.

Heat transfer on elements of the moulding blocks
The first simulation was carried out, using the eamaterial in the core and the cavitg. steel

1.2767 (Job 1), to establish a reference for futcoenparison with other material setups.
Analyzing the longitudinal cross-section of the rding block and considering the temperature
boundary conditions imposed, it can be noticed thatperature variations occurs mainly at
interfaces Steel/Air and Steel/POM,. Despite thifedince between the POM temperature —
180°C — and the outside air temperature, 25°Ce tlsano significant heat transfer on the moulding
block itself. Both moulding blocks were kept at ©®0°They have suffered a decrease on the
Steel/Air interface but only a slight temperaturerease is noticed at the Steel/POM interface.
The second simulation was carried out with the samaéerial setup as the microinjection tests
performed with the Nanoform 15210 moulding blocBsl( 2). Here also, the moulding blocks
were kept at 90°C due to the thermal limitation ésgd by the composite resin. The simulation

results for this material setup are shown on Figuié9.
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a) b)
Figure 6.109. Job 2 heat transfer simulation result
a) cross-section view of the moulding blocks; pdef cross-section view of cavity

This simulation uses a mixed material setup; heih@@uld be expectable to notice differences on
the thermal affected area due to the different aotidties. However, such effect is not easily
noticed. The composite resin is a much worse thermoaductor than steel and thus, an
asymmetric thermal profile would be expectableaadtof a symmetrical one. One of the reason
for this may be the short simulation time, but moétroinjection tests occurred much faster than
this. The other plausible reason is the low surfaceolume ratio of the part and the moulding
blocks. Although the part surfaces are set injtial 180°C, such thermal load is not enough to
promote a significant heat transfer on the moulditogk.

The third simulation was carried out using the sanaerial with the core and the cavityg.
Nanoform 15210 and it is designated as Job 3. Giverprevious results on Job 2, it is important
to analyze the importance of heat transfer on mogldlocks when both are made from less
conductive materials such as a composite resin. Siimelation results show similar thermal
profiles as in previous heat transfer simulatidteste, it would be expectable a symmetric thermal
profile, although, with a much lower magnitude thle one noticed on Job 1, using a Steel/Steel
combination. Also, the moulding blocks have suffieeedecrease at the Nanoform/Air interface

but only a slight temperature increase is notidgel@Nanoform/POM interface.

Heat transfer on nodes of the moulding blocks
The previous simulation results based on elememi® wot conclusive regarding the use of

alternative materials such as the composite resinofbrm 15210. In fact, the use of a less
conductive material did not resulted on a signifibapoorer heat transfer as expected. Therefore,
the heat transfer simulation for the Steel/lEOS GBfup was discarded. The EOS GP1 is
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equivalent to a stainless steel, which is less gotiek than a common steel but much more
conductive than the Nanoform 15210 resin, as shmwhable 5.15.

Since the previous heat transfer results showede ssmbiguity for all material setups, a nodal
temperature analysis was carried out to deterntiegedmperature variation on relevant nodes of
the mesh. The nodes selected for the temperatatgsenare located on the longitudinal section
cut and are shown in Figure 6.110. The nodes flacavity side are noted as “Ca” and the ones
from the core side are noted as “Co”, both follovsgdwo characters separated by a dot. The first
character indicates the node position at the iaterfbetween part and cavity/core. The second
character indicates the node position in the mésheans that the node is at the interface and the

value grows as the node is located further awan fitee interface.

Cavity side Cad 4 Caz4 cald
Ca3d 3 Ca2.3 Cal.3,
Ca3d 2 Ca? 2 Cal.?2,
Ca3 1 Cad 1 Cat1

Caddl Cad3l CadZl Codd

Cabdl Casil Casil Cahi

Parting plane — —
Co4 1 Co3.1 Co2.1 Col.1
Cod 2, Co3 Co2 2, Co1
Co43 Co33 Co23 Col3
. Codd Co34 Co24 Cold
Core side

Figure 6.110. Nodes selected for temperature aisalys

Preliminary node temperature analysis showed thaitarface nodes Cal.1, Ca2.1, Ca3.1, Ca4.1,
Cab5.1, Col.1, Co2.1 and Co3.1, except for the Caodde, suffered only a slight temperature
decrease while the correspondent level 2 nodes.2C@84h2.2, Ca3.2, Ca4.2, Ca5.2, Col.2, Co2.2
and Co3.2) have just suffered a slight temperaharease. Therefore, level 1 nodes are closer to
180°C and level 2 nodes are closer to 90°C. ihortant to notice that the distance between level
1 and level 2 nodes, except for the Ca3 nodesisis366um. Therefore, the mesh size can be
considered tight enough to observe changes on ntetaperature concerning materials

conductibility. However, for the same reason itugeless to compare nodal temperatures from
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level 1 and level 2 nodes on the same line. Levah@ 4 nodes are not significantly affected and
may be overlooked in this analysis.

The nodal temperatures extracted from Job 1 simulaesults showed the nodal temperature
variation on cavity level 1 nodes (Figure 6.1113cépt for the Ca4.1 node, the other nodes show
a temperature decrease. After 0,5 seconds, notiee glelected cavity interface nodes drops more
than 0,0125°C.

Cavity side nodes (level 1) | Material = Steel 1.2767 | Setup = Steel/Steel

1800000

179 9975

T 1793950 \

s
E

—Cal.1
—Ca31
—Cal 1
——Cah 1

5
=

E
2 1799925

179 9900

179 9875
0,000 0,050 0100 0,150 0200 0250 0300 0350 0,400 0450 0500
Time [s]

Figure 6.111. Nodal temperature variation for galdtzel 1 nodes

The Ca4.1 node shows the smaller temperature decfebowed by the Ca5.1 node, both located
near the parting plane. This interface, althougé ibrmed by a Steel/Steel combination may have
contributed to this thermal behaviour.

On the core side, this material setup showed simelsults. Nodal temperature decreased similarly
for Col.1, Co2.1 and Co03.1 nodes. On the level @espoboth on cavity and core, nodal
temperature increase is always below 0,9%. Levedd®s show even lower temperature increase
and finally, level 4 nodes are not thermally aféetat all by the heated polymer.

The nodal temperature analysis of the Job 2 reshtisvs the noticeable effect of material setup
(Figure 6.112). Cavity nodes belong to the lessdaotive material and so, the temperature
decrease is much smaller on the interface nodesl@aXCa4.1. The Ca5.1 node shows a higher

temperature decrease due to its contact with arbethductive material,e. Steel.
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Cavity side nodes (level 1) | Material = | Setup =

180,0000 -

1799975

vl

179,9950 -
£ ——Cal1

—Cal1
—Cak.1
—Caa.1

Temperature [

1799925

179 9900

179 9675
0,000 0,050 0,100 0150 0200 0,250 0,300 0,350 0.400 0450 0500

Time [s]
Figure 6.112. Nodal temperature variation for galdtzel 1 nodes

On the core side, the behaviour is quite similathiet on the Job 1 nodal analysis. Co2.1 curve
overlaps the Col.1 curve and the corner node —1Ga3hows now a slightly higher decrease,
although it is not significant since it only dro@025°C, as previously noted.

The last nodal analysis, based on Job 3 resultsysthe effect of this all Nanoform setup on heat
transfer. The temperature drop is expected to Hacexl due to the thermal properties of the
material. Such fact is confirmed by the cavity Hodnmalysis depicted on Figure 6.113. The
temperature decrease is now below 0,001%. AftersQfhe Ca4.1l node shows the higher
temperature, followed by the Cal.l node. The commies, Ca3.1 and Ca5.1 show similar

decreases since the interface at the parting jgam@wv from the same material.

Cavity side nodes (level 1) | Material = Nanoform | Setup = Nanoform/Nanoform

180 0000

——Cal.1
—Ca3.1
—Cal 1
—Cah 1

1799930

Temperature [°C]

79,9980
0000 0,050 0,100 0150 0,200 0,250 0,300 0350 0,400 0450 0500

Time [s]

Figure 6.113. Nodal temperature variation for gakdtzel 1 nodes
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The nodal analysis on the core side followed thmestrend, keeping temperature decreases very
small.

A last set of heat transfer analysis was performastivated by the short simulation time imposed
initially, 0,5 s. Although this simulation time gesponds to field results, it was decided to
perform simulations with extended time to determifrtbe temperature decrease would be higher
and if heat transfer would be more effective or, miepending on the material setup. For that
purpose, 2 s were added to the simulation timeesponding to the most used packing time in the
microinjection tests. Therefore, the simulationdim now 2,5 s and initial time step was set to
5 ms.

Two simulations were prepared to evaluate the efféa longer simulation time: Jobs 1 and 3,
respectively for the material setups Steel/Sted| Manoform/Nanoform. These simulations were
repeated for the new simulation time. It is posstbl notice that no major differences occur on the
thermal behaviour. The interface walls are equdibated despite the different material
conductivities.

As expected, the longer simulation time resultedhagher temperature decrease on the two
material setups. Nevertheless, the Steel/Steebs#iill shows the highest temperature drop
(Figure 6.114).

Cavity & Core nodes (level 1) | Material = Steel 1.2767 | Setup = Steel/Steel | Time = 2,5 seconds

180,000

179990

179 980

Icl

= 179970 —Cal.1
2

Temperatu

179,960 —Co2.1

179 950

179940

179,930
0000 0500 1,000 1,500 2000 2500
Time [s]

Figure 6.114. Nodal temperature variation for gagitd core level 1 nodes for 1.2767 Steel

On the other hand, the Nanoform/Nanoform setup shbe lowest temperature after 2,5 s on the
Ca3.1 node with a temperature drop of 0,0061°QufEi§.115).
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Cavity&Core nodes (level 1) | Material = | Setup = | Time = 2,5 seconds

180,000

179999 \\
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Figure 6.115. Nodal temperature variation for gagitd core level 1 nodes for Nanoform 15210

The results of the heat transfer analysis hereopegd enabled the preliminary conclusion that
heat transfer on the moulding blocks was not sicgnit despite the different thermal properties of
the materials. Even a detailed analysis on meskesisdowed that the interface temperature is
highly influenced by the temperature of the hotwsiment. Therefore, the filling and packing

simulations performed with Moldex 3D can be considevalid for both material types.
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The opportunity of this research emerges from titerést gathered by microinjection in growing
sectors of application. Injection moulding as a snaplication process along with its flexibility
shows great potential for the production of micmponents and microsystems. Characterizing
the polymer flow at the microscale is a topic tell requires development. In this work the
microinjection tests conducted in microchannelsathin walls and filling of microdetails, both
experimentally and numerically enabled the gatlgeofhuseful data for integration on commercial
software packages. The micromouldings were pratflwgén a production cell based on a Boy
12A injection moulding machine capable of metenmith precision the small dosage volumes
required in microinjection moulding. The simulatiowere performed using the software Moldex

3D, adapting the mesh models and the heat traoséfficients to the process.

Micromilling, laser beam machining, microEDM, highecision stereolitography and selective

laser melting were the manufacturing technologssito produce the moulding blocks.

The results of this research suggest a numberrmigsions:

1. Considering the materials used, the moulding Kdoproduced by high precision
stereolitography were the most fragile, even cargig that they were built with

Nanoform 15120, a photocurable resin filled withareic nanopatrticles.
Other conclusions may be organised according téoll@ving topics
i) Assessment of the injection moulding flow at thenicroscale

2. ltis possible to state that the use of a migeaition moulding tool for rheometry purposes
provided the establishment of flow curves at highessures than the ones obtained on
traditional rheometry, enabling critical shear rditermination for each microchannel

used.

3. Atool for the quantitative evaluation of the olagical behaviour of polymer melts under
typical microinjection moulding conditions was dged. Unlike conventional capillary
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rheometry devices, this setup used microinjectimetess parameters, namely the injection
speed to obtain different shear rates, enablinglbiting of flow curves. Therefore, the
results could be easily applied onto the microitijgcprocess itself or on microinjection

simulation.

