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ABSTRACT

In recent years, the requirement for a much thinhghter and better mechanical
performing product is more and more important foe tompany. Such development
tendency causes great challenges for conventiofedtion moulding process (CIM) in
mould design, polymeric materials and moulding pssc These challenges are mainly
caused by the cool cavity surface which freezespiiigmer melt prematurely during
filling stage. The resulting frozen layer has a bemof adverse effects on the surface
qualities and mechanical performances of plastitspA new rapid heat cycle moulding
(RHCM) process has been developed to overcomentits bf the conventional injection
moulding process. In this novel technique the gasturface is heated to a temperature
close to the glass transition temperature beforé mgction. The elevated mould
temperature allows to produce perfectly smootm-tislled, complex shaped, and micro
structured plastic products with low molecular ot&ion and residual stress. In order to
dynamically control the mould cavity temperaturecading to the RHCM process
requirement, a special auxiliary system is requii2evelopment of capable techniques
for rapidly heating and cooling a mould with a tefaly large mass is technically
challenging because of the constraints set by #a¢ thansfer process and the endurance
limits set by the material properties. Most of &afale heat generation technologies allow
to heat the mould efficiently, but still have a ttshortcomings to be applied in mass
production. In spite of its industrial relevanchere are several aspects of this novel
process that need to be understood completely.

In this Ph.D. dissertatioran innovativeheating and cooling system based on the use
of metallic foamshas been developed by means of both a numericammdperimental
approachAn open-cell metal foam is a kind of porous mediumt tls emerging as an
effective method of hedatansfer enhancement, due to its large surface tarealume

ratio and high thermal conductivity. Instead of wemtional channels, the entire space



below the cavity can be used for heating and/otiegowhile the metallic foam allows

an efficient through flow of water. The metallicafo provides mechanical support and

simultaneously generates a cavity structure.

The aims of this Ph.D. dissertation consist on higmeg a new heating/cooling

system to overcome the limitations of the availatdehnologies and increasing the

scientific knowledge about the RHCM process. Séhasmpects of this new manufacturing

process have been studied.

(i)

(ii)

(iii)

(iv)

(v)

(vi)

The feasibility of using aluminum foams in the hegtand cooling system of
injection moulds has been evaluated. A prototypeldchfor double gated tensile
specimens was designed.

The finite element method (FEM) was used to anatiieestructural deflection
of the metallic foam and cavity surface at elevatedhperature. A 3D
computational fluid dynamic (CFD) simulation wasfpemed to evaluate the
thermal behaviour of the mould during the heatind eooling phases.

The mould was manufactured and a test productios wvaried out. The
accuracy of the numerical approach has been wriiemparing the numerical
results with experimental data.

The performances of the new RHCM system based @emugle of metal foams
were compared with the ones of a ball filled mobjdmeans of experimental
results. A cover plate for aesthetical applicativas used as test case.

The effect of fast variation of the mould temperatan the surface appearance
of plastic parts, micro structured surfaces repbbeaand weld line strength has
been experimentally investigated

The weld line developing process in micro injectioroulding have been
investigated. The influence of the main injectionulding process parameters
on the mechanical properties and surface finistthen weld line zone was
experimentally studied according to the Design apétiments method. A
visualization unit was integrated in the tool ider to observe the development

of a micro scale weld line.
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SOMMARIO

La richiesta di prodotti piu leggeri, sottili e dtitdi elevate proprietd meccaniche sta
diventando un’esigenza sempre piu importante nggini anni in ambito industriale.
Questa nuova tendenza sta imponendo nuove sfiggomdsso di stampaggio a iniezione
tradizionale e, in particolare, nuovi cambiamemila progettazione degli stampi, nella
scelta dei materiali polimerici e nell'esecuzionel grocesso. La necessita di cercare
nuove soluzioni tecniche € principalmente dovudfalevata differenza di temperatura
tra il polimero fuso e la superficie fredda dellvita durante la fase di riempimento. Lo
strato di materiale solidificato influenza negamente le proprieta estetiche e
meccaniche delle parti plastiche. Per superamitilche si riscontrano nel processo di
stampaggio tradizionale € stata sviluppata unaatesnologia di stampaggio a iniezione
con variazione rapida della temperatura dello starmginnovativa tecnologia prevede il
riscaldamento della superficie della cavita detbnypo fino ad una temperatura prossima
alla temperatura di transizione vetrosa prima d#dlse di iniezione del materiale
plastificato. L'elevata temperatura dello stampasamte di ottenere delle parti in
materiale plastico caratterizzate da forme complessiperfici perfettamente lisce,
spessori sottili, superfici micro strutturate, tigo orientazioni molecolari e tensioni
residue. Tuttavia e necessario utilizzare un soéigl sistema ausiliario per il controllo
dinamico della temperatura della cavita dello stamyp sviluppo di sistemi in grado di
riscaldare e raffreddare rapidamente uno stampatalai massa relativamente elevata
presenta degli aspetti critici legati ai vincoliposti dallo scambio termico e ai limiti di
resistenza imposti dai materiali impiegati. La maggarte delle tecnologie attualmente
disponibili per generare calore consentono di lisge efficientemente lo stampo, ma

presentano molte carenze che ne limitano l'impieg@pplicazioni per produzioni di



massa. A dispetto della sua rilevanza industr@lsono diversi aspetti di questo processo
produttivo che necessitano di essere compresi aiarpénte.

In questo lavoro di tesi, € stato sviluppato urowrativo sistema di riscaldamento e
raffreddamento rapido basato sull'impiego di screumetalliche, seguendo un approccio
sia numerico che sperimentale. Le schiume metallighcelle aperte sono una nuova
tipologia di mezzi porosi che si sta imponendo cameffettiva soluzione da impiegare
per incrementare lo scambio termico, grazie ai’aipporto tra superficie e volume del
materiale e I'elevata conducibilitd termica. Ris¢petai canali di raffreddamento
tradizionali, I'intero spazio sotto la cavita pudsere impiegato per riscaldare e/o
raffreddare, mentre la schiuma consente il passagigl flusso di acqua di
condizionamento al suo interno. La schiuma metalfernisce il necessario supporto
meccanico, generando contemporaneamente una stvitiirata.

Gli scopi della presente tesi di dottorato consigtoello sviluppare un nuovo sistema
di condizionamento dello stampo che consenta dersup i limiti delle attuali tecnologie
e nell'approfondire la conoscenza scientifica delcpsso di stampaggio a iniezione con
variazione ciclica della temperatura. Sono statdisti diversi aspetti di questo nuovo

processo produttivo.

() E stata esplorata la possibilita di applicare imser schiuma metallica nel
sistema di condizionamento dello stampo. A talepsce stato progettato un
nuovo prototipo di stampo per provini per proverdzione dotati di due punti di
iniezione.

(i) Attraverso il metodo agli elementi finiti € stataatizzata la deflessione in
corrispondenza della schiuma metallica e delladigpe della cavita ad elevata
temperatura. E stata eseguita una simulazione offinémica per valutare
'evoluzione della temperatura dello stampo durdatéasi di riscaldamento e
raffreddamento.

(i) Dopo aver realizzato lo stampo € stato condottotest di produzione.
L’accuratezza della strategia di progettazione faasall'impiego di simulazioni
numeriche e stata verificata confrontando i rigultaumerici con i dati

sperimentali.

Vi



(iv) Le prestazioni sperimentali del nuovo sistema pewdriazione rapida della
temperatura dello stampo basato sull'impiego dertisn schiuma metallica
sono state confrontate con quelle di un sistenwita i sfere. Una piastra per
applicazioni estetiche € stata scelta come cagmsa.

(v) E stato studiato I'effetto della variazione rapitislla temperatura dello stampo
sulle proprieta estetiche delle parti stampategtdicazione di superfici micro
strutturate e la resistenza in corrispondenza tiata di giunzione.

(vi) Sono state analizzate le fasi di sviluppo delladimli giunzione nel processo di
micro stampaggio a iniezione. Attraverso la metod@a del Design of
Experiments (DOE) si é indagata sperimentalmeméuenza dei parametri di
processo sulle proprieta meccaniche in corrisporaleiella linea di giunzione.

Un sistema di visualizzazione é stato integratdonstampo per consentire

I'osservazione del processo di sviluppo di unadidegiunzione su scala micro.

Il lavoro presentato in questa tesi e stato svpitocipalmente presso il laboratorio
Te.Si. dell'Universita di Padova, Italia, nel pe&ltocompreso tra i mesi di gennaio 2009 e
dicembre 2011, sotto la supervisione del prof. @aBariani e dell'ing. Giovanni
Lucchetta. Parte dell'attivita di ricerca e stabadotta presso il Centre for Polymer Micro
and Nano Technology (University of Bradford), GBretagna.
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INTRODUCTION






Chapter 1

Recent demands in injection moulding for thin prduwith high-grade in
appearance and quality reveal technical problemshnmave been lying unsolved for a
long time. The standard injection moulding procesth constant mould temperature
control suffers from problems caused by the laegaperature difference between the
mould and the incoming polymer. The usage of rdqy@dt cycle moulding (RHCM) has
gained increasing attention in improving the swefgoality of moulded plastic products.
In RHCM, the mould cavity surface is required tohsated to a high temperature before
melt injection, usually above the glass transitimmperature (J), then the high
temperature is kept in the filling process, anéliynthe mould is rapidly cooled down to
solidify the shaped resin melt in the post fillipghcess for demoulding. A large number
of innovative approaches for rapidly heating thdame portion or the entire mould have
been developed in recent years. These innovatitbads heat the mould efficiently, but
still have a lot of shortcomings to be applied ias® production. In spite of its industrial
relevance, there are several aspects of this noeless that need to be understood
completely.

In this Ph.D. thesis, an innovative heating andlingosystem based on the use of
metallic foams to increase the efficiency of thewentional RHCM technique has been
developed. An in-depth investigation on this newnofacturing process has been carried

out by means of both numerical simulations and expntal tests.

1.1 The industrial problem

In recent years, with the development of 3Cs (caempucommunication, and
consumer electronic) industries, the requirememtgérformance of the plastic products,
such as LCD TV panel, and auto center consoles bacome higher, including high
mechanical strength, close dimensional toleranb&g) shape accuracy, low residual

stress, good appearance and excellent surfacedgkigure 1.1).
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Figure 1.1 — Auto centre console with high glossee.

In order to facilitate the flow of the polymer makd improve the replicability of the

moulded product, it is better to maintain a higmperature during filling and packing

phases. However, an increase in mould temperadstdts in a great increase in cooling

time to solidify the molten polymer inside the mabulln order to meet these high

requirements on performance, a rapid heat cyclddmgi(RHCM) technology has been

developed. RHCM offers many advantages over stdridgction moulding:

Better flow and flow length extension.

Superior surface finish, giving high gloss partd aeducing coating costs.
Reduced defects as jetting, flow marks, weld lie¢s, (Figure 1.2).

Better recycling (if no coating has been applied).

Deformations eliminated (warping, bending) by radgastresses.

Reduction in moulding pressures allowing for lowkrmp tonnage.
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(a) (b)
Figure 1.2 - Comparison of frames produced withGdyl and (b) RHCM.

However, maintaining high mould temperatures durthg filling process while
lowering the mould temperature to below deflecttemperature during the postfilling
process without a great increase in cycle timeearatgy consumption is complicated. In
recent years, a number of innovative approachesajndly heating the surface of the
mould have been developed, including methods swchiesistive heating of a thin
conductive layer, induction heating, high-frequemecgximity heating, infrared heating,
heating and cooling using a volume-controlled @daconductance heat pipe, heating
and cooling using thermoelectric Peltier moduleasspve heating by the incoming
polymer, microwave heating, contact heating, cotivecheating using hot fluid or
condensing vapour forced to flow through conformmbhbnnels or bearing ball filled
niches, etc. Moreover the mould should have a lewhal mass and exhibit a low inertia
to variation of thermal loads. Multilayer mould sisting of insulation layers with a
resistance layer can efficiently shorten the magdiycle time.

The aforementioned methods do heat the mould effilyi, but still have a lot of
shortcomings to be applied in mass production. diteevback of the induction heating
method is that the design of the induction codliisicult for achieving a uniform cavity
surface heating, especially for the parts with clemghapes. The mould structure using
high-frequency proximity heating is very complexdaneeds to be carefully designed.

The strength of the mould structure is relativaly ldue to the air pockets under the
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cavity/core surfaces. Steam-assisted RHCM techniggeires an external boiler to

generate steam, which will increase the input amodiyction costs, especially for small-

scale users. The safety issue related to transmissi the high pressure steam in the
workshop should be well considered and this wsbahcrease the production cost. The
ball filled mould technology can be applied only fwarts with plane geometry. For the
RHCM technique with multilayer mould, the low stgtim of the coating layers and the
difficulty in coating the moulds with large and geetry-complicated cavity surfaces

restricted its application in mass production.

In order to increase the process efficiency andhtprove the quality of the final
products, companies in the injection moulding induare looking for other innovative
RHCM technologies. Due to the higher precision godlity requirements of the new
plastic parts produced with RHCM process than thesoproduced with CIM, the
development theory of the moulding problems, lileeluced strength weld line, non
uniform shrinkage, incomplete filling of micro sttured surfaces etc., are needed to be
understood completely. The effect of RHCM proceasameters on surface finish and

mechanical properties of plastic parts is alsostitgect of the present work.

1.2 The aim of the work

The present work comes from a project of the Depant of Innovation in Mechanics
and Management (DIMEG), at University of Padovat Bathis research work has been
performed within a collaborative research actiigogram carried out between the
DIMEG and the Centre for Polymer Micro and NanoHAreslogy, University of Bradford
(UK).

The final objective of this scientific project casts in developing an innovative rapid
thermal cycling system, based on the use of op#ralteninum foam, to increase part
quality and process efficiency. Metal foams are tkensity, high strength porous media,
which possesses such prominent features as ligightvand high strength for structural
applications and high convection coefficients whilgh area to volume ratios for heat
transfer. Metallic foams can be integrated in thault for a wide range of moulded parts

to ensures extremely fast and energy-efficientihngand cooling processes.
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The present work aims to developing a set of irtegh tools that are able to provide
designers of heating/cooling systems with a morgeipth scientific knowledge about the
RHCM process. Several aspects of this novel tecgyolneed to be understood
completely. In order to achieve this goal, the @ffef RHCM on surface finish and
mechanical properties for macro and micro mouldadsphave been investigated. To
fulfil this task the following goals have been agd:

. Design and set-up of a novel injection mould, basedhe use of metal
foams, for the RCHM process.

. Development of a numerical environment to simuldte temperature
evolution and the mechanical behaviour of the maads, approximating
industrial operating conditions as closely as gussi

. Evaluation of the effect of fast variations of thmuld temperature on the
improvement of micro features replication and mogd appearance.

. Evaluation of the effect of RHCM on mechanical muajes in the weld line
zone of tensile specimens.

. Design and set-up of a mould with an integratedaligation unit to observe
the development of a micro scale weld line.

. Evaluation of the influence of the main injectionoultding process
parameters on the surface roughness and mechastresgth of micro
tensile specimens produced with RHCM.

1.3 The organization of the work

The work is organized in ten chapters. Chaptenvgéga general introduction to limits
of traditional RHCM processes for production of dvéhe-free and high-gloss parts. In
this chapter a new heating and cooling system,dasethe use of open-cell aluminum
foam, is then presented. The scientific relevarichepresent work i explained.

Chapter 2 gives an overview of the state of théenamiould rapid heating and cooling,
with the goal of explaining the working mechanisamsl providing unbiased accounts of
the pros and cons of existing technologies. Thestitment elements and corresponding
building blocks needed in a workable mould withapid heating and cooling capability

will be described.
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Chapter 3 describes the main characteristics o&lnfieams and the ways in which
this new class of material is manufactured. A sumnd the constitutive equations
defining the mechanical and thermal behaviour diairfeams is then reported.

Chapter 4 presents the innovative heating and mgpdystem based on the use of
metallic foams, which has been developed to inerd¢las efficiency of the conventional
RHCM technique. The implementation of a numericalimnment suitable for analyzing
the mechanical and thermal behaviour of the nevingeand cooling system is reported.
A structural simulation was carried out in ordereiealuate the tension field and the
deformation of the metallic foam during the polymejection phase. A 3D thermal
analysis was run simulating a cycle of rapid hepsind cooling.

Chapter 5 describes the equipment used to expetathemvestigate the innovative
RHCM technology. A test production was performed #re surface finish of the plastic
parts produced with the new mould was verified. Thmparison between the numerical
results and the experimental data regarding thie ¢yue is then reported.

Chapter 6 investigates the effect of fast variaiofh the mould temperature on the
improvement of micro features replication. The nfaotwring process of the micro
channels and the procedure for the characterizafitimee moulded parts are described.

Chapter 7 focuses on the analysis of influencdefrapid heating and cooling on the
mechanical properties of plastic parts. The resiuthe tensile test for filled and unfilled
materials is reported.

Chapter 8 describes a comparison between the camdg system based on the use
of aluminum foam and the ball-filled niches teclogyl. A plastic cover for aesthetic
applications has been chosen as test case. Thadheatl cooling time of the different
RHCM processes were analyzed to determine and aentipair production costs.

Chapter 9 investigates the effect of the weld tegeloping process and its influence
on surface finish and mechanical properties in enigjection moulding. A new mould
with a variotherm system and an integrated visatibn unit is described. Obtained
results regarding the comparison between the cdioverh injection moulding process
and RHCM for different materials and weld line tgmae then reported.

The last chapter, the tenth one, presents the usioadls of this work.




CHAPTER 2

BACKGROUND STUDY AND
LITERATURE REVIEW
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Chapter 2

Injection moulding is one of the most widely usewdgessing technologies in the
plastics industry. In conventional injection moulgli(CIM), polymer melt is injected into
a closed cavity, held under pressure to comperisatdiermal shrinkage until the gate
freezes, and then ejected out of the cavity afterpiart has sufficiently cooled. A constant
mould temperature is widely used in conventiongdation moulding practice. The mould
temperature is controlled by pumping fluid with stant temperature through the cooling
channels of the mould and adjusting the rate asdd@mperature of the coolant. Mould
temperature has a direct influence on the partityuahd moulding cycle time and it has
to be lower than the polymer phase transition teatpee during the cooling stage. The
standard injection moulding process suffers fronobfgms caused by the large
temperature difference between the mould and tenimg polymer. Upon contact with
the mould surface, the polymer melt starts to #glicalmost instantaneously, at the
mould surface. Because of this frozen layer, idiicult to fill a part with a large
length/thickness ratio. The premature freezing lemobduring the filling stage also results
in weak weld lines because of the lack of molecdi#fusion between the joining melt
fronts. More important, the frozen outer layer detrates the optical and mechanical
properties of the moulded part. The molecular dagons in the skin result in distributed
birefringence and residual stresses, of which #ited is the primary driver for part
warpage and dimensional instability. Often, thedtipn pressure in thin-wall moulding
exceeds 100 MPa, a thousand times higher thantthespheric pressure, resulting in
high shear rates approaching® K0'. Most of the aforementioned part defects may be
alleviated or eliminated if an elevated mould terap&e close to or even above the
polymer transition temperature is used. This elyamould temperature, however,
substantially increases the cycle time, thus lowgethe productivity to a great extent.
The ideal moulding condition is to have a hot modilding the filling stage and a cold
mould during the cooling stage. In reality, a senglould is used in injection moulding;
therefore, means for rapid temperature change ef stime mould are required to
approximate this ideal moulding condition. Despite advantages of the differential
mould temperature setup, an injection mould typycatesents a large thermal mass and

is difficult to heat and cool rapidly within the moal injection moulding cycle.
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Furthermore, any modified mould should possesslaimnechanical performance as a
standard mould.

Although most investigations on rapid heat cycleudimg (RHCM) appeared after
1990, some earlier endeavors date back to the @889s [1]. This very early study
demonstrated the capability of improving the parldgy but in a rather impractical way
since it involved time-consuming heating and caplof a large portion of the mould
system. The number of studies on mould rapid hgatnd cooling has increased in recent
years, especially after the 1990s. The primaryedrsomes from the growing need of
precision parts, optical parts, and parts with ofgatures in the electronics and
biomedical industries. Without an elevated moultgerature during the filling stage, it
is difficult to mould a thin and long part withoghort shots, a precision part with
minimal residual stress and thus acceptable warpagedimensional stability and an
optical part with a low level of birefringence. Ret works focused on selectively
heating only the surface portion of the mould. Depment of capable techniques for
rapidly heating and cooling the mould surface portis a difficult task because of the
constraints and the endurance limits of the mdseraed for the mould. At present,
rapidly heating and cooling a large surface arealdhcemains a major challenge in the
polymer moulding industry.

This chapter presents an overview on the statb@eofatt in mould rapid heating and
cooling, aiming at explaining the working mecharssmand providing an unbiased
account of the pros and cons of existing processddechniques. Successful applications
of existing processes are described and potemtiptavements to these processes are
highlighted.

2.1 Process principle

The mould temperature control strategy of RHCMugegdifferent from that of CIM.
CIM process consists of plastication of the polympellets in barrel, filling and packing
of the resin melt in mould cavity, solidificatiorf the shaped resin melt, and mould
opening to eject out the moulded part. In RHCM, theuld is circularly heated and

cooled and so the cavity surface temperature faietusignificantly. As the temperature
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of the cavity surface reaches the designated vaemgrally 10°C higher thany Df the
polymer, the resin melt in the barrel is injectatbithe cavity. When the thermal couple
detects that the mould cavity surface has beeretiagi to the required temperature, the
variothermal mould temperature control system sendgynal to the moulding machine
immediately for melt injection. After filling andggking, the mould is cooled down
quickly to solidify the shaped resin. Once the tagurface temperature lowers to the
required temperature, usually 10°C lower than tkat ldeflection temperature of the
polymer, the moulding machine is given a signavppen the mould and the moulded part
Is ejected out. Then, the mould is reheated fom#r¢ moulding cycle. Figure 2.1 shows
the comparison of the changes of the mould temperatiuring RCHM and CIM

processes.

: — RHOMW
SetT=Tg

== 1M

Injection

Temperature

7 SetcC 7

e

Heating I Cooling
Cpen
Ejection '
Close

Time

Figure 2.1 - Comparison of the changes of the meerdperature in RHCM and CIM

processes.

As most of the shell plastic parts just fulfill thequirement of a good outer surface
appearance, only one side of the mould, usuallycthnaty side, needs to be heated.
According to the temperature feedback of a theromlple, the variothermal mould
temperature control system can coordinate the iaevof the heating system, cooling

system, and the moulding machine to achieve amomtis RHCM process.
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The cycle time is one of the most important factorbe considered because it affects
the production efficiency. In RCHM we expect to eexse the moulding cycle time by
determining a reasonable starting time of the hgabrocess to fully use ejecting time
and mould closing time to heat the moulds. Theihgairocess can start once the moulds
are opened and the moulded part separates frormaliéd cavity. In this condition, the
mould are heated during mould-opening, ejecting &kihg out the part, and mould

closing. The whole moulding cycle ting,, can be expressed as:

teycle = triting + tpacking T+ teooling (2.1)

+ max{(topening + tejection + tclosing)' theating}

where tiiing, tpacking tcooling lopening lejecting telosing @Nd theaiing denote the filling time,
packing time, cooling time, mould-opening time,ctjgg time, mould-closing time, and
heating time, respectivelymax{( tpening * tejecting * tclosing, theaiing} represents the
maximum one Ofyeatingand the sum dfpening tejecting @Ndteiosing But if both the inner and
outer surfaces of parts are required to have gesthatics, the surfaces of the mould
cavity and core sides all need to be heated. Forctse, the heating process of the cavity
and core can be started once the part is ejecteftarn the mould. The heating process
of the cavity and core is performed simultaneowsityh the operations of ejecting and

mould closing. In this condition, the whole moulglicycle time can be expressed as:

tcycle = tfilling + tpacking + tcooling + topening (2_2)

+ max{(tejection + tclosing): theating}

2.2 Heat transfer process in injection moulding

There are three contributions to the heat in tleenioplastic melt during the injection
stage:Qi, convected heat from the mef,, heat conducted to the mold; a@d, heat
generation inside the thermoplastic [2]. Theserdomiions are quantitatively represented

in the following equation:
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pep (g—: tv- VT) = V- (kVT) + (ao:¥ + 3) (2.3)

wherep is density, g is specific heatk is thermal conductivityT is temperaturet, is
time, v is a velocity vectorg is a total stress tensqr,s a strain rate tensog, is the
fraction of deformation energy converted into heat]s is a heat generation source from
a non deformation field. In Eq. (2.3)¢,v-VT represents the convective energy, that is,
Qu; V-(krT) corresponds to the conduction loss to the molat, iy Qz; and(ao:y + $)
represents the total heat generation source, fhddsi In Qs, ao:y denotes the heat
generation due to permanent deformation, and irfiliveg stage, it is viscous heating,
that is,y?2, wherey is the equivalent strain rate. Figure 2.2 scherahyi illustrates the

heat transfer process in thermoplastic injectiomlaiag.

Cooling channels

Mold O O

_Frozen layer

/M.It .i 0;«—93’33

N

 Velocity profile

Figure 2.2 - Schematic of heat transfer processjection moulding.

2.3 Mould design for rapid thermal cycling

The difficulty in designing a rapidly heatable atmblable mould arises from several
specific functional requirements that a productmeuld must satisfy. The typical
injection pressure ranges from 10 MPa to more t@hMPa. The high cavity pressure
could cause a significant amount of shape chandbkeotavity. If soft organic materials
are involved for insulation purposes, appropriaésigh schemes must be utilized to
minimize the amount of mould deflection. The mouwdsign should promote the

generation of static pressure in the mould mateatder than creating different normal
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stresses in different directions and consequentlyigh level of shear stresses. For
example, bending should be minimized. The mould tnimgs mechanically capable of
supporting an extremely high injection pressure anthirge clamping force. This is
important when stiff but brittle materials are used

The mould should have a low thermal mass and exaibbw inertia to variation of
thermal loads [3,4]. Cycle time is as importanfagt quality in mass production and is
directly related to the manufacturing cost. Everthé# formidably high heating energy
could be made affordable, it would still be difficto cool a large thermal mass within
the normal cycle time.

Finally, thermo mechanical durability during thefnwycling is critical in mass
production of plastic parts. The design of a rapibdeatable and coolable moulding
system must be considered carefully and must beoaccally and practically feasible.
For a system with different materials used for lagsan and heating purposes, the

thermal mismatching problem could greatly redueslifie of the mould.

2.3.1 Constituent elements

An industrial process or machine can be decompasedits constituent elements.
These elements can then be recombined in a systemay into either innovative
solutions. Tadmor [2,7] proposed a framework forchiae invention using elementary
operations. Four constituent elements are neede@ fapidly heatable and coolable
mould:

* low thermal mass;

e astiff, strong, and durable mould;

* means for rapid heat generatiorthie mould surface portion;

* means for rapitheat removal in the mould surface portion.

Conventionally, mould cooling is achieved with @woolants, usually water and less
frequently air or other fluid media. Although, imebry, cooling can be achieved by other
mechanisms. But these methods are expensive anéffestive than conventional water
cooling. Compared with heating, cooling can beqentd at a lower rate because, during

cooling, the injection moulding machine needs add#l time for plasticating a new shot
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for the next cycle. Therefore, the thermal gradateloped in the cooling stage is lower
than that in the heating stage and the mecharegairements are almost solely designed
for the heating means. In most studies [3,%6] mould rapid heating and cooling,
although heating was carried out unconventionatlgpling was performed in the
conventional way. Therefore, studies with unconweal cooling systems are

uncommon.

2.4 Mould with low thermal mass

For RHCM, the required heating and cooling timéhaf mould mostly depends on the
mass of the cavity/core to be heated and coolednotld with a low thermal mass
exhibits a low thermal inertia and can be rapidbated and cooled. As shown in Figure
2.3, the thermal performance of a rapidly heataplé coolable mould to three thermal
rates: the initial heating rate, the secant heatig and the initial cooling rate. Previous
investigations [6,8,9] showed that a mould withoe thermal mass can deliver a rapid
temperature rise of 100 °C/s with a heating powiehe order of 100 W/cfa Since the
heat used during heating needs to be removed duodaling, the low thermal mass is

also critical for energy saving.

Initial heating rate

Initial cooling rate

Secant heating rate

Temperature

Time

Figure 2.3 - Schematic heating and cooling respaigbe mold surface.

The thermal masdyl, can be defined as the product of mass and spdwat, as

given in Eq. (2.4):
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M = pVc, (2.4)

whereV is the volume of the mass. Three basic buildingkdofor a low thermal
mass are revealed from Eq. (2.4), that are derspgific heat and volume. The product
of density and specific heat for most materialJuding metals, ceramics, and polymers,
is of the level of 3x1DJ/(nTK). Density and specific heat are intrinsic matepi@perties
that cannot be modified. The first two building ¢#s are not useful in practice.

To reduce the thermal mass, the volume of the maatbeing heated should be
reduced. However, the extent of volume reductiorinmgted by some mould design
constraints, particularly the required structutdfreess.

2.4.1 Mould with scaffolded structures

In the porous material building block, the mouldngwises a significant percentage of
voids. The actual volume of the mass is much sm#tien the apparent volume of the
mould, or to put it another way, the apparent dgrdi the mould is much smaller than
the density of the mould material. Technical apphes to this building block include
scaffolded structures [10-12]. Figure 2.4 showseaample of scaffolded mould for
lowering the thermal mass. Xu et al.[10,11] desigaescaffolded mould with beams as
supporting elements arranged in a three-dimensipatiérn, resulting in a fully open-
pore mould insert. In general, to create such alandree-form additive manufacturing
techniques are needed (e.g., selective laser isigt@and three-dimensional printing).
Figure 2.5 shows a demo insert with cooling chaaeld truss support made by 3D
printing process. For a scaffolded mould, strudtisgues, particularly on the stiffness of
the mould, need to be addressed in the design.clnivoe accomplished by a computer-
aided structural analysis. In the case of simpteriral hollow geometries combined
machining and fusion techniques may be used. Yaal. 0] created a thin plate with
rectangular pockets on one side and welded this &da thick mould base. The
conformal pockets or channels near the mould sertaeate an opportunity for rapid

cooling by passing a cooling medium in these spadcesg the cooling stage [12-14].
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Kimberling et al. [15] showed that a 50x25x25 mmuidoinsert with an air pocket
design and the pulsed cooling method can be thgrmydled between 70 °C and 200 °C
with a cycle time of only 5 s. Recently, Chen et[46] more quantitatively investigated
the use of pulsed cooling for enhancing the themealormance, proven to be effective
even for a more conventional mould design. Any o8id#f and strong porous materials

may be used in low thermal mass moulds, for exanmaleus stainless steel produced by
powder metallurgy.

| Scaffolding

architecture

m ey

o S eany

Mould cavity

surface
i ]
Mould core

surface

Figure 2.4 - Scaffolded mould design.

Figure 2.5 - An insert with cooling channels angss support made by 3D printing

process.
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2.4.2 Multilayer mould

In an insulated mass building block, a thermal liaison is sandwiched between the
bulk mould base and the cavity surface portionyltesy in a multilayer mould design
[3,4,6,8,17-29, 30]. In this case, different matkriare used in the mould. Because the
thermal and mechanical properties are differentveen a typical conductor and an
insulator, the main challenge arises from the higkrfacial shear stress between the
layers generated during the heating and coolingestayao and Kim [8] simulated the
thermal stress developed in a multilayer mould waitsteel base, a metallic coating layer
and an oxide insulation layer. Although most repdnnultiplayer moulds suffered from
serious durability issues, the approach was foaretuseful during passive heating [34].

Innovative technologies have been developed foatcrg many layers of thin
materials near the surface, allowing gradual viamatof properties between layers
[31,32]. Similar techniques may be developed toroup the durability of a multilayer
injection mould.

Orthotropic materials have been used for mould drapeating applications. In
particular, Yao and Kim [33] used pyrolytic graghwith orthotropic properties produced
in a chemical vapor deposition (CVD) process. Tlatemal exhibited a factor of 200 in
thermal conductivity difference and a factor of @4@ electrical resistivity difference,
and can be heated and cooled rapidly with a themai@ over 100 °C/s. Although
graphite is not a desired mould material, this apph could be extended to a more
durable material.

2.5 Mould surface heating methods

The only two mechanisms relevant to mould rapidtingaare heat generation and
heat conduction. Among all possible internal heahegation mechanisms, electrical
resistive heating is the most used mechanism fardn@pid heating. Electrical resistive
heating can be accomplished by passing directternating current in a thin electrical
conductive layer or by skin effects from a highginency electromagnetic field. Two
useful technical approaches for implementing this €ffect are induction heating and

proximity heating. If the mould material is an itetor exhibiting reasonable dielectric
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loss, it may be heated by high-frequency dieledtaating, including microwave heating.
Heat generation using the Peltier effect has atsmbieported in mould heating, although
the thermal rate was slow. The technical aspectsdoh technology will be described in

detail in the following sections.

2.5.1 Electrical resistive heating

In electrical resistive heating, the heat is geteeraccording to Joule’s first law. For
safety reasons, low voltage and high current apecajly desired. Most good resistive
heating materials either are brittle or requir@eac#fic geometry (e.g., resistive wires). In
the case of mould rapid heating, a metallic hediygr is desired. However, metals are
excellent electrical conductors and therefore higgistance is difficult to obtain unless
the geometry is long and thin. A schematic setupmaiuld rapid heating by low
frequency electrical resistive heating is illustdchtn Figure 2.6.

Heating layer
LF eurrent Insulation layer LF current
—— —
‘ Q M O ‘

H“ Coaling channels

Figure 2.6 - A Electrical resistive heating withwldrequency electrical current.

Flexible, thin-film heaters are available commdigjadypically made of a zigzag thin-
film metallic pattern to increase the resistanemdsviched between two insulation layers.
For this method, an insulation layer is needed &#néhe thin resistive heating layer
(Figure 2.7). However, any tiny scratch on the acef could result in a catastrophic
failure due to no uniform heating and local strgeserated. Furthermore, the contact
resistance at any connecting junctions could beifsgignt, resulting in an additional
failure mode. Significant efforts in multilayer isive heating was directed to identify a

identify stiff, strong, and durable materials wigatively high resistivity [1-3,17,19].
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Molded Part
Class A Molding Surface

Machined Layer

Electrical Insulator

TCX Heater
Thermal Insulator

Mold Base or Insert

Figure 2.7 - A schematic setup of mould rapid heaby electrical resistive film
(Thermoceramix® system).

2.5.2 Induction heating

Induction heating is the process of heating anteéatly conducting object (usually a
metal) by electromagnetic induction, where eddyentsare generated within the metal
and resistance leads to Joule heatfighe metal. An induction heateonsists of an
electromagnet, through which a high-frequency a#eng currentis passed. Induction
heating is an efficient means to heat the mouldasarin a non-contact procedure.
Although Wada et al. [35] proposed the idea of gisimduction heating more than twenty
years ago and a feasibility study on induction ingabn mould heating was also reported
recently, stable utilization of induction heating the moulding industry will not be
practical without a full understanding of inductibeating from both the simulation and
experimental point of view [36-41Chen et al. [42] applied induction heating to iowe
the surface appearance of weld lines. Kim et aB] [dsed induction heating in a
procedure that rapidly raises the surface temperaitia nickel stamp with nanoscale-
grating structures. Park et al. [44] improved theuidability of micro-features by
applying high-frequency induction heating. Thisdstuapplies induction heating to the
elimination of weld lines in an injection-mouldedhile phone cover. A schematic setup

of an induction heating system with an externaped coil is shown in Figure 2.8.
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35mm

Coolant in\x‘\‘\,i__

Coolant out

Figure 2.8 - A schematic setup for induction hegt mould inserts.