4. Wall slip as a microscale effect was detected thedcritical values of shear rate were
determined. Furthermore, the local wall slip velpevas calculated and compared to the
average melt velocity imposed on the process, teraéne its relevance to the flow
behaviour. It was noticed that the shifting betwé®n shear flow and plug flow is more
abrupt on the 400x1Q@m microchannel than in 200x2@@1 square microchannels, due
to the less favourable cross-section.

5. These results proved the validity of the expenitaleconcept and also suggested that the
heat transfer phenomena in ultrathin microinjectimouldings with a large surface

area/volume ratio play an important role.

6. The validity of the TTS principle at this scatealso questionable, allowing the conclusion

that heat transfer mathematical models will reqgfuiréher study.

i) Design and manufacturing of the research micromald

7. A specific moulding tool was enabling interchaaigle moulding blocks manufactured by
each technology being used. Such flexibility endbla preliminary study on
microrheometry since polymer flow at the microscsil requires further knowledge. The
moulding tool is equipped with two pressure sendoxsated strategically that were used

to evaluate pressure peaks, pressure drop, andpeslt.

8. Two microchannel cross sections, 200xgf0and 400x10@m, were tested to evaluate
critical shear rate values. This setup enabled rfmulding tool to operate as a
microrheometer, fully compatible with any industriajection equipment, enabling
polymer flow characterization on site. Howeveisitmportant to clear that this equipment
setup is not a microrheometer, but rather a vistemntbat replicates the flow conditions

in real flow situations, i.e., it is a process geal and simulator.

156



Conclusions

iil) Assessment of additive processes and mouldinggmetries

9. Two types of parts/moulding blocks were desighedvalidate the capacity of the
manufacturing technologies to operate at the miales The first type presented a
challenge concerning the aspect-ratio achievabledmh manufacturing technology. The
same challenge is also valid for microinjectioncsirthe filling of high aspect-ratio
microfeatures and thin-walls revealed some issudsese moulding blocks were
manufactured by micromilling, laser beam machirémgl microEDM. The challenge for
the second type was to manufacture the microdetailevaluate the moulding blocks
integrity after the microinjection tests and to leaée the moulding surface replication
onto the plastic parts. These moulding blocks we@nufactured by high-precision
stereolitography and selective laser melting.

10. Surface finishing arises as one of the mostifignt parameters, having great influence
in the injection process. Subtractive technologas capable of excellent surface
finishing, even if no post-processing is appliedn® wear was noticed on these moulding
blocks related to the debris left by the processeuwhnique, indicating that a polishing

process would be desirable.

11. The surface quality provided by additive techgas depended on the process. High-
precision stereolitography achieved a good sunfaaghness while selective laser melting
generated a poor surface quality. However, in witichcerns to material, selective laser
melting can use metallic powder with similar prdjgr as stainless steel, making its
products fully functional right after manufactuia. this case, a post-processing such as
shot-peening or electron beam polishing would bghllgi recommendable to enhance
surface quality. Nanoform 15120 besides the UV ,aurguired an additional thermal cure
to enhance the mechanical properties.

iv) Rheological characterization, flow and heat trassfer simulation

12. The filling simulation using Moldex 3D broughtditibnal knowledge to the experimental
work. In general, the filling simulations had siaril results as experimental tests,

concerning fill time and the full filling of cavis. Nevertheless, the comparison of

157



A study on the performance of microinjection moulds
obtained using additive manufacturing

13.

14.

15.

16.

17.

numerical data and experimental data concerningspre reveals several discrepancies

that need to be addressed.

Despite all the refinements imposed to the moukedhing and analysis setup, the pressure
peaks inside the impression were not similar ircafles. However, an important aspect is
that in the experimental work, larger piezoelectpessure sensors with physical
dimensions, namely the diameter, are used. Theymeseading on this type of sensors is
proportional to the area covered by the melt fraligabling the possibility of reading a
peak value directly. Therefore, the pressure repdimay differ naturally from

experimental to numerical.

For the parts incorporating thin walls, the pues values were quite similar, regarding to
pressure peaks and pressure profile along the nngutgcle. The analysis of the moulded
parts on thin rib walls revealed that melt fronbfpe is different on numerical analysis.

These parts appeared as fully filled and only arosicopic analysis enabled the detection

of those flow effects.

The heat transfer simulations with Abaqus erhitiie conclusion that heat transfer on the
moulding blocks is less important than the fill &nThe use of different materials with

different thermal conductivities is not significhnimportant on the injection phase.

A less conductive material like Nanoform carrdtber useful on the packing phase since
it delays melt cooling enabling packing pressurbdamore effective. On the other hand,
this delay makes cycle time longer which is cefyainndesirable on industrial

applications.

The heat transfer from the melt to the outside not significant since the moulding block
was heated up, as good microinjection practicesmetend.

Structural integrity of the moulding blocks

The microinjection tests performed using severglesy of moulding blocks, enabled the

comparison between the manufacturing techniques.

18.

The steel moulding blocks have not sustained damage; however, the micromilled
surfaces suffered some wear. The milling strateffysbme debris, noticeable on the SEM
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images, and polymer flow acted as a surface pobstimSuch effect would be also
expectable on the LBMed surfaces, since they eixtifi@ higher values of surface
roughness: this process is thermal-based and breutaser beam hardened a superficial
layer of material. The debris left on that areaimuprocessing became fully attached to

the surface and only a slight wear was detected.

vi) Microproduct assessment

The plastic parts were obtained from commerciatntiogplastic grades. Three materials were

selected, a) two semi-crystalline materials, papytene and polyoxymethylene and b) an

amorphous material, polystyrene.

19.

20.

21.

22.

Injection mouldings with PS revealed to be \difficult due to lowest shrinkage value of
this material combined with unsuitable draft angieghe cavities of the moulding blocks.

The semi-crystalline materials showed good flow ejedtion behaviour.

The microinjection tests with steel moulding di® showed that the selection of the
manufacturing technology is important to improve frerformance of the moulding tool.
The higher is the aspect-ratio of the feature; libter should be the surface finishing.
Therefore, if the geometry of the feature makes @st-processing operation inefficient,

the technology must achieve a suitable surfacdtgual

Manufacturing time must also be considered abdlance between these two factors or
even the integration of technologies to accompitsl geometry may be the adequate

approach.

The use of the SLA moulding blocks on microitigt was interesting in terms of the the
replication of microdetails and the overall goodface quality. However, some moulding
features were too demanding upon ejection. The drefles should be higher considering
the aspectratio and the contact surface. In somescthese ejection problems resulted on
damaged features or on permanently damaged mouitticls. Polymer flow also caused
damage to microdetails. The measured melt spettebde regions reached values close to
1 m.s' suggesting a drag force large enough to pluck theyfeatures that were not
oriented in the flow direction. Other damaged arappear on the gate area of the
moulding blocks, especially when high pressure eslwere required to obtain a fully
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23.

24.

25.

26.

filled cavity. As major limitation, these mouldinglocks worked under a mould
temperature similar to the Nanoform glass transiti@mperature to prevent the

deterioration of the resin.

The tests with the SLM moulding blocks led t@ipesults. The moulding surface quality
was very poor and the microdetails were ineffidigbuilt since the minimum dimension

of the microfeatures (106m) is equal to the laser spot size.

Considering the state-of-the-art of the proctssfeature dimensions were too ambitious.
The moulding block that exhibited the best surfameghness has rib cavities where there
is accumulated debris. Despite the generous dngfeathe poor surface quality inside the

rib cavity caused the plastic parts several timdsetblocked.

The analysis of the moulded parts and mouldlogkis through optical microscopy, laser
topography and scanning electron microscopy aretsei for this application domain.

Although not all this equipment is suitable for site characterization, these techniques
are very important to assess the quality of the ldealiparts given the high demanding

level of several domains of application such agafiigidics or microoptics.

As a final note, the manufacturing time of thesklitive processes may enable the
shortening of time-to-market. Considering shortssuNanoform and SLA are suitable
solutions for microtools, as long as the part designtains geometries that allow the
enhancement of tool life. The SLM process is algaweng and both laser and material
developments will surely bring new features thatghhi become useful in
micromanufacturing. Its use on less demanding eafptins concerning the dimensional
range of the tools is certainly important sinceniiechanical properties of the material are
quite suitable for a long-run tool.
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Future work

The work here developed studied the polymer flowrooroinjection and its effects on moulding
blocks manufactured by additive and subtractivenetogies. However, it also brought up other
related subjects that need to be addressed, megdurther studies. The following proposals are
originated on the knowledge gathered throughostlark.

« The heat transfer phenomena on the polymer revetete highly significant in
microrheometry and in microinjection. Further urelending of the phenomena requires
studies using sensoring equipment adapted to therometric scale. The future

miniaturization of infrared temperature sensors wihg new prospects to this analysis;

- The microrheometry tool developed enables the chaiaation of other materials that
might be considered to be used on microinjectiaitiddl shear rates can be obtained to

determine suitable processing conditions for nedelyeloped materials;

« The microinjection process control may benefit fraew developments on Variotherm

systems, incorporating fast response devices/mafgdar heating and cooling;

« The use of subtractive technologies, complementiéd avsuitable post-finishing process
or with the use of coatings to enhance surfaceeptigs is required to establish guidelines
concerning plastic part design and manufacturinggss selection;

« The capacities of additive manufacturing will cem@a be incremented through
technological and/or material developments. Comgidethe particular case of metallic
materials, the use of a post-finishing process wwgentionally missed in this work but

technologies such as shot-peening or electron Ipedishing could prove to be useful;
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« The development of a microinjection knowledge dassbcomprising the guidelines for
material and manufacturing technologies selectionld/certainly become rather useful to

support both academia and industry.
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ltem Nr, Designation Qty. Manufacturer / Part Number
0 Security/transport strap 1 156x20x15
1 Clamping plate injection 1 HASCO K10 100x130x22
2 Cavity plate 1 HASCO K20 100x130x36
3 Core plate 1 HASCO K20 100x130x22
4 Core backing plate 1 HASCO K30 100x130 17
5 Spacer 2 HASCO K40 100x130 36
7 Ejector's plate 1 HASCO K60 100x130x06
8 Ejector's clamping plate 1 HASCO K70 100x130x09
9 Clamping plate ejection 1 HASCO K10 100x130x22
12 Support pillar 2 HASCO Z022/10x36
16A  |Locating guide pillar 3 HASCO Z00/36/10x25
16B  |Locating guide pillar 1 HASCO Z00/36/09x25
23 Ejection guide pillar 4 HASCO Z03/17/10x30
25A | Guide bushing 3 HASCO Z10/117/10
258  |Guide bushing 1 HASCO Z10/17/09
28 Centering sleeve 4 HASCO Z20/14x60
29 Ejection guide bushing 4 HASCO Z10/12/09
30 Return pin 2 HASCO Z40/5,5x65
30A  |Seating washer 2 HASCO Z55/18x3
32A  |Centering ring injection 1 HASCO K100/110x12 typeC
32B  |Centering ring ejection 1 HASCO K100/060x08 typeA
33 Main injector 1 HASCO Z51/18x36/3,5/40
48 Interlock cavity 2 HASCO Z05/14 female
49 Interlock core 2 HASCO Z05/14 male
201 Core insert microchannel 400x100um 1 24x22x20,5
202 Core insert microchannel 200x200um 1 24x22x20,5
220  |Core insert spacer 2 24x%22x1,5
300 Main ejector 1 HASCO 740/5,5x058
301  |Ejector 1 2 HASCO Z40/1,5x061
302 |Ejector 2 2 HASCO Z40/1,5x062
309  |Spacer main ejector 1 218x3
340  |Piezoelectric pressure sensor 2 PRIAMUS 6006B
341 Sensor mounting plate 1 PRIAMUS 6581A
342 |Sensor mounting nut 2 PRIAMUS 6544A
350  |[Signal housing 4 contacts 2 HASCO Z1087/4
351 | Thermocouple cavity 1 RESITEC TC.001 @3x20
352 |Thermocouple core 1 RESITEC TC.002 21,5x50
353  |Cartridge Heater 4 RESITEC @6,5x100
PO Socket head cap screw 2 HASCO Z31 M8x30
P1 Socket head cap screw 4 HASCO Z31 M6x22
P3 Socket head cap screw 4 HASCO 731 M6x22
P8 Countersunk head cap screw 6 HASCO Z33 M4x16
P9 Socket head cap screw 4 HASCO 731 M6x60
P12  |Socket head cap screw 2 HASCO Z31 M6x55
P30A |Countersunk head cap screw 2 HASCO 733 M4x10
P32A  |Countersunk head cap screw 3 HASCO Z33 M6x20
P32B |Countersunk head cap screw 3 HASCO Z33 Mobx12
P48  |Socket head cap screw 2 HASCO Z31 M4x25
P49  |Socket head cap screw 2 HASCO Z31 M4x25
P341 |Socket head cap screw 2 HASCO 731 M4x12
P350 |Socket head cap screw 4 HASCO Z31 M4x8
e University of Minho | School of Engineering
Mould for microrheological
analysis and microinjection
oA Femolde, 5.1 xwﬁmﬁwsm 12311 PWEND A1
Mould PhD Full 2D
WEIGHT: 19,8kg SCALE:1:1 _ SHEET 1 OF 1
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Moldex 3D Simulation Report