One benefit of this method, therefore, is thatdleetrical insulation right beneath the
mould surface is not needed. But its use in moulfiase heating requires solutions to
several problems, including coil design, systemraip@ens, and parameter control. In
general, direct embedment of the coil inside theulchas difficult and the common
practice is to use a separate external coil. Ferrdason, the reported experiments were
limited to mould preheating before the mould closeternal coils for induction heating
[45,46] have been disclosed in patent applicatiggkgyure 2.9). However, the
effectiveness of this method cannot be assess#udsamoment because of the lack of

experimental data reported.

Figure 2.9 - A schematic setup for induction hegtwith internal coils (3iTech system
developed by Roctool®).
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2.5.3 High-frequency proximity heating

Another high-frequency resistive heating methodrisximity heating [9,47]. The
principle of this method is based on the proximdifect [48] between a pair of
conductive blocks facing each other with a smapp gabetween and forming a high-
frequency electric circuit, as shown in Figure 2.T8e high-frequency current flows at
the inner sides of the facing pair, heating the Ishaurface portion. The proximity
heating method does not need the presence of atriedé insulation layer beneath the
mould surface. The main benefit of proximity mouidating over inductive mould
heating is that the separate electrical coil imelated. This facilitates active heating to
be performed even when the mould is closed. Howaweuld surfaces with complex

shapes are difficult to heat.

Proximity effect

HF ' |_ HF

current \ _,-*"'j current
Ry ©

Metal block Meital block

Figure 2.10 - Principle of high-frequency proximitgating.

2.5.4 Dielectric heating

Dielectric heating, also known as high-frequencwtimg, is the process in which a
high-frequency alternating electric field, or radi@ve or microwaveelectromagnetic
radiationheats a dielectrimaterial. The use of dielectric heating for mowdgid heating
requires that the mould be a dielectric material an electrical insulator. This method
has limited applications in mould heating, and mofeen it is used for heating the
polymer [49-51]. Dielectric heating of the polymean be combined with induction
heating for enhancing the mould heating performgdé&3. In the case in which the
mould is also made of a dielectric material, bdte tould and the polymer can be

actively heated [49] by the high-frequency eneiigghould be noted that most polymers
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are poor electromagnetic absorbers. Thereforegreighhigh power source or easily
excitable additives are needed for the practical afsdielectric heating of the moulding

polymer.

2.5.5 Thermoelectric heating

Thermoelectric cooling is based on the Peltieratffe create a hedlux between the
junction of two different types of materials. A Bel heater is a solid-state active heat
pump which transfers heat from one side of the deviceh® other side against the
temperature gradient with consumption of electrezsrgy. The direction of heat transfer
can be reversed by switching the polarity of thevgosupply. Sequential heating and
cooling can be performed by a single thermoelectezcice. Kim and Wadhwa [52] used
commercially thermoelectric devices for mould hegtiThe major limitation of such a
thermoelectric heating device is that the heat g#ed on one junction is rapidly
conducted to the other junction because of the Isspalce involved and the moulding
heating and cooling rate with thermoelectric heatsrather slow. Whiteside et al. [53]
showed that the Peltier device did not have the gpot® adequately control the
temperature of the cavity.

2.5.6 Radiation heating

The radiation heating building block implementsdiation boundary condition in the
heat transfer process. The energy is transmittech fa remote body in a noncontact
manner in the form of rays and waves. The use ditian for mould rapid heating has
been exclusively focused on infrared heating [5}-8& is generally known, radiation
energy propagating in a radiation absorbent is eepbally absorbed and attenuated. Its
relation is described by Lambed-Beer’s law.

I = Iyexp (—fx) (1.3)

Absorbed radiation energy is converted into thererargy, and then the absorbent
temperature is increased. The extent of the radiateating depends on the radiation
absorption coefficient that is a function of the tem@al components and radiation
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wavelength. A characteristic point of the propositegzhnique is its non-contact,
volumetric heating and good controllability for theating extent. One part of the mould
wall must be transparent to introduce the radiaéinargy from the outside of the mould
blocks. Thus the moulded polymer is directly healbsd radiation energy, and the
temperature of the moulded polymer is easily cdlemioby radiation intensity. Many

polymer materials have several absorption bandsfiared radiation.

Rapid thermal processing using radiation heat teans a widely used technique in
semiconductor manufacturing processes such as chkemapor deposition (CVD) on
silicon substrates. Because of vacuum environmemhe CVD chamber, radiation is a
more efficient heat transfer mode to heat the milisubstrates rapidly. The short
wavelength halogen lamps are used as the infrapeidces. The silicon substrate is
insulated by quartz pillars and the temperatursilafon substrate can be raised from 300
K to 1300 K in 10 s. Some researchers have stutliedtemperature control of the
RTPCVD system.

In injection moulding, multiple infrared lamps chea assembled on a lamp holder and
used as a single external device that can be miovadd out of the space between the
two mould plates [58-60]. A flat reflector with stexed lamps is shown in Figure 2.11.

— {0

Figure 2.11 - Infrared heating system.

With the modification of the infrared rapid surfabeating technique for injection

moulding, e.g., increase power of bulbs, focusahergy at the area of mould insert and
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lower the mould temperature, the cycle time carkdgg within an affordable period of

time. One difficulty in infrared heating is to aekie uniform heating temperature across
the mould surface. Commercial optical analysisveafé can be used to simulate the
infrared absorption of the mould surface for thistfstage of analysis and to optimize the
lamp pattern. Infrared lamps can be installed mdilde mould plates in addition to

external infrared sources [57]. In this case, idfdaheat is available when the mould is
closed, allowing active heating during the entireutd cycle. A schematic setup of a

infrared heating system with external infrared langshown in Figure 2.12.

Guided pneumatic cylinder

Lamp holder
connector

Cooling plate

Figure 2.12 — Schematic of the infrared heatingesysassembled on the mould.

2.5.7 Contact heating

In contact heating or conduction heating, a low gerature body is conductively
heated by contacting with a high-temperature badtle effort [62,63] has been reported
in mould rapid heating using contact heating. Stuamal Schulte [62] disclosed a mould
design in which a thin inner region of the mouldaadnt to a hollow mould cavity is
conductively heated by a more bulky outer regionntamed at a higher temperature.
After moulding, the thin inner mould region togethvith the moulded part is cooled

independent of the outer region. Yao et al. [63]ezmentally investigated the use of two
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stations, one hot and the other cold, for rapidbdating and cooling flat shell moulds.

They reported that aluminum shell moulds with &khess of 1.4 mm could be rapidly
heated from room temperature to 200 °C in aboutvBlsa hot station at 250 °C. The use
of contact heating between solid bodies for moajuld heating is constrained by several
physical limits of the heat conduction process.c8imeat conduction is a diffusion

process, penetration of heat into a thick sect®m islow process. For complex shell
geometry, additional concerns are on the uniformiat between the contacting bodies.
For these reasons, contact heating is suitabl@iioishell moulds with simple geometries
and high thermal conductivity.

Passive heating of the mould surface by the incgnpolymer melt may be
considered as one special case of contact hedtirtis case, the major mechanism for
heat transfer is also heat conduction. A pracscdlition is to incorporate an insulation
layer at the mould surface, as exemplified in tierdture [4,26-29,64]. If a metallic
surface is needed, as in compact disk mouldingnaicdo moulding, a separate metallic
stamp with microstructures can be placed overrbalation layer and heated by passive
heating. In general, the mould surface temperatise due to passive heating is
moderate; however, a proper use of this effectregunlt in a significant delay of the
frozen layer formation, thus improving the mouldopgglity. Iwami et al. [30] developed
an injection mould system with an insulated thintaheavity surface and a release-
functioning core surface, as shown in Figure 2ld8nediately after mould-filling under
a low pressure such as one third of that in coneeat moulding, the cavity surface
rapidly increases in temperature to develop wditaland adhering, while the resin on
the core side is released and migrates toward ycauite to compensate the surface
shrinkage. Before deciding a proper ULPAC-cavitgdil, simulations for the thermal
behaviour of ABS melt and metal surface was perémtminder variable parameters

using a simulation software (Figure 2.14).
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Figure 2.13 — The basic composition of ULPAC caaitg core block.
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Figure 2.14 — Thermal behaviour of the metal swflyer in varying (a) its

thickness and (b) the thickness of the insulatgyeil.
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2.5.8 Convective heating

The convective medium (oil, liquid or heated gaspases a convective heat flux at
the fluid—solid interface. The heated fluid maydaeulated inside the mould or directly
introduced to the mould surface from the mould avihe internal convective heating
method is the most common method of controlling lihkdeamperature in the traditional
injection moulding industry. Some earlier effor&5] in mould rapid heating and the
earlier version of the variotherm mould heating gess [66,67] were based on this
method. In internal convective heating, heatechad been the most widely used heating
medium. But the reported heating response in tgseems was quite slow, typically
needing more than several minutes to achieve &@@hange of temperature. In order to
overcome the limited heating temperature of oilt s and steam can be used. In
particular, the steam heating method has receetigigted some interest in the industry.
An example of an RHCM system with steam heatinglustrated in Figure 2.15. It
consists of a steam system, a coolant system, \&e \@change unit, a control and

monitoring unit, an injection moulding machine teasn-heating mould.

——®| Steam source Coolant source |——
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Figure 2.15 — Composition and structure of RHCM@ays with steam heating.
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Conventional machining like CNC drilling can be dd¢e make straight channels. But
this technology doesn’t allow to produce complidatghannels in three-dimension,
especially close to the wall of the mould. An altgive method that provides a cooling
system that ‘conforms’ to the shape of the parthe core, cavity or both has been
proposed. This method utilises a contour-like clednronstructed as close as possible to
the surface of the mould to increase the heat phearaway from the molten plastic
(Figure 2.16).

Figure 2.16 — An example of RHCM mould with confdroooling channels.

The RHCM technique with electric heating and coblewoling is the most widely
used system in the injection moulding industry. RMCM, the heating and cooling
system design of the electric-heating moulds argredt importance because they have a
decisive influence on the moulding cycle and the pgaality [68-73]. Figure 2.17 gives
the schematic cavity structure of a typical eleetreating mould. For the cooling system,
the diameterD,, of the cooling channel is about 6-8 mm. Considgthe factors of the
mould strength and the cooling efficiency, the atise H,, from the centre of the cooling
channel to the cavity surface and the pitek, between adjacent cooling channels are,
respectively, 3—4.5 times and 2.5-3.5 times ofdiaeneter of the cooling channel. For
the heating system, the diameté&x, of the heating rod is about 4.5-6.5 mm. The

distance H,, from the centre of the heating rod to the casityface and the pitch;,
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between adjacent heating rods are, respectivebytab-1.5 times and 2.5-3.5 times of
the diameter of the heating rod. During the heagiracess, the empty cooling channels
can improve the heating efficiency by retarding theat loss. Before heating, the
remaining water in the cooling channels of the rdamlust be drained out. In order to
achieve a good heating effect, the clearance betweeheating rod and the wall of the
mounting hole in the cavity or core should be sarathan 0.05 mm. Xi-Ping Li et al.
[74], proposed a strategy for optimizing the distm between the neighbour heating
channels in order to achieve a uniform temperadigtibution on the cavity surface.

Lavity surtace

Heating rod |

Coolings
channel |

.

Figure 2.17 — The schematic cavity structure offadal electric-heating mould.

However. the temperature profiles of conventiorf®dmmels show local differences,
which cannot be avoided. This problem has beenedoWith the new ball-filled (BF)
mould, developed by the Kunststoff-Institut Lidesigh Germany. Figure 2.18 shows the
schematic structure of the innovative ball-filleebund. It utilizes the entire area behind
the cavity for homogeneous heating and coolings Pinovides for efficient flow through
the cooling area, thus affecting the cavity’s stefarery directly. A cooling process
fitting closely around the contours with simultansohigh water flow rates can be
achieved. Only those parts of the mould that aoseclto the cavity are heated, which
ensures extremely fast and energy-efficient heatirdjcooling processes. BFMOL®
can be integrated in the mould for a wide rangenofilded parts, but can also be used

selectively, restricted to critical parts of compats.
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Both conformal channels and ball filling allow rd@nd uniform heating of the cavity
and provide mechanical support to contrast higactnpn pressures. However, conformal
cooling channels are expensive to produce whilkfitied slots can be realized only for

parts with plane geometry.

Figure 2.18 — Schematic view of the BFMOLI® technology principle.

2.6 Applications

With a rapidly heated mould surface during theinfgl stage, the frozen layer is
reduced, or even eliminated, if the mould surfaeegerature exceeds the polymer
freezing or vitrification temperature. This redoctiin freezing has a profound effect on
the quality of the moulded part. In particular,vlonduced molecular orientations are
reduced, allowing a more isotropic part to be medldrhe resulting part exhibits a lower
level of birefringence, reduced residual stresbe#ter optical properties, and improved
dimensional accuracy and stability. The fluiditytoé polymer is also increased, resulting
in a longer flow path, better replication of sudaopography and microstructures, and
stronger weld lines. In addition, with active motiéating and cooling during the entire
moulding cycle, the thermal history of the polynsan be controlled so as to optimize its

structure and morphology. This appears to be udefybolymers, particularly for those
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in which structural formation is sensitive to thatrahanges within the normal time scale

in injection moulding.

2.6.1 Minimizing weld lines

Weld lines are formed during the filling stage whemm or more melt fronts come in
contact with each other (Figure 2.19). Weld linggresent a potential source of weakness
in moulded parts. Two main types of weld lines aseally to be distinguished. Cold or
stagnating weld line is formed by a head-on impmeget of two melt fronts without
additional flow after that collision, Figure 2.20(&ot or flowing weld lines occur when
two melt streams continue to flow after their latemeeting, Figure 2.20(b). The low
mechanical properties in weld lines are considérdae caused by several factors such as
poor intermolecular entanglement across the waelg, Imolecular orientation induced by
fountain flow, and the stress concentration effettsurface V-notch etc. This is a
particular concern for parts subjected to dynaroads. It is generally believed that the

weld line strength increases as the temperaturg@ssure at the weld increases.
Flow direction
—_— —_
.—-—-—"=-_ __="—--—.
E g
— ———

Intermolecular entanglement
across weldline
pd

/ Sub-skin layer
Skin laver

Insufficient entanglement

Figure 2.19 — Structure of opposite flow weld line.
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a Melt Now b Weldline

Weldline

Melt flow
Mol Naw
Figure 2.20 - a) Cold weld line. b) Hot weld line.

Wlodarski et al. [75] presents a quantitative exation of weld lines depth and
surface finish using white light interferometry. eqlts are reported for ABS/PMMA
mouldings made conventionally and with RHCM, in @¥hihe tool surface is pre-heated
to 120°C. Rioux et al. [76] studied the weld lineeagth of injection moulded
thermoplastic elastomers (TPES) in terms of craokvth resistance. The specimens were
moulded under identical processing conditions eittep cavity surface temperature; one
is 20 °C and the other is 190 °C by mould rapidtihga They found that the crack
resistance in injection-moulded TPEs is increaggoraximately 60% by using the hot
mould cavity. Ziegmanret al. [77-79] used a variotherm system for rapiddating a
double-gated micro tensile bar mould and found tha V-notch at the weld line was
eliminated at an elevated mould temperature. They faund that the tensile strength of
the moulded part significantly increased with therease in the heating temperature.
Moreover, the heating of the polymer by ultrasoumgide the mould cavity during the
injection and holding stages was found to be aecéffe method for strengthening weld

lines.
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Chapter 3

The present work proposes an innovaheating and cooling system based on the use
of open-cell aluminum foam to increase the efficierof the conventional RHCM
technique. Metal foams are a new class of matemath low densities and novel
physical, mechanical, thermal, electrical and atoysoperties. They offer potential for
lightweight structures, for energy absorption, fmdhermal management.

In order to introduce this new topic, a brief ovew of metal foams will be
illustrated. The chapter starts with a descriptdrthe ways in which metal foams are
made. Mechanical design with foams requires cartsté equations defining the shape of
the yield surface, and describing response to cyolkding and to loading at elevated
temperatures. A summary of formulae for simplectrtal shape will be presented. The
effects of micro structural metal foam propertissich as porosity, pore and fibre
diameters, tortuosity, pore density, and relativensity, on the heat exchanger

performance will be discussed.

3.1 Introduction

Metal foam is a cellular material defined by sofchterial surrounded by a three
dimensional network of voids. The most basic cfasdion of aluminum foams is the
degree of interconnection between adjacent cellginvithe microstructure of the
material. If the faces are solid too, it is saidbeoclosed-celled. If the solid of which the
foam is made is contained in the cell edges ohbyfdam is said to be open-celled. Some
foams are partly open and partly closed. The diffee in cellular structure of open and
closed cell foams is apparent in Figure 3.1.

As a lightweight, porous material, metal foam psses a high strength and stiffness
relative to its weight, making it an attractive ioptfor a variety of applications. Foaming
dramatically extends the range of properties abhaléo the engineer. The properties of
metal foams make them desirable materials for msgtuiations where high strength and
stiffness to weight ratios are essential, as welhpplications where energy absorption
and permeability characteristics are valued. Foamatérials are also useful due to their
favourable sound absorption, fire retardation aedthdissipation properties. To date,
metal foams are mainly being used in aerospacter filnd impact or insulation

applications.
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Figure 3.1 - (A) Open-cell and (B) closed-cell aloom foam.

The low densities permit the design of light, stiddimponents such as sandwich panels
and large portable structures, and of flotatiomlbgorts. In the last decades, these porous
media have been largely studied because of thigresting properties that cover several
different technical fields. In fact, metal foams dightweight structures, offering high
strength and rigidity, high heat transfer surfa@aavhich improve energy adsorption and
heat transfer in thermal applications. Metal foahase considerable applications in
multifunctional heat exchangers, cryogenics, cortibns chambers, cladding on
buildings, strain isolation, buffer between a ssiffucture and a fluctuating temperature
field, geothermal operations, petroleum reservaiosnppact heat exchangers for airborne
equipment, air cooled condensers and compact et for power electronics.

3.2 Metal foam manufacturing methods

Metal foams are made by one of nine processesdlistlow [80]. Metals which have
been foamed by a given process (or a variant afé)isted in square brackets.

1. Bubbling gas through molten Al-SiC or Al-AI203 aifo

2. By stirring a foaming agent (typically TiH2) into molten alloy (typically an
aluminum alloy) and controlling the pressure wigit®ling.

3. Consolidation of a metal powder (aluminum alloys Hre most common) with a
particulate foaming agent (TiH2 again) followed lbgating into the mushy state
when the foaming agent releases hydrogen, expatiknigaterial.
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4. Manufacture of a ceramic mould from a wax or polyioam precursor, followed
by burning-out of the precursor and pressure mafibn with a molten metal or
metal powder slurry which is then sintered.

5. Vapor phase deposition or electrodeposition of metato a polymer foam
precursor which is subsequently burned out, leag&igedges with hollow cores.

6. The trapping of high-pressure inert gas in porepdyder hot isostatic pressing
(HIPing), followed by the expansion of the gaslavated temperature.

7. Sintering of hollow spheres, made by a modifiedratation process, or from
metal-oxide or hydride spheres followed by reductm dehydridation, or by
vapor-deposition of metal onto polymer spheres.

8. Co-pressing of a metal powder with a leachable moywar pressure infiltration of
a bed of leachable particles by a liquid metallofeéd by leaching to leave a
metal-foam skeleton.

9. Dissolution of gas (typically, hydrogen) in a ligunetal under pressure, allowing
it to be released in a controlled way during subseg solidification.

Only the first five of these are in commercial pwotion. Each method can be used
with a small subset of metals to create a porougmahwith a limited range of relative
densities and cell sizes. Figure 3.2 summarizesrahges of cell size, cell type and
relative densities that can be manufactured withecit methods.
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Figure 3.2 - The range of cell size and relativasity for the different metal foam

manufacturing methods.

3.3 Metal foam geometry representation

The structure of cells has fascinated natural ghipber for at least 200 years [81].
For over a century, it was thought that the spdbegf cell which minimizes surface area
per unit of volume was Kelvin's tetrakaidecahedssith slightly curved faces. Lord
Kelvin stated that the optimum (minimum) surface & formation of given volume
packed in a given space was the tetrakaidecahedrstereometrical object consisting of
six planar quadrilateral faces and eight non pléwexagons of zero net curvature.

Recently, using computer software for minimizatioh surface area, Weaire and
Phelan [82] have identified a unit cell of even évgurface area per unit of volume. The
unit cell is made up of six 14-sided cells (with @@tagonal and 2 hexagonal faces) and
two pentagonal dodecahedra, all of equal volume. T#1sided cells are arranged in three
orthogonal axes with the 12-sided cells lying ie thterstices between them, giving an
overall simple cubic lattice structure. Only thex&gonal faces are planar: all of the
pentagonal faces are curved. The Kelvin tetrakaidedron and the Weaire-Phelan unit
cell are illustrated in Figure 3.3. In three dimens a great variety of cell shapes is

possible. Open cell metal foams’ geometry depenms their production process but
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they retain some common characteristics such asextigtence of open pore cells
connected with each other. All of these unit caclopngs have been suggested as
idealizations for the cells in foams, together watimers which, by themselves, do not
pack properly unless distorted: the tetrahedrome, itosahedron and the pentagonal
dodecahedron. Most foams, of course, are not regudekings of identical units, but
contain cells of different sizes and shapes, wiitierihg numbers of faces and edges.

(a)
Figure 3.3 - (a) Lord Kelvin’s 14-hedron assumptend (b) W-P volume constituted by
6 14-hedra and 2 pentagonal 12-hedra.

The subject is important to us here because thpepties of cellular solids depend
directly on the shape and structure of the cellee Tmost important structural
characteristic of a cellular solid is its relatidensity p*/ps) (the densityp* of the foam
divided by that of the solid of which it is magg).

The fraction of pore space in the foam is its pibyand it is given by:

p (3.1)

If the foam is idealized as a packing of differpotyhedra and these fill space without
any distortions it is possible to calculate theatigk density using the geometrical
characteristic of the base polyhedron. Gibson arsthb& [81] suggest to use the
tetrakaidecahedron because it gives the most densiagreement with observed
properties. The Authors derived geometric relatigps for the tetrakaidecahedron unit

cell. The relative density is given by:
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P 106 (5)2 3-2)

Thus, measuring the fibre thicknetsand the length of the edge of the hexagonal

window|, it is possible to estimate the relative densitthe open-cell metal foam.

3.4 Mechanical properties

Significant work has been performed with the gdahttaining a confident definition
of the material properties. In their comprehensiek [81], Lorna Gibson and Michael
Ashby address the properties of three dimensiarahfnetworks in great detail. Figures
3.4 shows a schematic stress—strain curve for cessmn. Initial loading appears to be
elastic but the initial loading curve is not stigigand its slope is less than the true
modulus, because some cells yield at very low lo@gen-cells foams have a long, well
defined plateau stress. Here the cell edges atdingein bending. Linear elasticity in
open cell foams is governed by cell wall deformatime to axial forces and bending. The
elastic modulus of the foam can be determined lyinlitial slope of the stress-strain
curve. The long plateau is a result of the collapfisthe cells by elastic buckling, plastic
collapse or brittle crushing. As the collapse pesges, the cell walls touch, resulting in

the rapid increase of stress.

Schematic

Y ' dulus, E
oung's modulus, Plateau

L = -—- siress, gy

Stress, o

Energy absorbed
up to densification

Strain, ¢ T— Denssification strain, ep

Figure 3.4 - Compressive curve for a metal foam.
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Because main applications of foam result in congivesloading, Gibson and Ashby
formulate expressions for the mechanical propedife®ams based on the compressive
behaviour. The expressions are derived using basichanics and simple geometry
assuming a cubic unit cell with ligaments of lengémd square cross section of side t, as

shown in Figure 3.5.

Figure 3.5 - Cubic unit cell as provided in Cellulgolids by Gibson and Ashby.

Cell structure in actual foams is more complex gymically not uniform throughout
the material. While other equations could be ole@infrom more complicated,
representative geometry, the properties can be uatiely understood using this
representation. Rather than properties derived@tty| the expressions are presented as
proportionalities that remain valid if the deformoat mechanisms in real foam cells
remain consistent with those assumed for the darivaThese proportionalities include
constants that arise as the result of specific gdaencell configurations that are more
representative of actual foam specimens.

Gibson and Ashby derive the expressions for elgstperties using standard beam
theory and the stress and strain relationship efehtire cell. The global compressive
stress is proportional to the force transmittedhi® ligament, while the global strain is
proportional to the displacement. These relatigmslare then combined using Hooke’s
law of elasticity to determine expression for thesgc modulus
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E* =

g _GEl (3.3)
e 14

Using this representation of a unit cell, the me&atensity and second moment of area

of a ligament can be related to these dimensiong/y « (t/1)* andl o t*.
- —¢ (p_)
Ps

for open cell foams. The consta@i, includes the constants of proportionality and is
determined from tests data to be approximately letpaone. The shear modulus is
similarly derived. Deformation under an appliedatsress is again characterized by cell
wall bending. The deflection, is proportional td=I*/Ed, and the overall stress, and
strain,y, are proportional t&/1> andd/¢, respectively. The shear modulus can be written

as
r=fo CoEl (3.5)
y I
or
G* c (p*)z (3.6)
Es 7 \ps

and C, is approximately equal to 3/8. Poisson’s ratioaofoam,v*, is defined as the
negative ratio of transverse to axial strain. Rm&sratio is a constant, independent of the
relative density of the foam and a function onlytleé cell shape of the foam. Using
Hooke’s Law for isotropic material, Poisson’s raftw foam material can be determined
to be
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C
Vi=——1 ~0.3 (3.7)

However, this definition of Poisson’s ratio is whbnly for isotropic materials like the
network of cubic cells idealized by Gibson and Ashb

Figures 3.6 and 3.7 are examples of material ptppararts [80]. They give an
overview of the main properties of metal foams.
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Figure 3.6 - Young’s modulus plotted against dgmfsit currently available metal foams.
Output from CES3.1 with the MetFoam '97 database.
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3.5 Fatigue phenomena in metal foams

When a metallic foam is subjected to tension—tenkiading, the foam progressively
lengthens to a plastic strain of about 0.5%, dueytdic ratcheting. A single macroscopic
fatigue crack then develops at the weakest sediwoth progresses across the section with
negligible additional plastic deformation. Sheatigiae also leads to cracking after 2%
shear strain. In compression—compression fatigadéhaviour is substantially different.
After an induction period, large plastic strain§,nmagnitude up to 0.6 (nominal strain
measure) gradually develop and the material behaves quasi-ductile manner. The
underlying mechanism is thought to be a combinatioaistributed cracking of cell walls
and edges, and cyclic ratcheting under non-zermmgass. Three types of deformation
pattern develop:

e Type | behaviour. Uniform strain accumulates thitoaug the foam, with no
evidence of crush band development. This fatiggpaese is the analogue of
uniform compressive straining in monotonic loadiigpe 11l behaviour has
been observed for the Duocel foam Al-6101-T6, asnshin Figure 3.8(a).
Data are displayed for various values of maximurasst of the fatigue cycle

omaxnNormalized by the plateau value of the yield siteryy,.
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e Type Il behaviour. Crush bands form at random ndjaeent sites, causing
strain to accumulate, as sketched in Figure 3.&rush band first forms at
site (1), the weakest section of the foam. Theagenormal strain in the band
increases to a saturated value of about 30% norsirah, and then a new
crush band forms elsewhere (sites (2) and (3))s @®metimes observed in
monotonic tests.

* Type lll behaviour. A single crush band forms amdadlens with increasing
fatigue cycles, as sketched in Figure 3.8(a). Hand broadening event is
reminiscent of steady-state drawing by neck propagain a polymer.
Eventually, the crush band consumes the specimeh same additional
shortening occurs in a spatially uniform manner.

A comparison of Figures 3.8(a)—(b) shows thatrake types of shortening behaviour
give a rather similar evolution of compressive istraith the number of load cycles.
Large compressive strains are achieved in a preigeesanner. In designing with metal
foams, different fatigue failure criteria are apgmiate for tension—tension loading and
compression—compression loading. Material separasi@an appropriate failure criterion
for tension—tension loading, while the initiatioerjpd for progressive shortening is
appropriate for compression—compression loading.
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Figure 3.8 - Progressive shortening behaviour impoession—compression fatigue for a
Duocel Al-6101-T6 foam of relative density 0.08.Rbogressive shortening behaviour in

compression—compression fatigue for Alcan foana{ned density 0.057R=0.5).

3.5.1 S—Ndata for metal foams

Test results in the form of S—N curves are showhRigure 3.9 for a Duocel Al-6101-
T6 foam of relative density 0.08 [83]. Tests haeerperformed at constant stress range,
andthe number of cycles to failure relates to specifnacture in tension—tensidatigue,
and to the number of cycle§,, to initiate progressive shortening compression—
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compression fatigue. An endurance limit can usgfokk defined at 10cycles. The
number of cycles to failure increases with dimimghstress level. The fatigue life
correlates with the maximum stress of the fatigyde; omax rather than the stress range
for all the foams considered: compression-compoessesults for R=0.5 are in good
agreement with the corresponding results for R=@/en omax IS used as the loading
parameter. There is a drop in fatigue strengthtdosion—tension loading compared with
compression—compression fatigue. The fatigue stineisgsummarized in Figure 3.10 for
the various aluminum foams by plotting the valuesgi, at a fatigue life of 10cycles
versus relative density [80]. The valuesgixhave been normalized by the plateau value
of the yield strengthgy, in uniaxial compression. The fatigue strengthfudfy dense
aluminum alloys has also been added: for tensiostda loading, with R=0.1, the value
of omax @t the endurance limit is about 0.6 times thedystength. The fatigue strength of
aluminum foams is similar to that of fully densairminum alloys, when the fatigue
strength has been normalized by the uniaxial cosgpre strength. There is no consistent

trend in fatigue strength with relative densityttoé foam.
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Figure 3.9 - S—N curves for compression—compresanohtension—tension fatigue of
Duocel Al-6101-T6 foam of relative density 0.08.
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Figure 3.10 - Ratio ofmaxat the endurance limit to the monotonic yield sty o for
foams, compared with that for tension—tension tegigf fully dense aluminum alloys at
R=0.1.

3.6 Thermal properties

The melting point, specific heat and expansion fameht of metal foams are the
same as those of the metal from which they are mHue thermal conductivity is given

by the following equation:

PRy <£)" (3.8)

where g varies from 1.65 to 1.8.

3.7 Pressure drop and heat transfer correlations

Pressure drop and heat transfer coefficient aretiwe important factors to be
considered in designing a heating and cooling systBifferent models have been
developed in the past 150 years to characterizdélutlteflow in a porous matrix on the
basis of macroscopically measurable flow quantitidse first of these models can be
traced back to Darcy’s publication in 1856. He lelstaed the well-known Darcy’s law
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which states that the pressure-drop per unit lefagti flow through a porous medium is
proportional to the product of the fluid velocitgcathe dynamic viscosity (later added by
Kruger [84]), and inversely proportional to the peability.

The porous medium’s permeability is denoted Witfm?], and it gives a measure of
the ability that the material offers to a fluid penetrate it, connecting the mean flow

velocity of the fluid inside the pores, with theepsure drop in the porous medium:

AP p Cr
— = U+p-LU?
L~k PR

(3.9)

whereC; is the inertia coefficient andis the length of the medium in the flow direction.
If only the first term of the right hand side of .£§.9)is retained, it becomes Darcy’s law
expressing the normalized pressure drop for lowacrsl values through porous media
and is easily recognized as a linear relation betwgressure drop per unit length and
bulk velocity. The second term introduces the Fertier—Dupuit expansion, referring to
higher flow velocities. BotiK andC; are strongly related to the structure of the mediu

One of the systematic evaluations of permeabilitg aertia coefficient of metal
foams is done by Vafai and Tien [85] utilizing expsental and theoretical
investigations. They reported values of 1.11%¥@* and 0.057 for permeability and
inertia coefficient, respectively in a manner sanilo those experimentally reported later
[86]. As for the Reynolds number in porous media, itsnitedn depends on the value
used for its computation while the velocity usedussially the Darcian (bulk) or mean
flow velocity. Use of the ligament diameté¢) gives the following definition:

pUt (2.10)

whereU is the flow (bulk) velocity through the porous medi andp is the dynamic

viscosity of the fluid.
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DESIGN OF AN INNOVATIVE
HEATING/COOLING SYSTEM
BASED ON THE USE OF METAL
FOAMS
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The numerical investigation of the innovative rafhidrmal cycling system, based on
the use of open-cell aluminum foam, is the mapid®f this chapter. In conventional
moulding, the insert is supported by a rigid mdodde. This construction ensures that the
cavity keeps its strength and the dimensional @ogyuunder high process pressures.
However, in rapid thermal cycling, the rapid changfethe mould temperature, the
reduced thermal mass introduces more complex dgsigblems that require special
attention to the mould strength and deformatiorckbng, thermal expansion and heat
loss. The advent of computer-aided engineering (Ci#&Ehnology for plastic injection
moulding provides a large support to mould desigifferent simulation modules allow
precise determination of the effectiveness of thmuloh cooling system at the desired
mould temperature, avoiding some mould defects.

In the present work, CAE and CFD simulations weeefg@gmed for the proposed
heating and cooling system based on the use ofupoiserts. A mould for tensile
specimens with double gates in order to obtainwiledd line was designed. First an
estimation of the maximum stress and deflectioa thiermal expansion and fatigue of the
mould will be discussed. Then the heating and ogofperformance analysis of the
proposed method will be presented. The CAE reslilistrate the feasibility of the
proposed approach in designing new rapidly heatattecoolable systems based on the

use of metallic foams.

4.1 Geometrical properties

Two piece of aluminum metal foams was acquired fERRG Aerospace (Figure 4.1).
The metal foam was produced from 6101 aluminumyaltetaining 99% purity of the

parent alloy.
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Figure 4.1 - Open-cell aluminum metal foam sample.

The technical characteristics, provided by the ndtsupplier, are listed in Table 4.1.
The fibre diameter and the length of the fibre hetw two adjacent vertices were
measured by analyzing different high resolutiontplpas suggested by Richardson et al.
[87]. Figure 4.2 shows a photo used for the measene of fibre thickness and length of
the cell edge. The measurement were carried oagubie control measuring machine
Werth Video Check IP-400 CNC.

Table 4.1 - Properties of the aluminum foams predidy ERG Inc..

PPI Relative density Porosity, €
[pore/inch] [%0] [-]
5 7.9 0.921
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Figure 4.2 -Photo for the measurement proceduribre thickness and cell edc.

Starting from the measured values, it is possibli®ltow two different ways: the firs
is to calculate the porosity starting from theeasured properties, while the sec
consists in the fibréength evaluation using the measufibre thickness and the relati
density provided by the supplier. In this work thesults were obtained using 1
measured geometrical properties. The pcy was calculad by applying Eq. 3.1 ar
Eq. 32. It is interesting to highlight that the tetradecahedron structure appears to b
good agreement with the provided porosity. Sevenabsures for each photo wi
collected and then statistically anald. The frequency of the different classes
calculated and then a normal distribution was @gplirhe results of the measureme
are reported in Table 4.;h terms of mean value, maximum value, minimurugaand

standard deviation.