Microinjection simulation on 1.2767 steel mouldinigck
Material: PolyPropylene | Lyondell-Basel Moplen HBR
Melt/Mould temperatures: 230°C/70°C



Motdex3D Moldex3D Report -Run06

Company Name: Joel Vasco

Project Name: MDXProject20100304
Software: Moldex3D R9.1 (9108.97)
Author: Joel Vasco

Date: Tuesday, August 03, 2010

True 3D CAE for Injection Molding

Moldex3D Summary

0 Summary of the project
Microinjection simulation on 1.2767 steel moulding block
Material: PP | Lyondell-Basel Moplen HP548R
Melt/Mould temperatures: 230°C/70°C

1.1. Summary table

Mesh MS01.mfe

Material(Part) PP_MoplenHP548R_1.mtr
Process MS01_PP70_02.pro
Computation parameters MDXProject2010030406.cmx

True 3D CAE for Injection Molding



Moldex8D Summary - Mesh

2.1. Summary table - Mesh

Mesh Type

Mixed/BLM

No. cooling channel

0

Part dimension

15.50 x 14.00 x 1.80 (mm)

Mold dimension

41.00 x 14.00 x 58.04 (mm)

Cavity(Part) volume

0.0418247 (cc)

Cold runner volume

1.27905 (cc)

Element number 489139
Part elements 489139
Node number 172935

Moldex8D Summary - Material

3.1. Summary table - Material

True 3D CAE for Injection Molding

Material type

Thermoplastic

Generic name

PP

Supplier LyondellBasell

Trade name Moplen HP548R

MFI MFI(230,2.16)=23 g/10min
Fiber percent 0.00 (%)

Melt temperature range 190 - 270 (oC)

Mold temperature range 20-50 (oC)

Ejection temperature 148 (oC)

Freeze temperature 168 (oC)

True 3D CAE for Injection Molding




Moldex8D Summary - Process Condition

Moldex3D 1. Material figures

4.1. Summary table - Process Condition

Filling Time 0.3300 (sec)
Melt Temperature 230.0 (oC)
Mold Temperature 70.0 (oC)
Injection Pressure 130.00 (MPa)
Injection Volume 1.32087 (cc)
Packing Time 2.0000 (sec)
Packing Pressure 130.00 (MPa)
VP Switch by volume(%) filled 99.00 (%)
Mold Opening Time 5.0000 (sec)
Ejection temperature 147.8 (oC)
Air Temperature 25.0 (oC)

True 3D CAE for Injection Molding
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Moldex3D 2. Material figures

Material Mechanical Properties

Polymer | Grade Name | Producer PP | Moplen HP48R | LyondellBasell
Mechanical Properties Pure polymer - Isotropic properties
Elastic Modulus 1.65e+010 (dynefern'2)

Poisson Ratio 03 ©

cLTE 000015 (1K)

Material Content

Description
Polymer PP

Grade Narne Moplen HPS48R.

Producer LyondeliBasell

Comment MFI(230,216)=23 g/10min D=0.905 gm3

Last modified date (yimmidd) | 200910203

Process condition
Melt temperature (minimum) 130 oC
Meltemperature (normal) 230 oC
Melt temperature (maximum) | 270 0C
Mold temperature (minimum) | 20 oC
Mold temperature (norma)
Mold temperature (maximurr) | 50 0C

3

Ejection tsmperature 148 oC
Freeze temperature. 168 oC

True 3D CAE for Injection Molding

Moldex3D Process - Project Settings

Project Settings

Setting method :ECAE mode i)

In this mode, process parameters are not derived from the
molding machine informations. ¥ou may freely specify
process conditions for simulation.

Process File - M201_PR70_02.pra
Mesh File ;| M301.mfe
Material File - | PP_toplenHPS48R_1 mtr

Maximurm injection pressure 130 MPa

Maxirmum packing pressure 130 MPa

True 3D CAE for Injection Molding



Moldex3D Process - Filling/Packing Settings

Filling/Packing Settings

Filling setting
Filling time ; | 0.33 S8C
[ Flow rate profile (1)..

]

[ Injection pressure profile (1)..

J

YWE switch-over

| By wolume(3) filled ] 25 |99 %
b - Packing setting
o o 1"1 Facking time: 2 sac
k’ Lulgll || —
! » 'Q‘“: 1 Packing pressure refer to end of filling pressure ivl
$. e p i
| [ Packing pressure profile (1).. ]
-
hielt Temperature 230 o
Mol Tetmperature 70 oc

Advanced Setting....

Moldex3D Process - Cooling Settings

True 3D CAE for Injection Molding

Cooling Settings

Item Value |unit |
Air Tarnperature 25 ol
Eject Temperature 14785 ac
Coaling Tirme 20 Sec
Mold-Cpen Time 5 SEC

Eject Criteria...

[ Estimate Cooling Time.... ]

True 3D CAE for Injection Molding



Moldex3D Process - Summary

Summary
[Filling] b
Filling time (sec) 0.33
hielt Temperature {oC) 230
Mold Ternperature (0C) 70
Maximum injection pressure... (130
Injection volume {cm™3) 1.32087
[Packing]
Packing Tirme {sec) 2 =
Maximum packing pressure . [ 130
[Cooling]
Coaling Time {sec) 20
Mold-Open Time (Sec) £
Eject Terperature (0C) 147.85
Air Temperature (0C) 248
[Miscellaneous] i
Cycle time (zec) 27.33 =

True 3D CAE for Injection Molding

Moldex2D Model-Shaded Model

Shaded Model

Moldex3D

Model_Shaded Motel

| e ————— / o e
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Moldex8D Model-Mesh Quality

Mesh Quality
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Melt Front Time

Melt front advancement is a position indicator as m elt
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front boundary movement in different time duration in the
filling process. From the melt front advancement on e can:
-Examine the filling pattern of the molding

-Check potential incomplete filling (short shot) pr ~ oblem
-Identify weld line locations

-Identify air trap locations

-Check gate contribution for runner balance

-Check proper gate location to balance flow and eli ~ minate

weldline.

Statistics plot

Fillg_ ek Front Time eec] : 4
05 0w x

% W% W% W% w3 WY WS R 0%

e
= s

= 755
oo et
s
o
P N
[ AT
s
[ o5t
[ e
M
) e
[
= 0%
LY

Fange=0 3209900, 331333,Aug=D 328294, 503.024¢-003

True 3D CAE for Injection Molding




Moldex8D Filling-Air Trap
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Moldex2D Filing-Gate Contribution

Gate Contribution
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True 3D CAE for Injection Molding

Pressure distribution of the cavity is shown in dif ferent
colors at current instant. Based on the pressure dr ~ op and
distribution, users can revise the part and mold de  sign.

From the pressure distribution one can:
-Check the pressure transmission situation
-Check runner system pressure drop
-Check flow balance of the design

-Avoid overpacking and flashing of melt
-Examine the extent of packing/holding.
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Moldex3D Filling-Temperature

Temperature
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Plastic melt temperature distribution at current in stant.
For 3D calculation, the temperature distribution

expresses temperatures in all three dimensional for the
fully cavity.
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Moldex2D Filling-Melt Front Temperature

Melt Front Temperature
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Melt front temperature is the temperature value of the
plastic melt

as it reaches the given point.

This value indicates how heat is conveyed and dissi pated
during the molding phases.
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Moldex8D Filling-Viscosity (Log)

Viscosity (Log)
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Viscosity is an important property in fluids which
can be considered as the resistance of flow.

In polymers, both temperature and shear rate will
influence the value of viscosity. The viscosity is
constant at low shear rate, and then the viscosity
will decrease with increasing shear rate. Also, the
viscosity will decrease as temperature increases.
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Velocity vector is the vector plot of the velocity vector at
current instant.
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Moldex2D Filling - Sprue Pressure XY Curve
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Moldex2D Filling - Clamping Force XY Curve
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Moldex3D Filling - Flow Rate XY Curve
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Moldex8D Filling - Volume Fraction XY Curve
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Moldex2D Filling - Total Weight XY Curve
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Moldex8D Filling - FlowRate Gate#1 XY Curve
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Moldex8D Filling - FlowRate Gate#2 XY Curve
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Moldex3D Packing-Melt Front Time

Melt Front Time

Melt front advancement is a position indicator as m elt

front boundary movement in different time duration in the
filling process. From the melt front advancement on e can:
-Examine the filling pattern of the molding
-Check potential incomplete filling (short shot) pr ~ oblem
Moldex3D -Ident!fy w_eld line Ioc_atlons
-Identify air trap locations
Packing Ml Froni Time -Check gate contribution for runner balance
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Pressure Pressure distribution of the cavity is shown in dif ferent
colors at current instant. Based on the pressure dr ~ op and
distribution, users can revise the part and mold de  sign.
From the pressure distribution one can:
-Check the pressure transmission situation
Moldex3D -Check runner system pressure drop
-Check flow balance of the design
Packing Pressure -Avoid overpacking and flashing of melt
oy -Examine the extent of packing/holding.
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Moldex8D Packing-Temperature

Temperature
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Plastic melt temperature distribution at current in stant.
For 3D calculation, the temperature distribution

expresses temperatures in all three dimensional for the
fully cavity.
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Moldex8D Packing-Volumetric Shrinkage

Volumetric Shrinkage
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Volumetric shrinkage shows the percentage of part

volume change due to PVT change as the partis cool  ed
from high temperature, high pressure conditions at

current instant to room temperature, ambient pressu re
conditions. Positive value represents volume shrink age
while negative value represents volume expansiondu e to
over-pack. Non-uniform volumetric shrinkage will le ad to
warpage and distortion of demolded parts.
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Moldex8D Packing-Viscosity (Log)

Viscosity (Log)
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Viscosity is an important property in fluids which
can be considered as the resistance of flow.