Table4.2 — Measurement of cell dimensions.

. . Standard
Mean value Maximum value Minimum value L
deviation
[mm] [mm] [mm] [mm]
Fibre thickness, t 0.5¢ 0.685 0.389 0.050
Fibre length, | 1.9¢ 3.569 0.910 0.499
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4.2 Mould design

The heating and cooling system design are of gngabrtance because they directly
affect the heating/cooling efficiency and tempemtwniformity. For an efficient
temperature cycle moulding it is essential thatttwe has low thermal mass. The energy
input for tool heating must be minimized by apprafer tool design. Heating and cooling
must be confined to a region close to the cavitjase, both to reduce energy use and to
provide rapid heat transfer to and from the cawtyface. The mould temperature
uniformity is crucial for the thermal stress deyefeent. In a rapid thermal cycling
process the cooling uniformity is more importardrtithe heating uniformity in the sense
that the majority of the thermal stresses are du¢hé non-uniform and unbalanced
cooling. The global cooling uniformity refers toethemperature variance of the entire
mould and is ensured by minimizing the temperatingg along cooling lines. The local
cooling uniformity refers to the temperature vacaron the mould surface between two
adjacent cooling channels. It is ensured by prajesign of the location and the size of
cooling channels.

In this work a new mould, based on the use of amhaluminum foam, was
designed. Figure 4.3 gives a schematic representafithe RHCM mould. A cavity for
the tensile specimens was obtained on a steel pRAef dimensions of 136x220x9 mm.
The particular feeding system allow the specimeniset moulded generating a weld line
located right in the middle of the part. The spemindimensions are based on UNI EN
ISO 527 (Type 1A) [98]. The plate was fixed withsérews. Figure 4.4, Figure 4.5 and
Figure 4.6 show the cavity, the core and the fdtatéensile specimens, respectively. The
pieces of aluminum foam were connected to the oésthannels system. The block
dimensions were 140x33x20 mm. The cooling chanwéls a diameter of 6 mm were
placed at 12 mm from the mould surface. Figureshdws the CAD model of the new
mould with metallic foams for the RHCM process.téasl of conventional channels, the
entire space below the cavity can be used for igatnd/or cooling, while the metallic
foam allows an efficient through flow of water. Theetallic foam provides mechanical
support and simultaneously generates a cavitytsireic
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Figure 4.7 - CAD model of experimental mould

4.3 Mechanical properties investigation

The mechanical performance of an injection mouldniportant as it directly affects
the durability of the injection moulded part protdan. Minimizing mould deflection is
essential when manufacturing plastic parts to tiglgrances. Therefore, understanding
mould deflection during injection moulding is ccai for determining the final geometry
of the partlt is necessary to select a suitable mould materigrevent any deterioration
during the moulding process and to withstand thehaeical impact during the locking
process. During mould opening and closing in inggcimoulding, the mould plates are
loaded by the clamping force and injection presstine stress could be investigated by

the following equations. The maximum streggdnder load W is:

o __wi (4.1)
max — 4‘Z

where Z is the section modulus in rhm

Z_1><d2 4.2)
6

63



Design of an innovative RHCM system based on the &®f metal foams

where the unit width is 1.,5« must be equal to or less than the critical fatigtress
developed by the mould plate.

The RHCM mould must be heated to a high temperaduack cooled to the ejected
temperature during the injection moulding proceglsere the peak temperature of the
mould is about 110-135 °C in an injection cycle.n(ared with the conventional
injection mould, both the peak temperature and &atpre gradient are much higher
during the injection moulding process. Therefoferinal stress of the RHCM mould
caused by the temperature is much greater thaonef the conventional moulds the
porous structure of the metallic foams provides kegular support than a solid volume,
the mechanical strength of the injection mould htovée high enough to withstand the
force and stress from mould opening, closing amftitm. A structural simulation was
carried out in order to evaluate the tension feshdl the deformation of the foam inserts
during the polymer injection phase. A linear elastinalysis was performed using
ANSYS® Workbench 12.1The cavity pressure for the mould deflection analygas
predicted using a coupled flow-thermal model. Thauld cavity pressure was then used

as input for the subsequent finite element mouftedigon analysis.

4.3.1 Meltflow analysis

The cavity pressure for the mould deflection analygas predicted using a coupled
flow-thermal model inAutodesk Moldflow® Insight 2010The plastic material used in
this study was ABS Terluran KR 2922 supplied by f®asThe melt density, thermal
conductivity, and specific heat at about 22D are respectively 0.93 g/én0.16 W/(m
°C), and 2155 J/(kdC). The material was characterized on a differérg@anning
calorimeter (TA Instruments Q200). The transitiemperature was estimated in 95.35°C,
as shown in Figure 4.8. On the other hand, thertakeconductivity and the specific heat
in function of the temperature were set accordmdghe Moldflow® database. In this
software the viscosity is modelled by the Cross-Wiliscosity model equations. The

model coefficients used in the numerical simulatiawe been set forth in Table 4.3.
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Figure 4.8 - DSC analysis result for the glassgiion temperature.

Table 4.3 — Cross-WLF model coefficient A8S Terluran KR 2922.

Cross-WLF Unit Value
parameters
n 0.349
T Pa 23270
D, Pas 3.047E+016
D, K 343.15
D3 K/Pa 0
A 38.637
A, K 51.6

The temperature of the cavity surface before mméiction was set at 10°C higher
than the glass transition temperature. The injacsipeed and the melt temperature were
set to the highest limits of the moulding window arder to decrease the viscosity of the

polymer during the injection phase. The processmgditions are summarized in Table
4.4,
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Table 4.4 — Process parameters.

Process .
parameters Unit Value
Melt temperature °C 250
Mould temperature °C 105
Injection speed mm/s 50
Holding pressure MPa 15
Holding time S 7

Ejection °C 60
temperature
Water t_emperature °C 130
(heating stage)
Water temperature °oC 30

(cooling stage)

The model was discretized into 31728 elements. flesh was generated by the

Moldflow® program automaticallyA sensitivity analysis of software simulation taeth
mesh dimension was conducted. Once the model weducted, the boundary conditions

were accurately defined. The geometrical modelluging feed system, is shown in

Figure 4.9.

Figure 4.9 - Complete mesh model.
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A significant pressure jump versus filling time cée observed in the filling
simulation results. Figure 4.10 shows a maximunitggressure of 15.31 MPa into the
sprue (Figure 4.10). The pressure in the cavityslightly lower. In the structural
simulation the cavity pressure was considered umifand equal to the maximum value

of 3.5 MPa, which was predicted near the gatehawss in Figure 4.11.

Fressure
Time =2.019]s]

[MPa]

15.31 '

11.49

?If-ﬁ’a?q
332'6.

0.0000

Figure 4.10 - Pressure distribution during cavitlirig.
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Figure 4.11 -The time evolutionof cavity pressureluring the filling stage.
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4.3.2 Mould strength and deflection

A structural simulation was carried out in orderetmluate the tension field and the
deformation of the metallic foam during the injectiphase. A linear elastic analysis was
performed. The metallic foam behaviour was obtainegd homogenizing of
microstructures for determining the propertieshaf éntire material. The mechanical and

thermal properties of the aluminum foam are shawhable 4.5 and Table 4.6.

Table 4.5 - Mechanical properties of the aluminaanh and mould.

Young's Shear PoISSON'S Compressive
Name modulus modulus ratio yield strength
(MPa) (MPa) (MPa)
Aluminum 453 169.9 0.3 253
foam
Mould 2x10 7.69x10 0.3 250

Table 4.6 - Thermal properties of the aluminum feard mould.

Coefficient of

Thermal - yeat capacit thermal Densit
Name conductivity (Il opc) Y expansion (k /m%/
(W/m°C) 9 0-100°C g
(m/m°C)
AIL;mlnum 9 895 23x10 213,3
oam
Mould 34 460 12x16 7850

The five components used for this model are: thevable mould half, the fixed
mould half, the fixed insert, the mobile insert atik plate for tensile specimens.
Clamping pressure and cavity pressure constitugeldading on the mould and the
injection-moulding machine throughout the mouldprgcess. Because of the symmetry
of the components, the displacement boundary dondit and the cavity and clamping
pressures, a quarter symmetry model was utilizethenstructural simulations. Contact
was defined between the mould halves and betweemdtuld halves and their inserts.

every injection cycle, the temperature and tempeeagradient of the mould vary greatly.
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Accordingly, the thermal load is applied to the rdomsert. All the boundary conditions
except the thermal load imposed on the model acsvishin Figure 4.12.The finite
element model of the mould is shown in Figure 4\\&en all the boundary conditions
are imposed on the model, the distribution of ttiess and strain of the model can be
obtained through the transient heat and strede fehement analysis.

Figure 4.12 — Boundary conditions: 1 fixed consital clamping pressure, 3 cavity

pressure, 4-5 symmetrical faces.
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Figure 4.13 — Finite element model.

As shown in Figure 4.14, the maximum elastic defdram of the cavity surface is
0.116 mm, which confirms that the metallic-foameiris provide the necessary structural
support with low deformationslhe calculated maximum stress of the aluminum foam
(about 0.217 MPa) is in the elastic field, in actmorce with the previous assumption
(Figure 4.15). Since the thickness of the tenglecenen is 4 mm, the product thickness
will be reduced by about 2.69%, if the thermal alisbn in heating process is not
considered in mould design and processing. It @aseen from Figure 4.16 that there is a
stress concentration at the wall of the cavity tmelmaximum von-Mises stress is 50.41
MPa. In the following cooling stage, the concembratstress decreases gradually to 6.85
MPa. In the next moulding cycle, the cavity bloskheated again and the thermal stress
caused by thermal expansion increase graduallynagaihe maximum value. Owing to
the frequent alternating concentration and reledsich large stress in RHCM process,

fatigue cracks may occur at the position of steesgentration and cause cavity damage.
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It has been found in actual production that fatiguacking at the position of stress

concentration is the typical fatigue damage medmarior RHCM mould.

0,015

Figure 4.14 - Distribution of the cavity deformatio

Figure 4.15 - The distribution of equivalent (voisbt) stress at 105°C resulting from

the mechanical simulation.
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Figure 4.16 - The distribution of equivalent (vomsbk) stress at 105°C resulting from

the mechanical simulation.

4.4 Fatigue analysis

As the mould stands a great clamp force repeateadiyjecting and packing stages,
the stress suffered by the RHCM mould is the coatimn of thermal and mechanical
stresses, and it is cycle stress. In additionetlaee many other factors that influence the
mould lifetime. Therefore, fatigue cracks will appenore easily on the RHCM mould
than that on the conventional mould. The localsstrstrain method is used in this part of
the work to estimate the local crack initiatioretime in the mould. It is based on the

strain—life curve 89]:

de  of b,
— =2 (@N;)" + g (2N,)’

(4.3)

where,Ag is the total strain amplitude, a2d\ is the number of half cycles, reversals, to
failure. of is the regression intercept called fatigue stiengbefficient, and it is
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considered to be a material property with the tatigstrength coefficient that is
approximately equal to the monotonic fracture stegslt is the failure load divided by
the true area when the specimen fractukeds the modulus of elasticitya denotes the
regression slope called the fatigue strength exporand it is the slope dfj(4ed/2)-
lg(2Nf) which shows the relationship of the elastic steamplitude and lifetime in double
logarithmic coordinatesy’ is the regression intercept called fatigue dugtitoefficient,
and it is approximately equal to the monotonic tinee straing;. &; =In(L+/Lo) where Lo is
the length of the specimen when there is no loatlLams fractured lengthc stands for
the regression slope called the fatigue ductilkganent, and it is the slope lof(4e,/2)-
lg(2Nf) that shows the relationship of the plastic stammplitude and lifetime in double
logarithmic coordinates. The Morrow mean stressemion is used to modify the strain—
life curve. The entire strain— lifetime curve be@sn

Ae  of — 0y (4.4)

2 E

(28)” + 5 (2)°

where,og is the mean stress.

Figure 4.17 gives the counter plot of the safetgdiawith respect to a fatigue failure
at the given design life (£doading cycles). The fatigue analysis results shioat no
fatigue failure occurs within the safety of theigasFor the metal foams, the fatigue life
was estimated using the S-N curves presented ipdregraph 3.5. During the injection
moulding process, the metal foam is loaded byessis, which varies from -0.095 MPa
tat 60°C o — 0.217 MPa and 105°C. The load ratis B.44 and the ratio between the
maximum stress and the yield strength is 0.09. demnpression-compression loading,
with R=0.5, the value ofha at the endurance limit is about 0.8 times thedysttength.
So no fatigue failure occurs within the safety of tthesign.However, there are many
other factors that influence the mould lifetime tlas quality of the tool steel, the surface
condition of the mould, the handing maintenance, edhese factors could generate

fatigue cracks on the RHCM mould, shortening fetiline.
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Figure 4.17 — The fatigue life resulting frahre mechanical simulation.

0,010

Figure 4.18 - The distribution of equivalent (voisbt) stress at 60°C resulting from the
mechanical simulation.
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4.5 Cooling performance investigation

The aim of this part of the work was to experiméntamvestigate the heat transfer
during water flow through high porosity open-celetad foams. A 3D thermal analysis
was run simulating a cycle of rapid heating andliogo Heat transfer during the
injection-moulding cycle includes heat exchangegiodted from polymeric melt to the
mould material by conduction. The heat is then cotetl from the mould material to the
coolant, which flows from the inlet with high fluidressure and run into the porous
structure passageway in the cavity mould half. Thelant brings the heat from the
polymer and flows away via the outlet. As the paratructure follows the shape of the
mould cavity surface, it increases the contact afelheat transfer from the polymeric

melt and a near uniform cooling performance caadigeved.

4.5.1 Simulation methodology

Metal foams present random microstructures congistf open cells randomly
oriented and mostly homogeneous in size and stapaccurate pore scale model of the
flow and heat transfer in the open cell metal foams developed. The assembly of
elementary unit cells forms the conformal conditign surface which generates a
multiple orientation passageway. The limited comfpiahal resource didn’t allow to
apply the accurate pore scale model of the flow lzeat transfer in the open cell metal
foam to the entire domain. The final computatiash@inain was part of a wider volume of
metal foam. The block dimensions, shown in Figui®4were 33x22x10 mm. After the
topology of the computational domain was constaiciewas spatially discretized with
an unstructured grid of tetrahedral volume elemeesailting in a base case mesh of
3.4x10 elements. The mesh was generated using Gambit®62.Bigure 4.20 shows a
detail of surface grid on ligament's pore. The getmn constructed was properly
mirrored in space, taking advantage of symmetBegindary conditions included fixed
pressure drop in order to represent fully develdp®a, far from inlet—outlet boundaries.
The foam pieces were in aluminum with density, 8@ kg/ni. In simulation, the heat
transfer mode around all external surfaces of plate set at a free convection to the air;
air temperature is 15 °C and heat transfer coefficis 10 W/(rfi °C). A cycle of rapid

heating and cooling a were done based on this mddel initial mould temperature was
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set at 60 °C. Then the mould was heated with wateulating at a temperature of 130 °C
until the temperature in correspondence of the ntbeopuple position reached the
temperature of 95 °C. Eventually, the mould waslemavith water at 30 °C. At the
beginning, the mould was setup at 60 °C. Figurel 4Rows the final computational
domain used for the thermal analysis. The tempexdiistory in correspondence of the
point A was collected (Figure 4.22). The point Bsachosen in correspondence of the
thermocouple position. In order to evaluate thdéesysefficiency, an heating and cooling
system with 6 conventional tempering channels (b® drameter with the centre 15 mm
beneath the surface) for the same mould was debignel analyzed by means of

numerical simulations.

Figure 4.19 - Computational domain constructed rafgpetition of the metal foam

volume.
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Figure 4.21 — Final computational domain..
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Figure 4.22 — Control points for the evaluationtioé temperature history.
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Figure 4.23 — Mould with conventional channels.

4.5.2 Numerical results

Figure 4.24 shows the temperature history in cpoedence of the middle of the
cavity surface (point A) and the thermocouple posit(point B). In this case, the
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different temperature b&een poiniA and Bat the end of the filling stacds about 10 °C.
In the heating process and in the previous timeooling, the temperature at poA is
higher than point Bhowever, at the end of the cooling, the tempeeai pointB is
higher than point AThe cooling and heating time in correspondencthe point B are
18.1 °C/s and 15.9 °C/s, respectively. The teatpee at point A is 107 °C (more th
10 °C upper than gJ at the end of the heating pe. When the heating stage
completed, e temperature distributions and uniformity alohg taviy surfaces are all
shown in Figure 4.29t can be seen that the cavity surfaces of theertwuld structures
have a relatively uniform temperature distributiover a large portion of mould plai
especially in the middle area of the cavity surfaThe reason is that the cooli
configuration closely matches the shape of the pamg moulded. Heat can trans
more evenly from the mould surfacFigure 4.26 shows the temperature distributio

the end of the heating stage RHCM with conventional channels.

110

—+Point A_Metal foam

70

p— 100 4 ——PointA_Conventional channels
O

ot

o 90 s

ot \

|

T 80 A

Q.

5

-

60
0 5 10 15 20 25 30 35 40 45 50 55 60 65

Time [s]
Figure 4.24 -Temperature historin correspondence of the thermocouple position
point A.
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Figure 4.25 — Temperature distribution during theating stage at time (a) 5s, (b)10s
(c)19s.
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Figure 4.26 - Temperature distribution with conttenal channels.

81



Design of an innovative RHCM system based on the e®f metal foams

82



CHAPTER 5
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The experimental investigation of the innovativpidathermal cycling system, based on the use
of open-cell aluminum foam, is the main topic lmtchapter. In order to perform these tasks and
determine the capabilities of the new RCHM procasseries of experiments was conducted at the
Te.Si. Laboratory of DIMEG. In this chapter a dgsoon of the apparatus used for
accomplishment of the RHCM process will be presni® test the efficiency of the new RHCM
system the new double-cavity mould fensile specimensas manufactured and a test production
was carried out. The numerical results were contpari¢h experimental data and their accuracy

was verified.

5.1 Experimental equipment

The experimental investigation of the RHCM prooeas carried out at the Te.&aboratory of
DIMEG. A set of RHCM tooling was built and installento the ENGELTM injection machine
located at that laboratory. The experimental eqeipnconsists of four main components: injection

moulding machine, mould, heating/cooling unit anohitor control system.

5.1.1 Injection Machine

The injection machine is an all-electric 1000 kN@&BLTM injection moulding machine with a
screw diameter of 40 mm (Figure 5.1). Connectethéomachine are the drying unit of the row

plastic material (Figure 5.2).

s

Figure 5.1 - The injection moulding machine at TeeSi. Laboratory of DIMEG.
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Figure 5.2 - Drying unit.

5.1.2 Heating/cooling unit

The high-performance heating/cooling device equippéh both a hot-water and a cold-water
circuit is the Tempro plus C160 Vario, provided Wijttmann Battenfeld.The heating/cooling
system is equipped with a radial pump for high flawdifferent pressure range. The powerful pump
(pressure up to 6 bar) guarantees a high flow eégss water and thus a short preheating time and
because of its direct cooling design, a high capbtiapacity. In pressurized operation, two gauges
ensure that the internal pressure is alwagproximately 1 bar over the steam pressure curve.
Figure 5.3 compares theump characteristics of different heating/coolingvides. The mould
temperature controller allows a precise temperatargrol up to 140 °CA control and monitoring
unit based omself-optimizing microprocessor controller (+/-1 “@As used to coordinate the actions
of the components as the valve exchange unit arddore a continuous production process.
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. rpsq pump characteristics TEMPRO plus C140/160/180
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Figure 5.3 - The high-performance heating/cooliggtem (a) and the pump characteristics tempro
plus C140/160/180 (b).
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5.1.3 Mould with metallic foams

The RHCM mould with metallic foam for tensile speens was manufactured (Figure 5.4).
Two pieces of open-cell aluminum foam with a rdfted structure were placed just under the
cavity surface and connected to the rest of champeltem. A K-type thermocouple was placed in
the cavity plate near the weld line location, ahih from the cavity surface, to measure the mould
temperature profile during the moulding cycle. Thermal transducer is connected directly with
the injection moulding machine control system, Wwhimakes temperature control and display

operate easily. Figure 5.5 shows the RHCM mouldHertest production.
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Figure 5.5 - The mould for tensile specimens wighnew insert.

5.1.4 Monitor control system

The control and monitor system was used to comftalinits. It is used to integrate the valve
exchange system, the injection mould and the mogldiachine and coordinate their actions for a
stable process.

The monitor control system and human—machine iater{HMI) is the core of the whole mould

temperature control system. The operator can obst#re mould temperature changes in the
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moulding process. In-line monitoring of the injecti moulding operations requires continuous
measurements of different parameters while the madk running. In RHCM production process,
the mould temperatures measured by the thermowgske transmitted to the monitor control
system. For this reason a thermocouple is equipfmee to the cavity surface of the mould for an
efficient mould temperature control. Signals to deuired are read by means of a National
Instruments 6036 E data acquisition card that plewides A/D conversion and multiplexing (8
differential input channels, 2 analogue output cledsy 16 bit resolution with a maximum sampling
rate of 200 kS/s (input/output)). A National Instrents SCB-100 shielded board is also employed
to isolate the transducer signal from the data iadoun system. An Intel Pentium 2.4 GHz based
personal computer running LabVIEW for Windows (Mafl Instruments) is used. In order to
acquire signals from the injection machine locaethe Te.Si. Laboratory an electrical connection
between the SCB-100 shielded board and the I/Cakigmard of the ENGEL machine was made.
The “start filling” digital signal from the injeain machine is used as a switch in order to provide
the computer with a signal corresponding to the stfiaa new injection cycle. Figure 5.6 shows the
components of the developed data acquisition systenprocess monitoring. The monitoring
program was created using a combination of LabVIEMAtional Instruments) and .NET
(Microsoft) programming software. All required segfs, such as number of channels to read,
acquisition rate, channels names, are configuraslag the main window of the program, as
illustrated in Figure 5.7. The monitoring softwan display acquired data both in-line, during the

process, and off-line, from data saved to PC disk.
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Figure 5.6 - Components of monitor control system.
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5.2 Process principle

The hot and cool water are alternatively circulatedhe heating and cooling channels of the
mould. Figure 5.8 gives the schematic structuréghefwhole RHCM system based on the use of
metallic foam. The real lines between different ides represent the pipe connections and the
dashed lines represent the signal connection. &btliset of the moulding cycle, the hot medium
from the heater is circulated in the mould chanimgipening valve 1 and 4 to heat the mould.
When the cavity surface temperature rises to theired high value, usually higher than the glass
transition temperature of the resin, the valve d 4nvill be closed. At the same time, the resintmel
is injected into the mould cavity for filling. Aftdilling and packing operations, the valve 3 and 5
are opened to let the cool water circulate in theilsh channels to cool the mould. The pump is
equipped in the cooling and/or heating loop liresrthance the turbulence of the fluid and increase
the heat transfer efficiency. Once the mould isl@d@own to the required low temperature, when
the polymer melt solidifies and is strong enouglibe¢oejected, the valve 3 and 5 will be closed to
stop cooling. Just after that, the mould is opewegject out the par which will be then taken owt b
the operator or the manipulator. Then the remaioogant in the pipelines will be drained out and
the mould will be heated again by opening valved 4 for the next moulding cycle.

Medium supply Yalve exchange
svstem system
PUmpE e 1 Moulding system
fan N— —ﬁ
—& - —
Heati Recovery
&a 'J[-'g svstem — l
L Injection maching
1[..%‘_
Recovery
svstem . H‘
1 Monitar control
_% system /'
Valve 2 | /
D s
Cooling Fump
unit
Flc HII

Figure 5.8 - The schematic structure of the RHCstesy.
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5.3 Test production

Before the test production, the mould was preheatedtemperature of 60 °C. Then the cavity
surface is heated right after the mould openingaigith water circulating at a temperature of 130
°C until the temperature in correspondence of lieemhocouple position reached the temperature of
95 °C. After the polymer is injected the valve exiehe device is switched over to cooling and the
mould was cooled with water at 30 °C. The proceas gycled according to the previous sequence.
During the moulding tests, 30 cycles where caroatito stabilize the process. Subsequently, 10
parts obtained from the following 30 cycles haverbeandomly collected and analyzed. Heating
and cooling time values were calculated using theperature profile measured by the
thermocouple. The same procedure was followed toladn@ference specimens keeping the mould
temperature at a constant value of 60 °C. Fig@edpresents the tensile specimens moulded with
the RHCM process. Figure 5.10 shows the comparefotine tensile specimens produced with
RHCM process and conventional injection mouldingcess, CIM, respectively. While the parts
moulded by the conventional process present alglemible weld mark, the specimens produced
using the RHCM system are weld-line free and tkainface gloss has clearly improved. This is
mainly because that the high cavity surface tentpexacan prevent the melt freezing prematurely
in the filling and packing stage and improve theaaglement of polymer molecule chains, resulting
in superior aesthetics and higher weld strength.

Figure 5.9 - Tensile specimen moulded by RHCMgs®sc
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\

Weldline

Figure 5.10 -Comparison of the specimen produced with CIM an€ Rl

Experiment result was used to verify the simulafwadiction. A k-type thermal couple we
placed close to the cavity surface to detect thepezature history. The temperature profile:
correspondence of both the thermocouple positias collected ahcompared to the experimen
data (Point B)As shown in Figur5.11, the temperature increase fréth°C to ove95 °C in 18.9
s, and cool down to 60 °C in 15.9 The overall cycle time is 75 &igure 5.11 shows hovhe

numerical results are in goagreement with the experimental d
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Figure 5.11 -Comparison of temperature history between experiaheiata and simulation resu.
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Chapter 6

In this chapter an experimental investigation iniothermal injection moulding of micro
structured surfaces has been perforniéa innovative technology for rapid heating andlicmpof
injection moulds has been used to analyze theteffefast variations of the mould temperature on
the improvement of micro features replication. Thanufacturing of micro features on the cavity

surface and thprecise characterization of the microscopic stmestwvill be accurately described.

6.1 Flow hesitation at surface microstructures

Increased difficulties are encountered when mouldases with well-defined microstructure
surfaces are involved in replicationn recent years, polymer components with surface
microstructures have been in rising demand for iegipbns such as lab-on-a-chip and optical
components. This replication, however, is not peyfand the replication quality depends on the
plastic material properties, the topography itseffd the process conditiorBecause of the vast
difference in melt flow thickness between the stefatructure and the substrate, there exists a race
tracking problem and the polymer hesitates at thtearce of the microstructures, as shown in
Figure 6.1. Because of this time lag, the fillindficulty in surface structures is increased as
compared with that in strip-type cavities. To agki¢he required accuracy and prevent premature
material freezing when producing high-aspect-raiicro features, high injection pressures and
mould temperatures are required. For replicationthef polished mould surface, the mould
temperature must be above the solidification teatpee of the polymer during the filling stage and
part of the holding stage. However, the final prtips of the moulded part are limited by the
physical capabilities of the actual equipment.

The surface quality that results when replicatingranfeatures is one of the most important
process characteristics in micro injection mouldamgl it constitutes a manufacturing constraint in
applying this technology to a wider range of miceagineering applicationsThe surface
topography of injection-moulded plastic parts cam important for aesthetical and technical
reasons. The aesthetical implications of surfap@doaphy relate to visual and tactile perception
issues such as gloss and colour perception. Ttegaepters have a high priority in many electronic
consumer products like mobile phones and audiocaVisquipment.

To achieve good replication of surface micro/nanmstres, particularly with high aspect ratios,
it is necessary to heat the mould to temperatures abose éven above the polymer solidification

temperature. In order to attain suaigh temperatures in the mould and to guaradsaoulding
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without damage at the same time, ghecess of variothermal temperature control hasbee
proposed.

Hesitation

Figure 6.1 — Example of flow hesitation at surfagierostructures.

6.2 Micro structures design

To study the influence of rapid mould temperatuagation on surface topography replication, a
series of radial micro channels was designed acatéd on the surface of the specimen. The main
objective of the design of the micro structures w@asreate a geometry that could work as an
effective test bench to put in evidence the effectRHCM process in comparison to the
conventional injection moulding process, in ternfisttee degree of micro structures replication.
Furthermore, geometry and dimensions were seleateording to existing industrial devices, such
as encoders and blood separators.

According to the above mentioned requirementsyiasef radial micro channels was designed
and located on the surface of macro componenthewrs in Figure 6.2 and Figure 6.3. The
geometry is divided into four equal sectors. Eamttar is composed by six straight micro channels
whose dimensions are reported in Table 6.1. Thiscpéar configuration was designed in order to
analyze the influence of the feature orientationr@lation to the flow direction) on the degree of
replication. For this reason the circle was locatedh position where the filling flow front is
unidirectional.
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Micro features

Figure 6.2 — The surface micro structures locatadte surface of the cavity plate.

Figure 6.3 — The designed surface micro structures.
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Table 6.1 - Dimensions of the micro channels.

Sector Length [mm] Width [mm] Depth [mm] Number of slots Aspect ratio

1 1 0.30 0.250 6 0.833
2 1 0.11 0.165 6 1.500
3 1 0.11 0.400 6 3.636
4 1 0.05 0.125 6 2.500

6.3 Cavity manufacturing

Due to the dimensions and high tolerances requoethe features of the final part, the micro
channels were manufacture by micro electro diséhangchiningElectrical discharge machining
(EDM) is a thermo-electric process which erodesenmat from the work-piece by a series of
discrete sparks between the work-piece and theeleotrode, both submerged in a dielectric fluid.
The sparks, occurring at high frequency, continlyoasd effectively remove the work-piece
material by melting and evaporation. The dielecagts as a deionising medium between two
electrodes, and its flow evacuates the resolidifreaterial debris from the gap. Generally, EDM
allows the shaping of complex structures with himghchining accuracy in the order of several
micrometres and achievable surface roughness Rzs0.4he process is well suited to machining
hard materials to single figure micron tolerandgeod surface finishes were achieved by using a
minimal discharge and reducing the gap betweenethetrode and component to sub-micron
tolerances. TheEDM process allowed the machining of accurate festin the micro dimensional
range.

The micro channels were manufacture by micro eedischarge machining (Sarix SX-200).
Tungsten carbide (WC) electrodes with standard diam of 314um, 150um and 110um were
used as tool electrode. Their characteristics abellated in Table 6.3Stiffness and rigidity of
tungsten carbide is very high when comparing td steel. This is because tungsten carbide electrode
size can be reduced to very small size and preveensling or swinging during machining. Wear
resistance of tungsten carbide is also better thamnof tool steel. This provides advantages farraai
hole drilling since less deterioration occur in #mape of target holes. Dielectric liquid usedfiiashing

was a hydrocarbon oil (Hdma 111).
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Table 6.2 — Tungsten Carbide (WC) properties.

Properties Value
Density 15.8 g/crh
Melting point 2870°C
Boiling point 6000°C
Thermal conductivity 84.02 W/(mK)
Mohs hardness 9

Machining conditions for the different types of @lede are given in Table 6.8. CAD/CAM
system is used to generate tool paths of 3D mibemeels. Esprit CAM with EDM module is used to
generate G-code for milling operation. The resa@ilth@ milling process simulation is represented in
Figure 6.4. By using SX-MMI panel, electrical arechnological parameters are set then drilling
operation igperformed. The micro electric discharge machinifithe plate with micro channels is
represented in Figure 6.5. Good surface finishee baen achieved using a minimal discharge and
reducing the gap between electrode and componenthtgnicron tolerances. Figure 6.6 shows the
effective depth of the micro channels recordedhgydontrol system of the micro electro discharge

machining.

Table 6.3 - Machining conditions for different dtecles.

Electrode
uEl110-400 EI314-250 uEI50-125
Diameter im] 110 314 150
Length pum] 700 1250 500
Frequency [kHZz] 160 160 180
Current [A] 100 100 80
Open voltage [V] 100 100 77
Gap voltage [V] 72 72 74
Impulse duration [s] 4 4 2
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Figure 6.4 — Milling process simulation.

Figure 6.5 - Micro electric discharge mahiningtbé plate with micro channels.
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Figure 6.6 — Effective depth (mm) of the micro cleds.
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6.4 Characterization of the moulded parts

The experimental campaign was carried out on tfeetion moulding machine Engel Emotion
440/100 described in the paragraph 5.Ihe acrylonitrile-butadiene-styrene copolymer, ABS
(Terluran KR 2922)was the material used in this studiy order to evaluate the effect of the fast
variations of the mould temperature, tensile speognwas produced by CIM and RCHM. The
injection speed and the melt temperature wereostitet highest limits of the moulding window in
order to decrease the viscosity of the polymerrduthe injection phase. For the conventional
injection moulding process, the mould temperatues \wet at 50°C. Figure 6.7 shows the micro

features of the specimens produced by the convailtrocess and employing the RHCM system.

(a) (b)
Figure 6.7 — Micro features produced (a) by thevantional process and (b) employing the RHCM
system.

To measure the obtained degree of replication, gewight interferometer (GBS SmartWLlI)
was used to characterize the surface topograpthedensile specimens. The instrument consists of
an optical microscope in connection with a beanittepl One beam is sent through the objective
lens of the microscope and reflected from the samphe other beam is reflected by a reference
mirror. Before being registered at a CCD camera,tito beams are recombined. If the optical
paths travelled by the two beams differ by an iategumber of wavelengths, there will be

constructive interference. If the path differensean odd integer of half wavelengths, destructive
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interference will be observed. If the surface & sample is in focus, the two beams will recombine
to create bright and dark bands called fringestessmting the topography of the sample. This
instrument can detect height information with agheiresolution of 0.1 nm and profile heights
ranging up to 400 um. Each micro structure was aredsand its maximum height value was
eventually estimated. In Figure 6.8 an example easurement is reported for the same features
replicated with and without employing the RHCM gyst The obtained micro features were quite
regular, showing an even filling pattern excepttf extremities, which are clearly affected by the
resistance of the side walls. Micro features heigthies are reported in Figure 6.9 and correlaied t
the flow direction. From the comparison of the regdion results it can be clearly observed that the
degree of replication is strongly increased by @yiplg the proposed RHCM system. In particular,
it is interesting to notice that the use of thepmed solution especially enables the replication o
the most critical features, characterized by thalkast values of thickness and aspect ratio. TiHe st
incomplete filling of the features belonging to @18 and 3 sectors is probably due to the presence
of entrapped air. Eventually, the feature orieotateffect on the degree of replication shows no

interaction with the mould temperature variation.

‘[h] [ 1: . i)

Figure 6.8 - Example of micro features 7 and 8icgied (a) by conventional injection mdlding
and (b) employing the RHCM system.
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Figure 6.9 -Micro features height average values for specinpoduced (a) by the conventior
process and (b) employinge RHCM system.
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Temperature cycle moulding in its various implenagiohs has been widely reported to
eliminate visible weld lines. Despite the large pat literature available, no results have been
available to evaluatthe effect of RHCM on mechanical properties in tiegion. In this study, the
effect of fast variation of the mould temperature the weld line strength of three different
thermoplastic materials has been investigated.ilBetests were carried out on specimens produced
by conventional injection moulding and employing tRHCM system. The relation between V

notch size and ultimate tensile stress was studied.