In polymers, both temperature and shear rate will
influence the value of viscosity. The viscosity is
constant at low shear rate, and then the viscosity
will decrease with increasing shear rate. Also, the
viscosity will decrease as temperature increases.
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It demonstrates the Iso-surface of the freeze tempe  rature
of plastic melt at current instant. The enclosed re  gion has
the iso-surface with the temperature higher thanth e
freeze temperature specified in the process conditi  on.
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Moldex8D Packing - Clamping Force XY Curve
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Moldex8D Packing - FlowRate Gate#1 XY Curve

FlowRate Gate#1
Moldex3iD ]
Packrg - PR Gatert
187 =
3 ‘ [ B
3 |
16 3 -
3
E,
1.3 =
3
o
3
E r \
o
3 /L
3
0x: 3 T
E .
3 o it o ]
" LR R AN L L RN LR RN NN RN RN RN ARLRRRRRN
as L& o s el 248
s [l

True 3D CAE for Injection Molding

Moldex8D Packing - FlowRate Gate#2 XY Curve
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Moldex8D Warpage-X-Displacement

X-Displacement
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Shows the X-component of the total displacement (Al |
effects are considered) after the partis ejecteda  nd
cooled down to room temperature. The value is relat  ive to
the model coordinate.
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Moldex2D Warpage-Y-Displacement

Y-Displacement
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Shows the Y-component of the total displacement (Al |
effects are considered) after the partis ejecteda  nd
cooled down to room temperature. The value is relat  ive to
the model coordinate.
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Moldex2D Warpage-Z-Displacement

Z-Displacement
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Shows the Z-component of the total displacement (Al
effects are considered) after the partis ejecteda  nd
cooled down to room temperature. The value is relat
the model coordinate.
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Moldex8D Warpage-Total Displacement

Total Displacement
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Shows the length of the total displacement vector ( All
effects are considered) after the partis ejecteda  nd
cooled down to room temperature. The value is relat
the model coordinate.
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Moldex8D Warpage-Volumetric Shrinkage

Volumetric Shrinkage
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This data show the volumetric shrinkage percentage of
molded part due to pvT change as the part is cooled

down from high temperature, high pressure condition

after packing stage to room temperature, ambient
temperature conditions. Positive value represents v olume
shrinkage while negative value is an indicator of v olume
expansion. Non-uniform volumetric shrinkage will le ad to
warpage and distortion of demolded parts.
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Flatness is the distance between the nodes to theu  ser
specified reference plane.
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Abstract

Microinjection has proven to be one of the most efficient replication methods for
microcomponents and microsystems in various domains of microengineering. The use of
available commercial microinjection equipment to evaluate the polymeric flow in
microchannels would surely contribute to enhancing knowledge on polymeric flow at the
microscale under industrial conditions. This approach is appropriate since rheological
phenomena such as wall slip, surface tension, melt pressure drop and polymer flow length can
be studied. These aspects are not fully dealt with in current commercial simulation software
packages. In this study a micromould was designed to assess and characterize the flow in

microchannels under realistic industrial conditions.

1. Introduction

Microinjection moulding is one of the most flexible, reliable
and effective replication methods for microcomponents and
microsystems for high-demand client industries such as
medical applications, personal well-being, automobile and
aerospace industry, and military and defence applications
(Martin et al 2003). Along with microhot embossing, this
process has played a major role in bringing to the market
several microsystems at reasonable end-user prices such
as microelectro/mechanical components, microoptic systems
and microfluidic devices (Giboz et al 2007, Zhao et al 2003).
The massification of microtechnologies depends directly on
the effectiveness of their production (Piotter et al 1997).
The market for microcomponents obtained by microinjection
is growing, showing high business potential and is surely
becoming one of the key technologies for micromanufacturing
(Sha et al 2005). The need for quickly and accurately
getting the moulding zone of moulds for microinjection
moulding originated the development of the Variotherm
system (Piotter e al 2002). The original system was the
object of various developments as recently reviewed by Giboz
and co-workers(Giboz et al 2007). These systems are for the
accurate replication of high-aspect-ratio microstructures, and
precise process control as is the case of optical components

0960-1317/09/105012+08$30.00

(Piotter et al 2002, Giboz et al 2007). Despite its success
in the replication of microdetails, as in CDs or DVDs, the
polymer filling behaviour of mould cavities still requires
further study since the simulation tools currently available
cannot fully predict flow effects at the microscale. Aspects
such as wall slip, surface tension and heat transfer phenomena,
require further study to avoid or minimize re-engineering costs
or even to prevent wrong options in the microcomponent or
microsystem design (Kim et al 2002, Piotter et al 2002, Su
et al 2004).

2. Flow models

The viscosity of liquids and polymer solutions flowing in
microchannels has been observed to increase up to 80% near
the wall of the channel. During the polymer flow such an effect
is believed to be due to its high intermolecular interaction and
the disentanglements between bulk and wall chains (Eringen
and Okada 1995, Awati er al 2000). Effects such as microscale
viscosity, wall slip and surface tension need to be studied for
a full comprehension of the rheological behaviour of the flow
in microchannels (Yao and Kim 2002).

© 2009 IOP Publishing Ltd  Printed in the UK
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2.1. Capillary and slit flow models

The polymer flow in microchannels is quite similar to
that in capillary viscosity measurements (Chien et al 2005,
Hatzikiriakos and Dealy 1992, Rosenbaum and Hatzikiriakos
1997, Sha et al 2005). These measurements are based on the
relationships between the pressure drop along the capillary
channel and the imposed flow rate (Carreau et al 1997). For
capillary rheometry, the following assumptions are made:

e the Reynolds number (Re) is smaller than 2000; thus,
laminar flow is occurring;

e steady state, % =0;

o there is a fully developed unidirectional flow: V, = Vy =
Oand V, = V,(r) and

o there is no slip at the capillary walls: V,(r = R) = 0 and

dv, dv,
T = @ (0r2)-

Considering the microchannel geometry to be used, the
mathematical models used to describe the polymer flow are
the same as for capillary rheometry (equation (1)) and slit
flow:
4

)./w(app) = 7{—QR3 (1)
After the Rabinowitsch procedure for the shear rate at the wall,
the following equation for the non-Newtonian fluid shear rate
results in equation (2) (Chen et al 2008):

yw(real) = % (Z + %I’l) P (2)
where Q is the volumetric flow rate, R is the radius of the
capillary channel and n is the slope obtained by the bi-
logarithmic correlation between 1og Yy appyand log 7y,.

Furthermore, the Bagley correction is applied to the
apparent shear stress t,, given by equation (3), in order
to eliminate the viscous and elastic effects on the capillary
entrance:

AP
Tw(app) = ﬁR' 3)
The shear stress at the wall is now given by equation (4) (Chen
et al 2008):

AP AP — Py
2(5+e) 2L
where AP is the pressure drop along the capillary, L and
R are the length and radius of the capillary, e is the Bagley
correction factor and Py is the pressure drop for a capillary
with zero length for a given rate of shear.

The slit flow model also derives from the equations used
for the capillary viscometer in a similar way to the previous
flow models. A microchannel must be designed to meet the
requirements of a slit flow, enabling pressure monitoring at
both ends to generate specific experimental data (figure 1).

The apparent shear rate of a slit is given by

. 60
Yw(app) = m . (5)

R, “

Tw(real) =

After applying the Walter correction for non-Newtonian fluids
(Chen et al 2008), it becomes

) 60 2 1
Yw(real) = m <§ + 3”) ) (6)

Figure 1. Overall dimensions of a slit channel.

where Q is the volumetric flow rate, w and & are width and
height of the rectangular cross-sectioned channel, respectively,
and 7 is the slope obtained by the bi-logarithmic correlation
between 10g Yy app) and log .

In the particular case of the slit, the edge effect on the shear
stress must be corrected when the width by thickness ratio is
below 10. The real shear stress equation for Newtonian fluids
(equation (7)) then becomes equation (8) (Chen ef al 2008):

h _APreal
Tw(real) = E I (7)
w-h —AP,
Tw(real) = 2(11) +h) ( I eal) . (8)

After the corrections on the capillary and the slit flow models,
the real viscosity can be calculated for each type of flow by
dividing the real shear stress by the real shear rate, resulting
in equation (9) (Carreau et al 1997, Chen et al 2008):

Treal
N(real) = .rea . )

real

2.2. Wall slip effect

The concept of wall slip was first addressed by Mooney (1931),
who found that certain flow curves depended on the radius of
the capillary once the shear stress exceeded a critical value
(Lee and Mackley 2000). The effect takes place when the
shear stress at the microchannel wall exceeds a critical value,
typically, above 0.1 MPa (Hatzikiriakos and Dealy 1992, Yao
and Kim 2002, Mitsoulis et al 2005). As the magnitude
of the shear stresses varies, polymer melts flow in a way
that is a superposition of slipping at the wall and shearing
within the melt (Gleille and Windhab 1985). When wall slip
occurs at a critical wall shear stress value the flow curves
(wall shear stress versus apparent shear rate) diverge from
each other and become dependant on channel dimensions.
Usually the boundary conditions at the wall are known and
their influence on the flow behaviour close to the wall is
relevant. Assuming a constant heat flux at the wall (§7/6r =
constant and Bi(Ty — T,)), a simplified power-law slip
model (equation (10)) was introduced for the slip velocity
without considering any pressure or temperature dependence
(Rosenbaum and Hatzikiriakos 1997):
a

=t 10
ST T ()0 (10
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Figure 2. Concept of a tool for rheometric studies in microchannels.

where 1, is the wall shear stress, 7, is the critical shear stress
for slip, a —is the scalar coefficient and m is the mass flow rate
constancy equation given by

R
m=271/ p v, -rdr (11
0

3. Experimental methods

3.1. Concept

Currently available capillary rheometers are difficult to
operate with channels with dimensions at the microregion.
Alternative experimental setups guaranteeing the flow through
the microchannel must generate pressure high enough and
support the high stresses developed during the flow (Chien
et al 2005). A concept meeting these requirements consists
of using a small injection mould structure (100 x 130 mm)
with a set of interchangeable moulding blocks with calibrated
microchannels, in an injection moulding machine. The
operation of such a device requires accurate temperature
control during the heating and cooling phases of the moulding
cycle, as well as pressure control at the extremities of the
microchannel. The concept is sketched in figure 2.

It must be stressed that equipment based on this concept
is not exactly a microrheometer, but it is a setup capable
of replicating the flow conditions in real micromoulding
situations. More precisely it is a viscometer that can be used
on standard injection moulding equipment to analyse the flow
using processing parameters characteristic of microinjection
moulding.

The use of miniature pressure sensors and a suitable data
acquisition system makes it possible to gather the information
required for rheological characterization of the flow in the
microchannel as suggested in figure 3.

The pressure drop, Ap, measured from the pressure
sensor data is required for calculating the shear stress using
equation (8). The average melt flow rate is obtained from the
data acquisition system that enables the flow time between
the locations of the pressure sensors, At, to be determined.
The shear rate can then be calculated using equation (6).

Inlet sensor

Outlet sensor

Figure 3. Variables for the rheological assessment of the flow in
microchannels. Ap—pressure drop; Ar—time interval.

Pressure
measuring
points

Gate
Microchannel
cross-section

Figure 4. Layout of the microchannel and pressure sensors.

3.2. Methodology

The use of commercial microinjection moulding equipment
led to the full design and development of a research
mould that could be used in injection tests with various
microchannels. The mould was designed to support two
interchangeable moulding blocks, allowing the replacement
of the microcavities. Furthermore, the tool can be used
to test new types of moulding blocks, e.g. manufactured
using additive technologies. Two moulding blocks with two
different microchannel cross-sections were tested: a slit with
a rectangular section, 400 um wide by 100 um deep, and a
square section of 200 x 200 um dimensions. The length of
both microchannels is identical, 5 mm. The general layout of
the cavities is shown in figure 4.

Concerning the location of the pressure sensors, there
is a source of error that must be addressed. The physical
dimensions of the commercial sensors used are from a different
scale to that of the microchannel dimensions. So, the
microchannels are wider at both ends to allow the assembly
of the sensors for a proper pressure reading. However, such
section variation causes pressure distortion and therefore an
entry correction procedure for pressure drop was performed
using zero-length microchannels for each cross-section tested.
Therefore, two additional moulding blocks with a zero-length
microchannel were manufactured to correct the measurements
for entry effects (figure 5).

When the moulding blocks with microchannels are
implemented, the mould can be used as a high-
pressure viscometer enabling high injection pressures in the
microchannels, which are difficult to achieve in conventional
viscometers (Chen e al 2008, Chien et al 2005, Song et al
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Figure 5. 2D views of the 400 x 100 m microchannel showing the
5 mm length (on the left) and the zero-length versions (on the right).
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Figure 6. Layout of the injection micromoulding cell, showing the
two temperature control zones and the pressure data acquisition
system with sensors located on the fixed platen of the mould.

2007, Yao and Kim 2002). Since the goal is to promote the
flow in microchannels, an external control unit for the heating
system will provide the temperatures suitable for polymer
injection at this scale, enabling quantitative flow evaluation
at the same time and under the same processing conditions.

3.3. Microinjection equipment

Since the 1980s microinjection equipment has evolved to meet
the requirements for microparts such as minimal shot weight
and precise control of the processing conditions (pressure,
injection speed, melt and mould temperatures) to achieve
the high repeatability required in the applications (Piotter
et al 2002). In this work, a Boy 12 A injection moulding
machine (Dr Boy, Neustadt-Fernthal, Germany) that combines
technical characteristics for microinjection and affordability
(Piotter et al 1997, Song et al 2007) was used.

The microinjection cell consists of the Boy 12 A injection
moulding machine with @14 mm injection screw, a mould
temperature regulator and an external control unit for the
cartridge heaters used in the temperature control system of
the mould (figure 6). Concerning the injection unit ability for
microinjection, the Boy 12 A machine is able to meter with
high precision an injection volume as small as 0.1 cm? at a
high flow rate, up to 15.6 cm?® s~!. The maximum injection
pressure is 240 MPa.

Figure 7. Assembly of the pressure sensors at the microchannel
inlet and outlet.

3.4. Instrumentation

The rheological characterization of the polymer flow
in the microchannel is achieved by monitoring melt
pressure at the microchannel inlet and outlet using two
miniature piezoelectric pressure sensors Priamus 6006B
(Priamus System Technologies, Schaffenhausen, Switzerland)
(figure 7). The pressure drop between the two locations and
the flow velocity are used to relate the shear viscosity to the
shear rate (Chen ef al 2008, Chien ef al 2005). The assembly
of the pressure sensors is depicted in figure 7.

The data acquisition system consisted of two physical
units, the input module, Multi DAQ 8101 A, and the amplifier
module, Mobile DAQ 8001B, both from Priamus. The
user interface was based on the Priamus Moulding Monitor
software.

3.5. Materials

The injection tests were carried out with polyoxymethylene
(POM), Hostaform C27021 grade from Ticona (Kelsterbach,
Germany). This semi-crystalline polymer is a very easy
flow injection moulding type with a MFR of 24 cm?®/10 min
(190 °C, 2.16 kg) that is commonly used in microinjection
moulding (Heckele and Schomburg 2004).

3.6. Microinjection moulding

The initial approach for the injection tests was close to
conventional rheometry. The melt speed was increased
gradually to establish the data required for shear rate and
viscosity calculation.

Several injection speeds were imposed to reach different
values of shear rate on each microchannel. For each injection
speed a time interval, Af, defined as the time lag between
the melt touching each pressure transducer, was measured,
enabling the calculation of the average melt speed within
the microchannel. Pressure data from the inlet and outlet
sensors, for typical injection moulding conditions (T, =
205 °C; Tymouqa: 145 °C; tiy; = 0.35 s), are shown in
figure 8.

Differently from the microinjection process, no packing
pressure was used since the goal was only to obtain a fully
established flow within the microchannel without pressure
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Figure 8. Typical pressure profiles during the flow in the
microchannel. Suffix in corresponds to the signal at the channel
inlet and suffix out at the channel outlet. The lines correspond to the

average of the experimental points.
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Figure 9. Sample pressure curves for the 200 x 200 um
microchannel moulding.

disturbances. The other process parameters, namely the
mould and the melt temperature had to be raised gradually
until complete mouldings were obtained. @~ The 14 mm
screw injection speed was varied within the capability of the
equipment from 20 to 200 mm s~'. The required mould
temperature was 145 °C and the melt temperature was set
at 235 °C. For each microchannel the data for analysis were
those corresponding to full-shot mouldings, when pressure
data were obtained by both pressure sensors. A typical set of
data is shown in figure 9.

Three different time frames, identified as At;, At and
At3, can be identified in this sample. The first time frame,
Aty, starts when the melt reaches the inlet pressure sensor at
the entrance of the microchannel (solid line on the graph).
The end of this interval corresponds to the instant when the
melt reaches the outlet sensor at the exit of the microchannel
(dashed line on the graph). After Az the flow fully develops
in the microchannel, as pressure signals are recorded on both
sensors, and the measurements for the viscosity evaluation
can be initiated. During the second time frame, At,, which

ends when the outlet sensor reaches its peak, the melt fills
completely the impression. After this point, the melt flow
stops and the microchannel freezes off, leading to the pressure
drop monitored by the two sensors. This phase occurs during
the last time frame, A3, where the peak on the inlet pressure
sensor value corresponds to the solidification of the gate. After
this point, pressure rapidly decreases as a result of the variation
of the specific volume of the melt.

4. Results and discussion

4.1. Conventional rheometry

Preliminary characterization of the polymer was made
using a twin-bore Rosand RH10 capillary rheometer from
Malvern Instruments (Malvern, UK). The determination of
traditional flow curves was carried out at the temperatures of
180 °C, 200 °C, 220 °C and 240 °C. The flow activation
energy was calculated since at these temperatures, POM
is a thermo-rheologically simple material and the time—
temperature superposition (TTS) principle is expected to
apply. For semicrystalline polymer melts and for amorphous
polymer melts as well this applies when the flow temperatures
are more than 100 °C above the glass transition temperature.
The shift factor for each temperature, ar, can be expressed by
an Arrhenius relation (Wagner et al 1996) as

E (1 1
ar=exp|l—=-=—=1]).
rT=SPA\RN\T T,

where E is the flow activation energy, R is the gas constant and
T and T are absolute temperatures.

As the TTS principle holds for this melt, the flow
activation energy, E, is approximately 44 800 J K~! mol. The
flow curves obtained from capillary rheometry are shown in
figure 10(a) and the master curve is depicted in figure 10(b).

(12)

4.2. Microchannel flow

In the injection moulding tests the mould temperature was kept
at 145 °C to enable the complete filling of the impressions.
This was particularly critical with the thinnest 400 x 100 um
slit microchannels. The data were obtained from fully filled
mouldings, i.e. short shots were discarded.

During the tests, the two pressure profiles were recorded,
from the sensors at the inlet and the outlet of the microchannel.
This information, as exemplified in figure 9, allows obtaining
the following information: (a) the pressure drop between inlet
sensor and microchannel inlet, Ap;; (b) the pressure drop
in the microchannel itself, Ap, and (c) the pressure drop
between the microchannel outlet and the outlet sensor, Aps.
To determine Ap;, the value for Ap; must be removed from
the total pressure drop value obtained assuming that Apj is
much smaller than X Ap;. The zero-length microchannel (LO)
is meant to determine its initial pressure drop, which will be
equivalent to Ap; so the values for the 5 mm microchannel
(LS) could be corrected (figure 11).

In the injection tests, the melt flow rate was varied.
For each condition, the time difference, At, was calculated
between the signals of the inlet and outlet pressure sensors that
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Figure 10. (a) Flow curves from conventional capillary rheometry
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Figure 11. Determination of the pressure drop within the
microchannel.

provided the flow rate value required for shear rate calculation
from equation (6). The pressure drop was also obtained,
allowing the calculation of shear stress through equation (8).
With these two values for each melt speed, shear viscosity
could be determined by the ratio between shear stress and
shear rate (equation (9)) and is plotted in figure 12.

4.3. Plug flow transition

From the plot in figure 12, it is noticeable that there is an
important change in the flow behaviour of each microchannel
as the shear rate increases. Both curves show a transition from

1000 T 1000000
} slip reglon for the
200x200pm-microchannel
F
A — -
yai
=
5 7 b/
/ I slip reglon for the
/ 1 400x100pm microchannel
|
1

Shear viscosity [Pa.s]
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————  400x100 | Shear Rate vs Viscosity
200x200 | Shear Rate vs Shear Stress

== == = = 400x100 | Shear Rate vs Shear Stress

Figure 12. Flow curves from rheometry calculations based on the
200 x 200 um and 400 x 100 pwm microchannel pressure data.

a normal flow to a new type of flow where the index of non-
Newtonian behaviour, 7, is close to 1, indicating the onset of
wall slip. The horizontal segment of both curves at constant
shear stress clearly states that a change in behaviour from
shear to plug flow due to the wall slip effect has occurred. The
non-horizontal component of the curves corresponds to shear
flow, immediately before the critical shear rate is achieved for
both microchannels. It is also possible to observe in this figure
that the critical shear rate for this particular material and the
200 x 200 pm microchannel is around 5000 s~!. The critical
shear rate for the 400 x 100 um microchannel, for which
successful shots were difficult to obtain at lower melt speeds,
is estimated to be approximately 6000 s~'. The different
shear rate values at which the plug flow transition occurred
for both microchannels can be explained by their hydraulic
diameter and the aspect ratio of both cross-sections. The 200 x
200 pum square section, with an aspect ratio of 1:1, corresponds
to an equivalent round section 200 um in diameter. On
the other hand, the 400 x 100 wm section with an aspect
ratio of 4:1 has a hydraulic diameter of just 160 pum
and therefore, a less favourable geometry for flow. This
difference on the hydraulic diameter leads to a 20%
decrease on the effective flow cross-section on the 400 x
100 wm microchannel, causing it to reach its critical shear rate
at lower values. After these critical values of shear rate, a plug
flow is fully developed in both microchannels.

4.4. Interpreting plug flow transition

Despite the processing temperature used for flow in the
microchannels being 235 °C, the corresponding flow curve
is located above the 180 °C flow curve, as shown in figure 13.
This means that the real temperature on the microchannel is
much lower than the imposed processing temperature.

Such fact is certainly due to the high surface area
to volume ratio, which makes conventional heat transfer
equations insufficient to describe what happens at this scale.
Analysing the flow curve for the 200 x 200 xm microchannel,
two segments can be observed. From A to B, shear flow
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Figure 13. Plot data from conventional capillary rheometry and
rheometry calculations based on the 200 x 200 pwm microchannel
pressure data.

is found although the end of this segment represents the
transition to the next segment, B to C, in which plug flow
is fully developed. The cooling of the molten material in the
microchannel means that the temperature of the flowing melt is
expected to be well below the initial 235 °C. The amplitude of
the decrease, however, cannot be predicted from TTS, which
is known to be valid for this material (see above). In fact,
an application of TTS to the microchannel flow data in order
to superimpose it with the other data yields an apparent flow
temperature of less than 80 °C, which is impossible because
not only it is more than 60 °C lower than the mould wall
temperature, but is also lower than the no-flow temperature of
POM.

This fact clearly indicates that the heat transfer analysis
that is normally done in injection moulding is not directly
transferable to the microscale due to the high surface area
to volume ratio. Given their sub-millimetric dimensions, the
microchannels exhibit a high heat diffusion rate which causes
filling to occur almost isothermally (Yao and Kim 2002). In
this particular case, there is effectively little or no bulk in the
moulding, so our results indicate that heat transfer equations
that are typically valid at the macroscale should be disregarded
here.