7.1 Introduction

Weld lines form when plastic melt splits and thenambines at some downstream location in
the mould cavity during the injection phase. Thigievitable in the moulding of complex parts that
have core inserts or runner branching for multigaparts. The mechanicaproperties of the
injection moulded part is negatively affected bg theld line formationThe weak strength of weld
line can be attributed to a number of possiblediactincluding:

* V-notches at the weld surfaces;

* incomplete molecular entanglement or diffusion;

* presence of contamination or micro voids at thedwaterface.

The weld quality depends on the way in which tlosvffronts meet and bond to each other. If
the processing conditions are adequate, the madeoaiar chains diffuse through the original
interface and give the weld a strength close to ¢fighe bulk. If the conditions are not adequate,
the diffusion is not sufficient for good healingtbk interface, and this leads to a dramatic reclict
in the mechanical properties. Moreover the surfiefects act as an initiation site for the damage.
Debondue et al. [90] demonstrated how the elimamatof the V-notch brings a significant

improvement in the tensile strength in conventiongction moulding (Figure 7.1).
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&0 -
wighout weld line
45 \.
"
% Without notch
= 40
i >
=
w 35
g
%]
0
! With nobch
25 ] ;
210 230 250 27 260
Injection temperature [*C]

Figure 7.1 - Evolution of the tensile strength wiie&weld line notch is eliminated (PS).

Processing parameters generally have a limitedienfte on the mechanical properties of the
weld line, except for the mould temperature andattesser extent, the melt temperature and
injection speed. In conventional injection mouldittge mould temperature can be varied in a
limited range. RHCM allows to increase the mouldiperature of more than 50 °C atwdproduce
plastic parts without the characteristicngtch at the weld surface. In this study, tentks for
different thermoplastic materials were carried t@aumfitatively evaluate the effect of RHCM on the

mechanical strength in the weld line zone

7.2 Moulding

Three engineering polymers often used in automatpmications were chosen:
1. ABS (Terluran KR 2922) from Basf®;
2. PA66 with 50% glass fibres (LNP-VERTON RVOOAES)rfrGabic®;
3. PP with 30% glass fibres (Celstran PP-30GF-02) fiacona®.

Moulding of tensile specimens was executed at ttoegss conditions shown in Table 7.1.
Under each set of process conditions, 10 shots wade to ensure that the process was stable
before the samples were collected. If no significaariation was observed during these first 10
runs, the moulded parts from the next 10 runs weiéected as the samples for mechanical

characterization.
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Table 7.1 - Process parameters setting.

ABS PAG6 PP
CIM RHCM CIM RHCM CIM RHCM
Mould temperature (°C) 60 110 60 130 60 120
Melt temperature (°C) 250 250 280 280 240 240
Ejection temperature (°C) 60 60 60 60 60 60
Injection speed (mm/s) 50 30 50 30 50 30
Holding pressure [MPa] 20 20 20 20 20 20
Holding time [s] 6 6 6 6 6 6

7.3 Tensile test

An MTS 322 servo-hydraulic testing machine was usqukerform displacement controlled tests
on the tensile specimens (Figure 7.2). Tests wengtralled with strain measured by the
extensometer while in the elastic region and byvirgical crosshead displacement of the machine
as the specimen passed yield point. Tests wereucted at room temperature, namely at 20+1°C.
Test speed was set to 2 mm/s, according to staidldidSO 527-2 [98]. A range of preliminary
experiments were performed using samples manugttduring the stabilisation stage between
experiments. These experiments allowed the tedwebnique to be refined to minimise the
occurrence of testing errors, such as specimepgiisj in the jaws. The data was processed using
National Instruments’ Labiew software to generatgimeering stress/strain curves. A photograph

of the test setup showing the extensometer attatchiébe specimens is provided in Figure 7.3.
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Figure 7.3 — Test setup.
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7.3.1 Results

Values reported was determined for each mouldingraaing results from 10 measurements to
ensure statistically significant results. Outputstie tensile tests were modulus, yield strength,
ultimate tensile strength (UTS) and elongation ratak. UTS was calculated as ratio between the
maximum force recorded during the test dividedh®y ¢ross section area of the specimen prior the
test. Cross sections areas were calculated on sipemens for each experimental setting and the
average value of 40+0.010 rirwas used to calculate UTS. Strain at break wasulzdkd as the
ratio between the elongation until specimen breakdgdivided by the length L=50 mm according
to [98].

Table 7.2 summarizes the averaged results of thergmental tensile tests. PP-GF30 and PA-
GF50 exhibit a brittle mode of failure. Instead, Bhows a more ductile response. Examples of
each behaviour can be seen in Figure 7.4. ABS, PBEGnd PP-GF30 all show an increase in the
mechanical properties between the conventionalggoand RHCM. Young’'s modulus increases of
5.71% for ABS and 15.47% for PA-GF50 with the faatiation of the mould temperature. The
elastic modulus does not vary significantly for 8P30. The variotherm system allows to improve
the UTS by about 2 % for ABS and PA-GF50 and by58% for PP-GF30. The specimens
moulded with the RHCM process exhibit consistenpriovements in elongation at break. In
particular PP-GF30 shows an increase by approxiyna88 between the conventional process and
RHCM with the mould at a temperature of 120°C. Pploéymer reinforced with long glass fibres
deforms quite extensively in the region around teld line. This failure would suggest a
significantly improved knitting of the material e flow front has been achieved. The variotherm

system can therefore be used to improve the metdigmoperties in the weld line zone.
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Table 7.2 - Mchanical propertie for conventionally moulded arRHCM parts. Standard
deviations of the means are shown in parenth
ABS PA PP
CIM RHCM  Impr. CIM RHCM  Impr. CIM RHCM  Impr.
Young
1204.8 1277.8 6076.4 7188.6 372:67 3752.83
dul 5.71% 15.47% 0.8%
MOAUILS = 50.82) (92.13) ° (142.81) (180.25) ° (112.1) (121.43) °
(MPa)
Yield strength  35.8 37.8 67.4 67.79 3887 42.13
5.59% 0.58% 8.37%
(MPa) (1.92) (2.32) ° (321 (272 ° (132 (1.29) °
Ulimate 434 44.08 Jomy, 0838 7021 . 4057 4525
tensile strength ; 73y (2.28) “°° (382) (267) O (09 (12)
(MPa)
Elongation 9.44 9.51 4.38 4.84 34C 5.37
6.85% 10.54% 58.11%
atbreak  (0.33) (0.68) ° (0.29) (0.15) ° (076 (0.25) °
80
70 /;
60
— // ——ABS_CIM
a 30 ABS_RHCM
E 40 / ——PA_CIM
" /‘\ — N
& PA_RHCM
@ / PP_CIM
i
7] ——PP_RHCM
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Strain [%]

Figure 7.4 — Stress-strain curves.

7.4 Weld line appearancend roughness measureme

Based on the tensile test theory, it is confidéntmat the v notch in edge of specim

contributes more influence for decreasing the @tertensile test results. So the V notch profil

the edge of samples was measuThe characterization of the vadelines was carrieout by means
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of a profilometer. Surface roughness was determioe@ach moulding, averaging results from 3
scan profiles of 5 mm length. The profile test o¥ anotch in the weld line’s different area was
executed and the comparisons were made amongeditfereld line specimens. The scanning test
was separately performed in the middle of welddine

To provide a basis for comparison, weld lines fatne conventional processing were first
examined. A plot of the surface height data prodity the profilometer for the conventional
processing is given in Figure 7.6 (a). The scaouth the weld line shows the characteristic sharp
V-shaped groove. The graph in Figure 7.6 (a) ise@ompared with Figure 7.6 (b) and shows how
the visible weld line is reduced using RHCM. Thddv@e depth is the same order of magnitude

as roughness.

@ .., ; ;

[¥]
a

(b) 2.0 —

[¥]
=

Ormm 1.00 2.00

Figure 7.5 — Profiles of sections scanned by thedilmmeter with CIM (a) and RHCM (b).

Table 7.3 summarizes the averaged results. ABSGGPBO and PP-GF30 all show a significant
reduction in the weld line depth - by approximatéd?o for ABS and PA-GF50, 40% for PP-GF30
- between the convectional process and temperaiaie injection moulding. By comparing the

test results of experiment, it can be concluded ghamaller V notch area relates to a higher

115



Mechanical characterization

ultimate tensile stress of the weld line. PP-GH3Owsed the most significant improvements in the

weld line depth and ultimate tensile strength.

Table 7.3 - Comparison of surface roughness foveationally moulded and RHCM parts.

Standard deviations of the means are shown in heses.

Weld line depth [um]

ABS PA PP
Conventional 1.02 (0.3) 1.74 (0.41) 1.41 (0.35)
RHCM 0.69 (0.21) 1.2 (0.22) 0.82 (0.31)
Reduction 32.35% 31.03% 41.84%
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In recent years, the rapid growth of the 3C (computommunication, and consumer
electronics) industry has driven demand for prodgigdlastic parts with high-quality finish. The
surface gloss of thermoplastic parts is an importaaracteristic as it affects the optical behawviou
and the aesthetics. Studies were published shavaighe processing parameters, in particular the
mould temperature, affect the gloss of injectiorutded parts.

In this chapter, the influence of RHCM on the scefaquality of plastic parts will be
investigated. At the beginning, a literature revielv the knowledge about the influence of
processing parameters on the gloss of injectionldeouparts will be presented. Then the design
phase of a new mould for the production of higtsgloover plates will be described. Two different
heating/cooling systems, the ball filling and thestem based on the use of metal foams, were
tested. Obtained results regarding the effect efféist variation of the mould temperature on the

surface gloss are then reported.

8.1 Introduction to surface quality

Gloss varies with the refractive index of the poéynthe angle of incidence, and the topography
of the surface. Previous studies on polymer inpecthouldings have shown that the gloss increases
with increasing mould temperature [92—-93] for samgber-modified thermoplastics. The effect of
the mould temperature was typically much highenttiet of the melt temperature, the effect of the
latter being negligible for acrylonitrile-butadiesgyrene (ABS). An increasing holding time
levelled off the gloss for ABS after an initial rease, whereas an increasing holding/packing
pressure typically increased the gloss for the sarbber-modified thermoplastics discussed so far.
All the studies examined point to that the cooliimge has a negligible effect on the gloss. Oliveira
at al. [94] studied the modifications of the sueganorphology and micro topography of injection
moulded ABS parts caused by the processing conditamd to relate them with gloss. This work
showed that the surface finish and appearancgeagition moulded parts is highly dependent on the

process parameters, in particular the mould tener§Figure 8.1).
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Figure 8.1 -Effect of the processing parameters on the glasgléstic part (Tmold: mould

temperature, Tmelt: melt temperature, Phold: haldmmessure, FR: flow rate) [19].

Surface gloss is a subjective impression createtidyight flux reflected by a part. In industrial
practice, specular gloss is often expressed inioaldo the reflection from an ideal polished black
surface in the specular direction (cf. ASTM D2457A&TM D523). The gloss is measured with a
glossmeter and the results are expressed in glogs (GU), which are calculated as the
reflectometer reading for the surface concerneredéd with respect to that of a standardized
black glass plate with a known refractive indexe&pophotometers operating in the reflection
mode and diffractive optical sensors have also lsex to study the gloss differences of injection

moulded plastics products.

In this study the effect of fast variation of theuld temperature on surface gloss was analyzed
using a spectrophotometer.

8.2 Mould design

To investigate the influence of mould temperaturd&RHCM, an existing tool, that produces a
64x24x2 mm cover plate, was modified. A cover plaigst possess high-quality appearance. The
conventional injection moulding process does ndisfsathe requirement because of obvious
defects on the product’'s surface. As the additigput-processing, such as spraying process is
needed, the whole production flow is prolonged; tlost is increased and the environment is
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polluted, too. The RHCM technology can be appl@ihiprove the surface quality of plastic parts.
In this work a cover plate was chosen as testtwaseidy the efficiency of the new system based on
the use of metal foams in improving the gloss afspt parts. Figure 8.2 and Figure 8.3 show the
cover plate and the corresponding mould structordRHCM process, respectively. The layout of

the heating/cooling system in the cavity blockhewn in Figure 8.4.

Top view Front view Upward view

Figure 8.2 — Cover plate.
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Cavity retainer plate Metallic foam

Core

Cavity

Thermocouple

Core retainer plate

Figure 8.3 — RHCM mould structure of the cover @lat

Figure 8.4 — Layout of the heating/cooling systémtbie cavity block.

Two slots were realized at a distance of 6 mm ftbencavity surface and were filled with three
different inserts (Figure 8.5). In the first cage90x33x20 block of open cell aluminum foam of

mm was used. The metal foam, supplied by ERG Maseand Aerospace Corporation, has 5
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pores/cm. In the second arrangement, a 90x30x10biook of aluminium foam was used. As
comparison, the cover plate was produced replaitiagaluminium foam with a ball filling. The

balls have a diameter of 10 mm (Figure 8.6).

Aluminum foam Aluminum foam Ball filling
(90x33%20 mm) (90x30%10 mm) (90x30%10 mm)

Figure 8.5 — Layout of the different heating/coglsystems.

,,,,,

.

Figure 8.6 — Fixed insert with ball filling.

Only the cavity side has heating/cooling channédsecto the cavity surface. This is mainly
because that only the outer surface of the flatvision frame is required to have excellent
appearance and the inner surfaces of the framéwitlidden inside of the final flat television afte
assembly. Consequently, only the cavity block ndedse thermally cycled by rapid heating and
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cooling while a conventional continuous cooling hoet used in CIM is sufficient for the core side.
As discussed in the previous sections, the laybtieating/cooling channels in the cavity block is
one of the most crucial factors for the succesafylication of RHCM process. A reasonable
design of the heating/cooling channels should aehiapid heating/cooling of the mould and at the
same time ensure sufficient mould strength andiceriife. The new RHCM mould for the
production of high gloss cover plates is showniguFe 8.7.

(a) (b)
Figure 8.7 — The new RHCM mould for cover plateTlag fixed part b) The rotating part.

8.3 Temperature measurement

The polymer used in this study was a commerciaylawitrile-butadiene-styrene copolymer
(ABS Terluran KR 2922). ABS is commonly used in legggions where the surface appearance is
important. The injection speed and the melt tentpezawere set to the highest limits of the
moulding window in order to decrease the viscosftyhe polymer during the injection phase. The
initial mould temperature was set at 60 °C. Thenrtiould was heated with water circulating at a
temperature of 140 °C until the temperature in espondence of the thermocouple position
reached the temperature of 100 °C. Then, the meaficooled with water at 30 °C. A Tempro plus
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C160 Vario, provided by Wittmann Battenfeld, wasedisas heating/cooling unit. A K-type
thermocouple was placed in correspondence of tive goon the cavity surface to measure the
mould temperature profile during the moulding cy¢legure 8.8).

As shown in Figure 8.9, the first technology basedthe use of metal foams allows to
drastically reduce the heating and cooling timesabmut 10 s and 15 s, respectively. The
temperature histories for the other heating/coolsygtems are quite similar. However, the
comparison between the ball filling technology @hd RHCM system with metal foams shows
how the new system developed in this work allowsethuce the entire cycle time of about 4 s.

For RHCM, the required heating and cooling timeha mould mostly depends on the mass of
the cavity/core to be heated and cooled. A moulth wilow thermal mass exhibits a low thermal
inertia and can be rapidly heated and cooled. &sing the thickness of the blocks of metal foam,

the volume of the material being heated is redwadda consistent improvement in cycle time.

O O

Figure 8.8 — Control point for the evaluation oéttemperature history.
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110 -

- +Metal foam (90*33*20mm)

——Metal foam (20*30*10mm)

——Ballfilling

Temperature [°C]

0 5 10 15 20 25 30 35 40 45 50
Time [s]

Figure 8.9 -Comparison of temperature history betwthe different heating/cooling syste.

8.4 Effect of RHCM on the product quality

All heating/coolingsystems allow to produce high gloss parts withoatdwines.. The cover
plate moulded sing the new RHCM system based on the use of nmabsis shown in Figure
8.10. The surfacegloss was measured by using FTIR Spectrum Or-Perkin Elmer
spectrophotometer operating in reflection mn (Figure 8.11). The measurements |
spectrophotometer eve carried measuring the total reflectance attp (Figure 8.12. The angle
of incidence of the spectrophotometer is fixed éqoa&°. The diameter of the probe beam of
spectrophotometer was adjusted to 3 The diffuse reflectance was measure¢y trapping the
specular component away. The specular reflectarge @alculated by subtracting the difft
reflectance from the total reflectan(The process variables that were analyzed inmoulding

program were the mdaditemperaturand the ejection temperature.
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Figure 8.11 FTIR Spectrum Or- Perkin ElImerspectrophotomete
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Figure 8.12 - Test location of the injection mopldstic product.

Figure 8.13 shows the comparison of gloss when miadating was used with the target
temperature of 100°C, 80°C and 60°C. It was fourat with the higher target temperatures, the
gloss was clearly improved. The results show aifsogmt reduction in the surface gloss between
the convectional process and temperature cycletiaje moulding with mould temperature higher
than T, When the mould temperature was increased at 8¥lght improvement of the specular
reflectance was observed. Such high-glossy suidaoebe explained considering the high cavity
surface temperature that prevent the solidificabbrthe resin melt in filling and packing stages.
The resin melt in RHCM process can accurately daf#i the morphology of the cavity surfaces.