The evaluation of the local wall slip velocity was made
using equation (10). The mass flow-rate consistency value
was calculated through equation (11), using the hydraulic
radius of both microchannels. The melt front profile was
estimated as a gradual shifting from shear flow to plug flow
as shear stress increases. The data obtained for the 400 x
100 pm microchannel might not be conclusive since there
are not enough data under shear flow conditions to establish
a reliable trend to this value. However, the few calculated
local wall slip velocity values for this microchannel seem
to corroborate the conclusions already obtained on the shear
stress versus shear rate plot (figure 14).

Nevertheless, both curves in figure 14 show the same
trend: when shear stress is less than the critical shear stress,
the local wall slip velocity is nearly zero. As predicted, the

1.0 1
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A Microchannel 200x200pum
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Figure 14. Plot of the average melt speed versus local wall-slip
velocity.

local wall slip velocity becomes close to 1 if shear stress keeps
increasing (Rosenbaum and Hatzikiriakos 1997).

An immediate conclusion of this study is that the flow
inside the mould is non-isothermal, which means that the data
eventually obtained are not to be regarded as quantitatively
accurate rtheometrical data. As already stated before, the
equipment setup in this study is not a microrheometer, but
rather a viscometer that replicates the flow conditions in real
flow situations, i.e. it is a process analyser and simulator.

5. Conclusions

In this work a tool for the quantitative evaluation of
the rheological behaviour of polymer melts under typical
microinjection moulding conditions was developed. The use
of a microinjection moulding tool for rheometry purposes
provided the establishment of flow curves for POM at
pressures higher than the ones obtained on traditional
rheometry, enabling critical shear rate determination for each
microchannel used.

Unlike conventional capillary rheometry devices, this
setup used microinjection process parameters, namely the
injection speed to obtain different shear rates, enabling the
plotting of flow curves. Therefore, the results could be
easily applied onto the microinjection process itself or on
microinjection simulation.

An important microscale effect such as wall slip was
detected and the critical values of shear rate were determined
for both microchannels studied. Furthermore, the local wall
slip velocity was calculated and compared to the average melt
velocity imposed on the process, to determine its relevance to
the flow behaviour. It was noticed that the shifting between
the shear flow and plug flow is much more abrupt on the 400 x
100 pwm microchannel, due to the less favourable cross-section.

The results proved the validity of the experimental concept
and also suggested that the heat transfer phenomena in very
thin microinjection mouldings, with a very large surface
area/volume ratio, play an important role that will require
further study.
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Abstract - Microinjection is recognized as one of the most efficient replication methods for microcomponents and mi-
crosystems in several domains of application. Features such as ultrathin walls or microchannels may be present in the
geometry of the plastic parts causing microscale flow phenomena to occur. These phenomena can not be predicted ac-
curately by simulation software packages so far. A micromould with commercial microinjection equipment was used to
evaluate the polymer flow in microchannels and the results are seen as useful contributes to enhance the knowledge of
the melt flow at the microscale. These findings may have interest in industrial applications. In this paper, rheological
phenomena such as wall-slip, melt pressure drop and polymer flow length were studied and compared with standard

commercial injection moulding simulator data.

Introduction

Microinjection is one of the most efficient replication
methods for microcomponents and microsystems in
domains of microengineering, such as optical grating
elements, micro pumps, micro fluidic devices and
micro gears (Griffiths et al., 2006). The market for
microcomponents obtained by microinjection is grow-
ing, showing high business potential and is surely be-
coming one of the key technologies for micromanufac-
turing (Sha et al., 2005). The need for quickly and
accurately getting the moulding zone of moulds for
microinjection moulding originated the development of
the Variotherm concept. These systems are important
for the accurate replication of high aspect-ratio micro-
structures, and precise process control as is the case
optical components (Piotter et al., 2002; Giboz et al.,
2007). Despite the success on the replication of mi-
crodetails, as in CDs or DVDs, the polymer filling
behaviour of mould cavities still requires further study
since the simulation tools currently available cannot
fully predict flow effects at the microscale. Aspects
such as wall slip, surface tension and heat transfer
phenomena, require further study to avoid or minimize
re-engineering costs or even to prevent wrong options
on microcomponents or microsystems design (Kim et
al., 2002; Piotter et al., 2002; Su et al., 2004).

This paper is based on the knowledge gathered on
previously performed microrheometry studies. Such
knowledge is here applied to a test part that replicates
situations that may occur in an industrial product.

Experimental
Microrheometry tool

Conventional capillary rheometers are difficult to oper-
ate, especially with channels at the microscale. Alter-
native setups guaranteeing the flow through the micro-
channel must generate pressure high enough and sup-
port the high stresses developed during flow (Chien et
al., 2005). A concept tool for microrheometry evalua-
tions at the microscale consisting of a set of inter-
changeable moulding blocks with calibrated micro-
channels, assembled on an injection mould structure
was used. Its operation requires accurate temperature
control during the moulding cycle, as well as pressure
control at the extremities of the microchannel (Vasco et
al., 2009). The use of miniature pressure sensors and a
data acquisition system makes it possible to gather the
information required for rheological characterization of
the flow in the microchannel. The tool is sketched in
Figure 1.

Standard injection mould base
| 7]
- Interchangeable moulding
Cartridee block with various
heaters microchannels
Parting plane
Pressure and

| |L‘II'I|\1_'I'{I[[II'L' monitermg

Figure 1 — Microrheometry/microinjection tool
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For this study, two microchannel cross sections were
tested: a slit with rectangular section, 400 pm wide by
100 pm deep, and a square section of 200x200 pm.
The length of both microchannels is identical, 5 mm.
The pressure sensor location is depicted in Figure 2.

Inlet sensor

Gate | Outlet sensor .

=

Figure 2 — Variables for microrheometry: Ap — pres-
sure drop; At — time interval

The physical dimensions of the sensors used are from a
different scale of the microchannel dimensions. This
makes necessary the sensors being located outside the
microchannel which is a source of error. Therefore,
additional zero length microchannels moulding blocks
were manufactured to correct for entry effects.

The injection moulding machine was a Boy 12A (Dr
Boy, Germany) that combines technical characteristics
for microinjection and affordability (Piotter et al.,
1997, Song et al., 2007). It is adequate for microinjec-
tion, for being able to meter with high precision an
injection volume as small as 0,1 cm” at flow rates up to
15,6 cm’.s”'. The maximum injection pressure is 240
MPa. The microinjection cell consists of the Boy 12A
injection moulding machine with @14 mm injection
screw, a mould temperature regulator and an external
control unit for the cartridge heaters used in the tem-
perature control system of the mould (Figure 3).

_ Data acquisition

== | system

Temperatwe
control system

| Zone 2

Figure 3 — Layout of the microinjection cell.
Data for microrheometry

Conventional capillary rheometry relies on the varia-
tion of the piston speed to impose different shear rates,
establishing the characteristic flow curves. In this case,
such variation can only be made cycle-by-cycle and
not, within the injection cycle, which requires several
injection cycles with different melt velocities. Each
point of the flow curve must be obtained directly from
a single standardized injection cycle. Unlike the micro-
injection process, no packing pressure was used since
the goal was only to obtain a fully established flow in

the microchannel. The other process parameters,
namely the mould and the melt temperatures had to be
raised gradually until complete mouldings were ob-
tained. The 14 mm-screw injection speed was varied
within the capability of the equipment from 20 to 200
mm.s”'. The required mould temperature was of 145°C
and the melt temperature was set at 235°C. For each
microchannel the data for analysis were those corre-
sponding to full-shot mouldings, when pressure data
were gathered by both pressure sensors.

In which concerns microrheometry evaluation, the
pressure drop, Ap, calculated from the pressure sensor
data is required for working out the shear stress. The
pressure drop between the two locations and the aver-
age melt flow velocity are used to relate the shear vis-
cosity to the shear rate (Chien et al., 2005; Chen et al.,
2008). The flow time between the two pressure sen-
sors, At, is directly obtained from the data acquisition
system, enabling the immediate calculation of an aver-
age flow rate.

Results and Discussion
The wall-slip phenomenon

The concept of wall slip was first addressed in 1931 by
Mooney, who found that certain flow curves depended
on the radius of the capillary once the shear stress ex-
ceeded a critical value (Lee and Mackley, 2000). The
effect takes place when the shear stress at the micro-
channel wall exceeds a critical value, typically, above
0,1 MPa (Hatzikiriakos and Dealy, 1992; Yao and
Kim, 2002; Mitsoulis et al., 2005). As the magnitude
of the shear stresses varies, polymer melts flow in a
way that is a superposition of slipping at the wall and
shearing within the melt (Gleissle and Windhab, 1985).
The data gathered initially from the experimental setup
enabled important conclusions concerning flow behav-
iour within both microchannels. The wall-slip effect
described above was clearly observed in this study,
since a clear shift on the flow regime occurs when
critical values of shear rate are achieved (Figure 4).

1000 1000000

Shear viscosity [Pa.s]
8
~
Y -
Shear stress [Pa)

10 100000
1000 10000 100000

200x200 | Shear Rate vs Viscasity
— 4000100 | Shear Rate ve Viscosity

——— 000 | Shear Rate v3 Shear Stress
= === 400100 | Shear Rate vz Shear Stress

Shear rate [s7] ‘

Figure 4 — Flow curves from rheometry calculations
based on the 200x200um and 400%100pum microchan-
nels pressure data.
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Both curves show a transition from a normal flow to a
new type of flow where the index of non-Newtonian
behaviour, n, is close to 1, indicating the onset of wall-
slip. The horizontal component of both curves at con-
stant shear stress clearly states that a change in behav-
iour from shear to plug flow due to the wall-slip effect
as occurred. The non-horizontal component of the
curves corresponds to shear flow, immediately before
the critical shear rate is achieved on both microchan-
nels. It is also possible to observe in this figure that the
critical shear rate for this particular material and the
200x200 pum microchannel is around 5000 s”'. The
critical shear rate for the 400100 um microchannel,
for which successful shots were difficult to obtain at
lower melt speeds, is estimated to be approximately
6000 s™.

Comparing these flow curves with conventional
rheometry ones, another important difference arises.
Despite of the processing temperature used for flow in
the microchannels being 235°C, the corresponding flow
curve is located above the 180°C flow curve, as shown
in Figure 5. This means that the actual temperature on
the microchannel is much lower than the imposed
processing temperature.

1000

————  180°C
——————— 200°C
i 2200C
_— 240°C
—— 200x200m

100 +

Shear viscosity [Pa.s]

1000 lO(;DO

Shear rate [s™]
Figure 5 — Experimental data from conventional capil-
lary rtheometry and calculations based on 200%200 um
microchannel pressure data.

Such fact is certainly due to the high surface area to
volume ratio, which makes conventional heat transfer
equations insufficient to describe what happens at this
scale. Analyzing the flow curve for the 200%200 um
microchannel, two segments can be observed. From A
to B, shear flow is found although the end of this seg-
ment represents the transition to the next segment, B to
C, in which plug flow is fully developed. The cooling
of the molten material in the microchannel means that
the temperature of the flowing melt is expected to be
well below the initial 235°C. However, the amplitude
of the decrease can not be predicted from the TTS
principle. In fact, an application of TTS to the micro-
channel flow data to superimpose it with the other data
yields an apparent flow temperature of less than 80°C.
This is impossible, not only because it is more than
60°C lower than the mould wall temperature, but is

also lower than the no-flow temperature of POM which
is quoted as 160°C, according to manufacturer data.
The evaluation of the local wall-slip velocity was made
using a simplified power-law slip model introduced for
the slip velocity without considering any pressure or
temperature dependence (Rosenbaum and Hatzikiria-
kos, 1997). The melt front profile was estimated as a
gradual shifting from shear flow to plug flow as shear
stress increases. The data obtained for the 400x100 um
microchannel may be inconclusive since there is not
enough data in shear flow conditions to establish a
reliable trend. However, the few calculated local wall-
slip velocity values for this microchannel seem to cor-
roborate the conclusions already obtained from the
shear stress VS. shear rate plot (Figure 6).
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& Microchannel 200x200um
0.0 4 = O  Microchannel 400x100um
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o 20 40 80 80 100 120 140 160
Average melt speed [mm.s’]
Figure 6 — Average melt speed vs. local wall-slip ve-
locity

Nevertheless, both curves in Figure 6 show the same
trend: when shear stress is less than the critical shear
stress, the local wall-slip velocity is nearly zero. As
predicted, the local wall-slip velocity becomes close to
1 if the shear stress keeps increasing (Rosenbaum and
Hatzikiriakos, 1997).

Industrial applications

An immediate conclusion of this study is that the flow
inside the mould is non-isothermal, this meaning that
the data to be obtained eventually are not to be re-
garded as quantitatively accurate rheometrical data. At
this stage it is important to let clear that the equipment
setup used in this study is not a microrheometer, but
rather a viscometer that replicates the flow conditions
in real flow situations, i.e., it is a process analyser and
simulator.

This setup, besides its use on the microrheometry stud-
ies, also enables a knowledge enhancement on the flow
behaviour in microinjection tests of sample test parts.
Thin walls and microdetails are typical features in
microsystem components such as gyroscopes, acceler-
ometers, microswitches or transducers.

a) Case study
A sample test part was designed for this case study,
depicting institutional logos. In the moulding there is
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thickness variation, with thin walls down to 100 pm
and microdetails with low aspect-ratio (Figure 7).

DL

Figure 7 — Sample test part for microinjection tests
(dimensions in mm)

This test part presents several challenges since the gate
is located on the right tip of the part. The melt must
flow through all the obstacles in the first section and
then, fill the microfeatures in the second section. The
first section contains low-relief logos with local thick-
ness of 300 um. The second section contains the
200 pm high-relief microfeatures. Throughout the part,
except for the protrusions located at the extremities and
the first section, the overall thickness is 100 pm. Such
geometry enables the evaluation of polymer flow
length on a thin wall depending on processing condi-
tions.

The melt pressure drop is monitored by the same ac-
quisition system used previously on the microchannels,
enabling the determination of a possible wall-slip flow
despite the fact that thickness decreases from the first
section to the second section of the part.

b) Processing conditions

The same POM grade, Hostaform® C27021 used on the
microrheometry study was also used here. Considering
that the injection unit has a plasticizing screw with L/D
ratio of 18, recommended processing temperatures for
this grade are, respectively, 190 to 230°C for melt tem-
perature, and 60 to 120°C for mould temperature. Pres-
sure of 120 MPa is recommended, both for filling and
packing. Preliminary injection tests were performed to
establish processing conditions for full-shots of the
sample test part. The set of values that achieved that
purpose are detailed on Table 1.

Table 1 — Processing conditions
Pressure  Time Temperature
Injection 60 MPa 0,2 Melt 215°C
Packing 20 MPa 2 Mold 100°C

¢) Experimental data

From the pressure sensors installed on the cavity, it is
possible to obtain i) the pressure at the sensors, ena-
bling the calculation of pressure drop between them,
and ii) the time span for the melt touching each sensor,
enabling the determination of an average melt speed,
since the thickness varies along the part. The evalua-
tion of an average polymer flow length can be estab-

lished by measurements carried out on the moulded
parts. Figure 8 illustrates the average data measured by
the pressure sensors.
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Figure 8 — Curves obtained from the average values
obtained by the pressure sensors

A preliminary conclusion arises from the analysis on
the previous figure: the melt speed is very high since
the time delay between the signals of both pressure
sensors is very short. Zooming at the beginning of both
curves, it is possible to see that the time delay is around
15 ms, as shown in Figure 9.
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Figure 9 — Detail of the beginning of pressure curves

Considering the distance between the pressure sensors,
for such short time span, the resulting average melt
speed is roughly 600 mm.s™'. The melt speeds corre-
sponding to the flow transition shown on Figure 6 refer
to a much smaller cross-section and therefore, less
favourable to flow. Further analysis of flow parameters
are required to determine if wall-slip is occurring in
this cavity.

d) Data analysis

Preliminary analysis of the pressure drop obtained
from the various microinjection tests enabled the estab-
lishment of a trend on flow curves. Following a data
gathering procedure similar to the one used previously
on the microchannels, small variations on the melt
speed were imposed, allowing the plotting of shear rate
vS. viscosity on Figure 10.
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Figure 10 — Flow curve obtained at 215°C on the test
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The curve plotted in Figure 10 shows a particular trend
since the calculated index of non-Newtonian flow is
always negative, allowing the suspicion that wall-slip
is occurring.

Numerical simulations

Filling simulations were performed with the software
Moldex 3D R9.1 (CoreTech, Taiwan). This software
release incorporates the latest refinements concerning
heat transfer, which is the most important factor, de-
termining the process behaviour at the microscale.
Filling simulations were performed with the same
processing parameters used on microinjection. Fur-
thermore two sensor nodes were located at the same
place of the pressure sensors located in the cavity. A
hybrid solid mesh was used, optimizing the number of
elements and calculation time. At least, four elements
are present on the part thickness improving simulation
reliability. On the bottom face of the simulation model
is located the sensor node as shown on Figure 11.

Figure 11 — Mesh section showing the solid hybrid
elements across the part thickness

The filing simulations resulted on full-shots, as in the
microinjection tests. The same processing parameters
were used and the heat transfer coefficient was ad-
justed for this kind of numerical simulation. The filling
results are shown in Figures 12 and 13. The sprue was
removed.

MoldexiD

g et ot s
a1 ey

e 20 -
ety

Figure 12 — Melt front time from numerical simulation
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iy S Pt
a1 7 fimech
S—_——1

Figure 13 — Shear rate results from numerical simula-
tion

From Figure 12 it is possible to conclude that the fill-
ing of the part took slightly less than 0,2 s, which is
coherent with the values used on microinjection. The
shear rate plot on Figure 13 shows the areas of the part
with higher shear rates, coherent with flow in thin
walls. The highest shear rate, as expected, occurred at
the gate of the part. However, significant shear rates
(ca. 60.000 s are also obtained at the second section
where thickness is almost constant.

The sensor nodes located on the simulation model
enable the comparison of the simulation pressure val-
ues on the cavity with the average pressure values
obtained on microinjection. Figure 14 shows the over-
lapping of numerical data on experimental data. The
pressure values are different concerning their magni-
tude, but the melt speed determined from numerical
simulation is similar, since the time spans where pres-
sure peaks occur are coincident in the time scale.
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Figure 14 — Overlapping of numerical and experimen-
tal values of pressure

Conclusions

The data gathered in this study provided useful infor-
mation for wall-slip evaluation. From the preliminary
conclusions, it is possible to foresee the existence of a
mixed-flow, a combination of classic shear flow and
plug-flow that occurs when the wall-slip is perfectly
established.

The measurement of the pressure drop on a test part
shows that wall-slip can also be present on microinjec-
tion moulded parts.

The use of numerical simulation at this scale is cur-
rently much more reliable. However, the difference
between the pressure data is still substantial. This fact
may enable the conclusion that when wall-slip occurs
and the material detaches from wall cavity, the cavity
pressure decreases.
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Abstract

The integration of micro fabrication and micro-
moulding techniques contributed to the massifica-
tion of microsystems in several domains of activity
at feasible costs. In this study the mouldability of
microdetails generated by microEDM, micromilling
and laser milling in microinjection moulding blocks
is assessed. For that purpose, a polyacetal for
precision microparts is used to evaluate how mi-
crofeatures are replicated in microinjection mould-
ing. The mouldings were produced in a instru-
mented micromould with two interchangeable
moulding blocks, enabling the test of various
mould inserts. The processing conditions were
simulated with the Moldex3D commercial software.
Despite the commercial success of microinjection
moulding, the process involves microscale phe-
nomena that make the polymer flow different from
the conventional flow at the macro scale. The
microinjection tests and the simulation allowed the
gathering of knowledge to incorporate on mathe-
matical models and simulation software, enabling
the filling simulations at this scale being more ac-
curate. Further to the assessment of the microde-
tails mouldability, the surface replication and finish-
ing of the mouldings were analysed by optical and
SEM microscopy.

Introduction

There has been a significant increase in the appli-
cation of miniature components and availability of
microtechnologies in recent years. The main driver
of this trend was mainly the electronics industry
requiring smaller and smaller components and
effective manufacturing processes. Until recently,
the production of this miniature parts was focused
on technologies traditionally used in the world of
electronics and semiconductor industry, like etch-
ing, lithography and other fabrication techniques.
Using these technologies extremely small feature
sizes could be produced. Optical lithography, for
example, produces features as small as 0.2 pm
and X-ray lithography can be used to produce
even smaller features [1].

There is an increasing trend towards product
miniaturization with the rapid development of mi-

croengineering technologies. The development of

new microdevices is highly dependent on manu-

facturing systems that can reliably and economi-
cally produce microparts in large quantities. In this
context, microinjection moulding of polymer mate-

rials is one of the key technologies for serial mi-

cromanufacture [2].

Microinjection moulding of thermoplastics is one of

the most promising fabrication techniques for non-

electronic microdevices. The production costs of
moulded microparts are hardly affected by the
complexity of the design. Once the mould is made,
thousands of parts can be moulded with little addi-
tional costs. In most cases the cost of the raw ma-
terial is negligibly low, because only small material
guantities are required for microcomponents.
Therefore, parts fabricated by micromoulding,
even from high-tech materials, are suitable for
applications requiring low-cost and disposable
components [3]. Thus the market is continuously
demanding technologies for manufacturing large
numbers of products at a reasonable price. These
two requirements are met by the use of replication
technologies, mainly microinjection moulding and
micro hot-embossing. There is an agreement on

two aspects of the microtechnologies [4]:

0 Mass production of microparts must be based
on replication technologies.

0 Quality and performance of a replicated mi-
cropart depend mainly on the quality and per-
formance of the corresponding microtool.

In context of the mould industry, the term micro-

manufacturing refers to the generation of high

precision three-dimensional (3D) components with
dimensions ranging from tens of micrometers to

some millimetres. Nevertheless, some of the mi-

cromachining processes lack the capability to pro-

duce complex 3D parts with high aspect ratios.

Some of the best suited processes to create these

parts, are for example laser beam machining, me-

chanical micromachining, electrochemical machin-
ing, electro-beam machining, focused ion beam
machining and micro electro discharge machining.

Micromanufacturing Processes

The micromanufacturing technologies are a high
added value key-element, to a large number of
industrial sectors. Besides the creation of 3D mi-
croparts with a high aspect ratio, the achievable
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accuracy and the possibility to produce microde-
tails are a challenge in micromachining. Frequently
many factors interact and the arrangement of
these factors determines the capabilities of a tech-
nigue. The more common techniques used by the
micromouldmaking industry include laser beam
machining, micromilling and microEDM, which
have advantages and disadvantages taht lead to
their combined use in the manufacturing of the
microtools.

Micromilling

Milling plays a key role in the production of micro-

structured cavity inserts. In comparison to other

manufacturing techniques, such as electro-

erosion, laser processing or semiconductor tech-

nologies, milling has advantages for low volume

production:

o Able to work with hardened tool steels;

o Flexible manufacture of complex geometries;

o0 Use of existing CAD/CAM infrastructure;

o Comparatively small capital investment.

Micromilling still a rather young process in the

micromachining domain is one of the techniques

currently associated to microinjection moulding

and hot embossing which imply the machining of

thin features [5]. In general, micromilling has re-

guirements exceeding those of conventional ma-

chining:

o Very high spindle speeds to achieve adequate
cutting speeds for the smallest milling cutters.

0 Unbalance (short cutting force)

o Very small tools and parts that are difficult to
fix.

o Part size and features limited by the smallest
diameter of the tools available (currently
40 pm).

0 Higher positioning resolution is required.

Laser Beam Machining (LBM)

In laser beam machining (LBM), the source of

energy is a laser, which focuses high density light

energy on the surface of the workpiece. The

maximum depth where absorption occurs is the

penetration depth and leads to the conduction of

the heat to the material [6]. This mechanism is

used in several technologies: laser drilling, laser

cutting, engraving and, more recently, 3D-laser

machining.

The advantages of laser beam technologies over

other processing technologies are:

o Easy convertion to automatic operation

o No processing forces

o No tool wear

o High processing speed combined with excel-

lent reproducibility

Capable to process very hard, brittle and soft

materials

o Easy integration with other complementary
manufacturing technologies

o
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However, LBM exhibits some disadvantages, such
as the formation of a heat affected zone (HAZ),
pooor surface roughness, and low aspect ratio.

MicroEDM (UEDM)
Electrical discharge machining is often used for
machining complex work piece geometries in tools
for injection moulding. Low surface roughness and
filigree structures in microtools are obtained with
very small discharge energies this making it nec-
essary additional process parameters that make
MEDM different from conventional EDM. In pnEDM
the energy of the discharge must be minimized
and the frequency of the discharges increased [7].
MEDM is very appropriate with conductive materi-
als which cannot be machined by micromilling, e.g.
hard alloyed, chemically highly resistant 1.4539
steel for chemical microreactors. Furthermore, as
micro milling is limited to rather small aspect ratio
of the geometries in the work pieces, JEDM be-
came a domain of deep concave geometries.
MEDM is advantageous due to:
0 Machinability being independent of raw mate-
rial hardness
o Versatile forms can be machined
o No mechanical forces involved (available to
erode ribs with high aspect ratio)
The disadvantages result from only conductive or
semi conductive materials being machined, limited
surface roughness possible, existence of a heat
affected layer and the wear of the electrode.

Experimental

Test parts

Two test parts were designed to evaluate a) the
manufacturing issues for a microinjection moulding
cavity such as the technology adopted and the
obtained surface finishing; and b) the polymer
behaviour on filling features such as thin walls and
high aspect-ratio ribs. From the manufacturing
point of view, the cavities for the ribs represent a
challenge even considering the small aspect ratio
of the features. The surface finishing of the side
walls should enable a smooth ejection process,
requiring the selection of appropriate strategies for
manufacturing.

The first test part, featuring two ribs, was manufac-
tured using micromilling and yEDM, and is repre-
sented in Figure 1. The second test part (Figure 2)
combines the use of LBM for the manufacture of
the rib with a cylindrical protrusion with a through
hole manufactured by micromilling.
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Figure 2 — Geometry of the second test part

Materials

The moulding blocks were manufactured with
stainless steel DIN X42Crl13 after quenching and
tempering to a hardness of 490 +9 (HV0.01). This
13% chromium stainless steel is used in moulds
for plastics where high hardness upon heat treat-
ment and good polishing are required. The mould-
ing blocks are depicted on Figure 3.

Figure 3 — Moulding blocks

The injection tests were carried with polyoxy-
methylene (POM), Hostaform C27021 from Ti-
cona-Europe (Kelsterbach, Germany). This grade
is very easy flow injection moulding with MFR of
24 cm*/10 min (190°C, 2.16 kg) and is commonly
used in microinjection moulding [3].

Manufacturing equipment

The micromilling operations were made with a
FIDIA HS644 High Speed Micro Machining Center
(Torino, Italy) with a spindle speed of 36.000min™.
The parameters used for manufacturing are listed
in Table 1.
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Table 1 — Micromilling parameters

Parameter Units Values
Cutting Speed (V.) m.min* 68
Spindle Speed (n) min™ 36.000
Feed per tooth (f,) pum 4
Width of cut (ac) pum 4

For the laser beam machining process, a Deckel-
Maho DML 40 Sl equipment (Bielefeld, Germany)
with 100 W Nd:YAG-type pulsed laser with wave-
length of 1064 nm was used. The operating pa-
rameters used for manufacturing are listed in Ta-
ble 2.

Table 2 — Laser beam machining parameters

Parameter Units Values
Pulse frequency kHz 30
Cutting depth pum 2
Hatching um 10

MEDM was performed with an AgieCharmilles Hy-
perspark (Geneve, Switzerland). The operating
parameters are described in Table 3.

Table 3 — yEDM parameters

Parameter Units Values
Current Intensity A 0,8
Voltage \Y 120
Pulse time us 75-32
Pause time us 2,4

Microinjection moulding cell

The microinjection cell consists of a Boy 12A injec-
tion moulding machine, a mould temperature regu-
lator and an external control unit for the cartridge
heaters used in the temperature control system of
the mould (Figure 4).

Data acquisition
‘ system .

Temperature
control system
o i

[
Figure 4 — Layout of the microinjection cell

The injection moulding machine Boy 12A (Dr Boy
GmbH, Germany) with @14 mm injection screw
combines technical characteristics for microinjec-
tion and affordability [8, 9]. It is adequate for micro-
injection, for being able to precisely meter with
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injection volume as small as 0,1 cm® at flow rates
up to 15,6 cm®s™. The maximum injection pres-
sure is 240 MPa.

The processing conditions summarized in Table 4.

Table 4 — Processing conditions

Parameter Units Values
Melt temperature °C 200
Mould temperature °C 95
Injection speed mm.s™ 100
Injection pressure MPa 100
Holding pressure MPa 80
Holding time s 2

Filling simulation

Numerical simulations were performed with the
software Moldex3D R9.1 (CoreTech, Taiwan). This
software release incorporates the latest refine-
ments concerning heat transfer, which is one of
the most important factors determining the process
behaviour at the microscale. Filling simulations
were performed with the same processing parame-
ters used in microinjection. A hybrid solid mesh
was used, optimizing the number of elements and
calculation time. At least, four elements are pre-
sent on the part thickness improving simulation
reliability, required to model polymer flow on thin
walls, such as the ribs created on the test parts.
Figure 5 shows an internal detail of the hybrid
mesh.

Figure 5 — Mesh detail on the simulation model

Results and discussion

Three evaluations were performed, concerning a)
cavities characterization, before and after being
used for the microinjection process, b) replication
and shrinkage analysis of the plastic parts; and c)
comparison of experimental results with numerical
simulations concerning shrinkage and warpage
behaviour of the plastic microparts.

Cavity characterization

The characterization of the textured surfaces was
done by tactile roughness profilometry using a
Perthometer M1 roughness tester (Mahr, Ger-
many) with resolution of 10 nm. The measure-
ments followed the 1SO 4287 standard. The pa-
rameter used to evaluate the surface roughness
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was the arithmetic mean roughness (Ra) as rela-
tive heights in microtopographies are more repre-
sentative, especially when measuring flat surfaces.
The topography evaluation of the surfaces was
done by Scanning Electron Microscopy using
JEOL JSM-5310 equipment (JEOL Ltd, Japan).

The roughness evaluation performed on the
moulding blocks before and after the microinjection
procedure showed that wear due to polymer flow
had a significant effect on the surface. This may be
considered as an unexpected result, considering
that tool steel has been used for this application.
The results of both roughness evaluations are
listed on Table 5.

Table 5 — Roughness Ra data

Surface machining Before After

Micromilling 0,221 ym 0,022 ym
LBM 0,588 um 0,485 pm
MEDM 0,075 ym 0,023 ym

This effect is particularly noticeable on the mi-
cromilling and LBM surfaces where a significant
decrease on surface roughness occurs. The slight
improvement on the LBM surface is no surprise
since the process causes the re-solidification of
debris over the processed area. Such debris may
have been partially dragged by polymer flow, an
effect that could be enhanced by the increase of
shear rate up to critical values, causing a shift on
the flow regime to a plug-flow [10]. There is no
enough evidence to support the existence of high
melt speeds on the cavity. However, the dragging
of moulding block particles enables that suspicion.
The moulding surfaces, prior to the microinjection
procedure are shown on the Figures 6 to 8, re-
spectively, for micromilling, LBM and yEDM.

839541
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Figure 6 — SEM micrograph of the micromilled surface
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Part analysis

The plastic parts produced were analysed to de-
termine the quality of replication on to cavity sur-
face. Therefore, measurements were carried out to
determine shrinkage at this level of dimensions
and visual inspection was performed to detect any
surface defect or anomalies. The shrinkage data of
the two test parts are listed in Table 6.

Table 6 — Shrinkage analysis

Shrinkage Base Rib/Boss
Along X axis 3,15% 2,41%
First .
test part Along Y axis 3,04% 20,14%
Along Z axis 2,06% 2,83%
Along X axis 2,91% 3,35%
Second Along Y axis 3,14% 19,57%
test part
Along Z axis 1,65% 5,42%

Although the X, Y and Z axes data on the base of
the parts are quite similar, the shrinkage values in
the Y-direction is highly affected by the measure-
ments on the base of the rib, an area that shows
the highest values of shrinkage. This effect is ex-
pectable considering that the material at the base
of the rib is the last to solidify. Despite the fact that
there is virtually no core on thin walls, a significant
shrinkage value still occurs at that location.

Concerning defects on the plastic parts, a frequent
anomaly is the warpage of the part. Two additional
causes contribute to that problem: the location of
the ejector pins on the extremities of the part and
the friction associated to the depth of the ribs. As
expected, the higher is the aspect-ratio, the higher
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is the probability of occurring problems on the
ejection phase.

Filling simulation versus experimental

The comparison between numerical simulation and
actual micromoulding considered the shrinkage
referred to in the previous topic and the warpage
of the mouldings. Furthermore, considering the
accuracy of the simulations, it is important to ac-
cess the effectiveness of the simulation by using
the same processing parameters as used on the
microinjection procedure. For that purpose, a
simulation model of the first test part was used to
perform such comparison. Concerning the filling,
the part was predicted to correctly fully fill as
shown in Figure 9.
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Figure 9 — Filling melt front time

Regarding shrinkage, the Moldex3D values were
realistic. Shrinkage slightly below 3% was ob-
served for this test part as referred to in the previ-
ous topic. The simulation predicted a maximum
volumetric shrinkage value close to 9%, as illus-
trated on Figure 10. Considering that the linear
shrinkage is approximately one third of the volu-
metric shrinkage, it is possible to conclude that the
numerical simulation was quite accurate.

Moldex3D
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Figure 10 — Volumetric shrinkage upon packing
However, the moulded parts exhibited high shrink-
age values at the base of the ribs while Moldex
3D predicts values ranging from 3,5% to 4,8% in

that area.
In which concerns to the warpage of the plastics
parts, the numerical simulation also proved to be
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reliable, the warpage prediction was coherent with
the experiments and to what is normally expected
for this type of geometry. The results of the war-
page simulation carried out for the first test part
are shown in Figure 11.

Moldex3D
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Figure 11 — Warpage on the Z direction

The moulded parts exhibited a higher displace-
ment at the middle in the Z direction than the cor-
respondent simulation result. Moldex 3D° predicts
a maximum deflection of 155 ym while the parts
show deflection values close to 500 ym at the
middle. Due to the additional causes described
before it is not possible to compare directly the
warpage magnitude between the numerical solu-
tion and the experiment.

Conclusions

For martensitic stainless steels, as X42Crl13, the
surface roughness deteriorates with increasing
laser intensity. The adjustment of other laser pa-
rameters carried out a significant improvement in
surface finishing quality. The lowest roughness for
the X42Crl3 steel is reached with hatching and
overlapping of 10 pum using a 30 um spot diameter.
Although it cannot yet be fully proved, it is possible
that plug-flow is the cause for the decrease of sur-
face roughness on machined surfaces.

Despite the fact that numerical simulation tools are
still not fully adjusted to the rheological description
of the flow at the microscale, Moldex3D predicted
with reasonable accuracy the filling process, the
shrinkage and the warpage of micromouldings.
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