When the ejection temperature was varied from 6@G0°C, a slight improvement of the
specular reflectance was recorded. This can beagul considering the combined effect of high
cavity surface temperature, that prevent the preraanelt freezing, and the fast cooling of the
moulded part, which contrasts the stress relaxabibhe polymer molecular chains after the

detachment from the mould surface.
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Figure 8.13 - Speculaeflectance from the test location (Tm: mctemperature, Te: ejectic

temperature).
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CHAPTER 9

INFLUENCE OF PROCESS PARAMETERS
ON SURFACE FINISH AND WELD LINE
STRENGTH IN MICRO INJECTION
MOULDING
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Micro injection moulding is a new advanced techgglevhich can realize the manufacture of
fine and precision parts with microstructures ie step with high efficiency at low cost. This novel
manufacturing technology has become a hot resdamb all over the world. The mechanical
properties and the appearance of micro injectionlldenl parts are highly affected by weld line
formation. Weld lines often result in poor opticalrface appearance of injection moulded parts.
Furthermore, the typical weld line’'s V shape givise to a stress concentration. Weld lines are
mainly influenced by material composition, mouldsige and process conditions. Despite the
wealth of literature available on micro injectiorouhding, the development theory of the moulding
problems in RHCM, like reduced strength weld linmids, no uniform shrinkage, etc., is
incomplete.

The objectives of the present research is to iffethte improvements of surface finish and weld
line strength by a detailed quantitative examimatiossing RHCM. In order to observe the
development of a micro scale weld line, a visualuldowith a variotherm system was used. A
detailed description of the apparatus used foretkgerimental campaign will be presented This
study focuses on the process analysis, in particula

* Characterization of weld lines on micro injectiooutded parts.

* Influence of the micro injection moulding processgmeters on the geometrical properties

of the weld lines in the RHCM.

» Influence of the micro injection moulding processgmeters on the mechanical properties

of the weld lines in the RHCM.

» Comparison between the conventional injection miagligprocess and RHCM for a material

filled with carbon nanotubeand different cavity configurations.

9.1 Experimental equipment

The experimental investigation was carried ouhatG@entre for Polymer Micro and Nano
Technology of University of Bradford (UK). The expeental equipment consists as follows.

9.1.1 Cavity design

Using exchangeable inserts in the tool, two différeavity configurations were used in this
mould in order to investigate the effects of thaphof micro parts on surface finishing and weld
line’s mechanical properties. A micro moulding sctnsile test bar cavity was designed, based on
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ISO 527 tensile test standard, but at 1/15 scdie.nficro tensile part was prepared by the double
gate injection mould. Design details can be sedrigare 9.1. A flat cavity of thickness 0.25 mm,
width 3.5 mm and length 7.5 mm as shown in FiguPev@as used. Injection occurs on the top face
of the large flat disc region at the left and tla@ity is shown on the right side with a 1 mm hale i

its centre.

Figure 9.1 - Double gated cavity plate design.

0,25
‘»I—T-f

Figure 9.2 - Flat cavity with circular hole.

9.1.2 Variotherm mould design

The variotherm unit was applied on both sides ef tibol and it was composed of electrical

heating, water and air cooling, shown in Figure @fer closing the mould, through two heating
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pipes the mould temperature is heated up to a tetnpe higher than the glass transition
temperature of PC. In the second step water andoailing are started following the end of the
packing phase. The temperature of the rotating isarapidly reduced via two cooling channels
using water as cooling medium. A transparent sapplindow forms the fixed surface of the
mould cavity. The thickness of the sapphire windew mm. The temperature of the fixed part is
cooled via air flowing in order to have approssieiathe same cooling speed. When the mould
temperature reaches the desired demoulding tenuperaspecimen are ejected. The electrical
heaters and thermal transducers are connectedlglvweth the injection moulding machine control
system. Four thermocouple in different zones of rtitauld are used to monitor the process. The
temperature graph of the heating/cooling systeninagéme is shown in Figure 9.4. The mould
was heating from 110 to 155 °C, within 25 s. Itkd® s for cooling the mould from 155 to 110 °C.

ad

Figure 9.3 - The new RHCM mould. a) The rotating p& The fixed part.
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Figure 9.4- Temperature changing grap(a) Temperature changing during hing process. (b)

Temperature changing during cooling proc.

9.1.3 Flow visualization

A visual mechanism was integrated to be used inbaoation with the variotherm system
observe and record the weld line developing proc€ssity filling was image directly using a
high speed flow visualization system. The visual asariotherm mould is shown Figure 9.5. The
transparent sapphire window forms the fixed surfacéhe mould cavity and a 45° first surfe
mirror is mounted in the bolster plate tcable the cavity to be viewed. A Mikrotron MC131@ln
speed camera is connected to the acquisition P @siNational Instruments P(-1429 capture
card and images are acquired using National IngntisnLabview software. The system was ab
image thecavity at a rate of 4997 frames per second witlexgrosure time of less than 1/30' s
which proved adequate for high resolution capturéhe flow fronts during an injection. The
images can be used to provide a range of informaggarding the filng behaviour of the PC
material as the two flow fronts approach and imping each othe
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Figure 9.5- Flow visualization apparatus.
The flow front appears as two distinct lines, orteere the material comes into contact with the
sapphire window at the wall and a second wherapiex of the flow front lies, in the centre of the
cavity (Figure 9.6).

141236 s

141331 s

1414465
Figure 9.6 - Images showing cavity filling phenomen

The distance between these two points can be vspwbvide information about the parabolic
shape of the flow front. The second measurementiwhas been recorded for each experiment is

the velocity at which the flow fronts collide duginthe process, and it is referred to as the
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impingement velocity. In order to accurately cadtal these terms, a code was written using
National Instruments Labview 2009 software whichtams four distinct operations.

1) Image selectionThe images are read from the file and those whiedw the cavity filling
are selected for processing.

2) Flow front detectionThe flow front position calculation performs asge detection for all
four flow front line for each image in the sequenge3® order polynomial curve fitting is
then performed.

3) Velocity calculation The feature of the software calculates the brdier derivatives of the
polynomial curve fitting to provide velocity datarfeach flow front. The velocities of each
of the flow front apex points are calculated jusopto the point where they collide and are

combined to provide an impingement velocity.

9.2 Micro injection moulding

The experiments were carried out on a Battenfeldrddlystem 50 machine. This machine offers
a maximal clamping force of 50 KN. The screw diaené$ 14 mm. Polycarbonate (PC Makrolon
LED2045) was employed as polymer material. Polymaabe is relevant in micro injection
moulding for its transparency and strength at higimperature. The melt flow rate of PC is
16.59/10min. The glass transition temperature ofifT45 °C. PC with 1% of CNT-nanocyl was
used in order to evaluate improvements on the Jiaekl shape and strength for a reinforced
material. The materials used in this experimerggpanduced by Bayern Materials Science AG.

To investigate the influence of process parameterhe weld lines formation in a micro cavity
equipped with RHCM, a campaign of statistically igeed experiments was carried out. Three
different process parameters were varied:

* Mould temperature (T mould);

* Melt temperature (T melt);

* Injection speed (Inj vel);

A full factorial design was carried out performi@g8 moulding experiments (each parameter
being varied between two levels) with 5 replicatiotn this way the main effects as well as
interactions were evaluated. Factors levels wetablkshed with the aim of keeping a realistic
industrial perspective (Table 9.1). For melt terapare, the two levels were chosen according to

the maximum and minimum temperatures recommendethdoynaterial supplier. The maximum
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level of the mould temperature was set taking attoount an acceptable time cycle. On the other
hand, the minimum level was set at the glass tiiansiemperature in order to guarantee a better
heating of the cavity surface compared to the cotiweal injection moulding process. The
minimum level of injection speed was set to asghee complete filling of the cavity. Mould
temperature was controlled using temperature ser@aced in the mould and set according to
specifications given by the material supplier. M&imperature was implemented as barrel
temperature and levels were based on recommendia@esvaublished by the material supplier. To
perform the statistical analysis of the measureditg, a definition of different outputs describing
the weld lines is needed. The analysis was perfdroomsidering the following outputs related to
the surface finish and mechanical properties:

» surface roughness,

» ultimate tensile strength (UTS),

» elongation at break (EAB).

Statistical analysis results are shown using thretBglot of the main effects. The significance

level was chosen to be 0.05.

Table 9.1 - Process parameters setting.

Process parameters Low High
Mould temperature 145 °C 155 °C
Melt temperature 270 °C 290 °C
Injection speed 120 mm/s 200 mml/s

In order to evaluate the influence of the coolimget on the aesthetic quality of the part, other
experimental tests were carried out, varying tleeten temperature on 4 levels: 125 °C, 120 °C,
115 °C and 110 °C. The maximum level was set tadatle part’'s deformation or warpage due to
ejection forces. On the other hand, the minimunellevas set taking into account an acceptable
time cycle. The other process parameters wereda@ydtant. The roughness was measured for both

front and lateral weld lines (Figure 9.7).
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Figure 9.7 - Components chosen for the weld lineyst

9.3 Surface analysis

An atomic force microscope (AFM) was applied to lgpa the surface finishing and the weld
line V notch profile (Figure 9.8). Weld lines aptmgraphical level are free form in the micro/sub-
micro dimensional level. Therefore a high resolutemd high accuracy instrument with real three
dimensional capabilities such as the atomic surfameoscope is suitable to be used. Purposes of
such measurement are scanning and measuring thie afego micro weld line. The highly finished
surface allowed for a clear location of the weltieli(Figure 9.9). The images were processed to
produce surface profiles along selected lines andorbvide a number of statistical surface

roughness measures.

Figure 9.8 - Atomic force microscope.
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— -280

Figure 9.9 - Scanning of a cavity surface with whight interferometer.

9.4 Mechanical characterization

Weld line strength of micro tensile samples waseté®n the micro tensile test machine (Bose
Electroforce 3200) with small scale titanium teasjaws, shown in Figure 9.10. A range of
preliminary experiments were performed using sampianufactured during the stabilization stage
between experiment. The experiments allowed thingegechnique to be refined to minimize the
occurrence of testing errors, such as specimegn@iisgj in the jaws. Testing was performed at a rate
of 0.01 mm/s and 0.006 mm/s. The data were proddssgenerate engineering stress/strain curve.
In order to minimize the experimental error, fiyEsimens were used to determine tensile strength,
and mean values and standard deviations were atddulEach performed tensile test was also

recorded using the high speed camera apparatusiss Section 9.1.3.
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Figure 9.10 - Bose Electroforce 3200 test instrunfksit), with tensile jaws and a moulded

specimen (right).

9.5 Results

9.5.1 Surface characterization

Gloss on a surface is produced when a substamtiabpthe reflection is specular. That is when
the angles of incidence and reflection are eqameasured relatively to a plane fitted through the
surface. The surface needs to be substantiallp¥iet areas a few times larger than the wave length
of visible light (390 — 750 nm). ThRa andRq values, measured using the AFM, were consistent
with this. Figure 9.11 shows the AFM scanning ofeld line’s surface . Surface roughness was
determined for each moulding, averaging resultaffoscan areas of 30x@én each.
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250.0 nm

30 um

Figure 9.11 - Scanning of a weld line’s surfacemAFM.

Statistical analysis results are shown using thetBglot of the main effects for the three
mentioned outputs. As reported in Figure 9.12 aigdre 9.13, the main factor affectiipandRv
is the mould temperature. The same conclusion®eairawn by considering the main effects plot
(Figure 9.14 and Figure 9.15). The process paramatel the interactions between factors are not
statistically significant oirg

Elimination of the frozen skin formation during écfion has several important potential
benefits, as the improvement of surface finish. dfxpental results show how it is necessary to
increase the temperature to 10 °C higher thartioTobtain a glossy surface without weld lines.
Furthermore, it is important to observe that theeraction between the mould temperature and
injection speed affects thHev. A higher fill rate results in a more rapid heantsfer, increasing
mould temperature and preventing the formationuwfase solid layer. An increase of injection
speed leads to a decrease of the melt viscositycamdequently, of thRv. Higher injection speed
determines also a reduction of injection time, digj premature melt freezing (i.e. incomplete

filling).
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Figure 9.12 - Pareto chart of the standardized @ffdor Ra.
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Figure 9.13 - Pareto chart of the standardized @fdor Rv.
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Figure 9.14 - Main effect plot for Ra.
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Main Effects Plot {data means) for Rv Interaction Plot (data means) for Rv
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Figure 9.15 - Main effect and interaction plots fv.

9.5.2 Tensile properties

The specimens were tested using the apparatussdestun the Section 9.4. The high speed
camera system was used to provide high speed,rbggitution images of sample failure. Process
conditions and response parameters of elongatiobredk and ultimate tensile strength were
statistically analyzed in order to evaluate thadexwith the most significant effect on weld line
strength. As it is evident from the Pareto analysported in Figure 9.16 and 9.17, the main factors
affecting UTS and EAB are the mould temperature,itfection speed and their interaction.

Figure 9.18 shows the main effects of the procasampeters on UTS. A higher mould and melt
temperature provide a higher strength, presumalxytd the better knitting of the flow fronts at the
weld line. Strength is shown to be inversely préipoal to injection speed. This result would
suggest that a higher impingement velocity is ditwketrimental to weld line strength, perhaps due
to the air entrainment at the weld line. The mdfaats plot for elongation is shown in Figure 9.19.
The melt temperature does not contribute signifigaio weld line strength. Mould temperature is
shown to be proportional to elongation which is tuenproved knitting of the weld line geometry.
Strain is inversely proportional to injection spe€bhis result reinforce the idea that high

impingement velocities are not ideal for optimaldvine formation.
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Figure 9.16 - Pareto chart of the standardized @fdor ultimate tensile strength.
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Figure 9.17 - Pareto chart of the standardized@fdor elongation at break.
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Main Effects Plot (data means) for EAB Interaction Plot (data means) for EAB
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Figure 9.19 - Main effect plot for elongation aebk..

Tensile tests exhibited two distinct modes of f&lat different values of the injection velocity,
one which appeared to be a brittle failure, anéé@msd which showed a more ductile response.

Examples of each behaviour can be seen in Figafe 9.
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Figure 9.20 - Examples of brittle and ductile wiahe failure modes.

Experimental tensile tests were simultaneouslywagtusing the high speed camera apparatus
described in section and a polarized lens. Thanadtl direct observation of the differences between

the two failure modes. Images of each failure am in Figure 9.21 and Figure 9.22.
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Figure 9.21 - High speed camera images of prodaitire — brittle failure.
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Figure 9.22 - High speed camera images of prodaitire — ductile failure.

For the brittle failure mode the sample simply p@part at the weld line which indicates a very
poor knitting of material in this region. For thadtile failure, the polymer is seen to deform quite
extensively in the region around the weld line andome cases crack propagation along the weld
line is observed. In the case of mould temperatfiib5 °C and injection speed of 120 mm/s, only
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the ductile behaviour was observed. This failur@eildsuggest a significantly improved knitting of

the material at the flow front has been achieved.

9.5.3 Flow visualization

It is interesting to note that the flow front pitefremained pretty much unperturbed between
each experiment which shows that it is predomiyao#vity geometry dependent, which is in
accordance with previous studies. Flow front impimgnt velocity provided interesting
information regarding cavity filling. The impingemtevelocity correlates with the data generated
for the UTS values discussed in the previous seatith a correlation factor of 0.52. This suggests
the existence of a relationship between impingenvefdcity and UTS, as it may be expected.
Figure 9.23 illustrates this with a plot of impimgent velocity variation and UTS as x-y pairs. High
impingement velocities are not ideal for optimalldvdine formation. Injection speed, melt
temperatures and their interactions with the mdeldperature affect the impingement velocity
(Figure 9.24 and Figure 9.25). This would suggésas also melt temperature affect the weld line

strength despite of results of the Section 9.5.2.
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Figure 9.23 - Impingement velocity and UTS valuetgd as x-y pairs.
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Pareto Chart of the Standardized Effects
{response is Imping vel, Alpha = ,05)

I Factor Mame
) T rnould

& B T et

< Inj vel

BC 4

Term

AC

4B

ARC A

a 2 4 5] g 10 12 14 16
Standardized Effect

Figure 9.24 - Pareto chart of the standardized @ffdor impingement velocity.
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9.5.4 Cooling time influence

Figure 9.26 and Figure 9.27 summarizes the avenaggedts for the effect of the cooling time. It
can be seen that the cooling time appears to bomgrisignificantly to the surface qualifga and
Rv are shown to be inversely proportional the cootinge on the weld line zone for both type of
weld line. When the mould temperature at the ejacstage is set at 125 °C, the weld line in some
cases is clearly detectabla. reduction of 10 °C in the mould temperature eaabio reduce
significantly thesurface roughness and weld line depth. When thddrtemperature is decreased
of other 5 °C,Ra andRv do not vary significantly. The movement of thefaoe that causes the
reopening of the weld line is not affected from geometry of the plastic part, but it seems to be

related to the viscoelastic properties of the ni@tefhere is a significant extensional deformation
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at the surface of the advancifigw front which lead to a high orientation of theacromolecule
perpendicular to the wall. The results suggesttth@polymer stress relaxation at high tempere
actually leads to the reopening of the weld |
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Figure 9.26 -Graphs showing F (left) and Rv (right) vs mould temperature at eftfor the flat
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9.5.5Surface finish: conventional piocessing vs. RHCM

In order to perform a comparison between conveatiprocess anRHCM, two main types of
weld lines and two different materials were anatyZeC and PC with 1% of CM-nanocyl were
used for this experiment. Variation is seen betwszns and the standard deviation of the mee

tabulated. Table 9.summarizes the averaged rest
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Table 9.2 - Comparison of surface roughness forveationally moulded and RHCM parts.

Standard deviations of the means are shown in latack

TENSILE SPECIMEN FLAT PLATE
Ra[nm] Rg[nm] Rv[nm] Ra[nm] Rqg[nm] Rv[nm]
134.9 204 958.6 40.8 94.5 628.2
Conventional
(43) (73) (288.7) (24.7) (56.5) (305.8))
PC 78.5 100.5 313.6 16.4 20.7 84.2
RHCM
(13.7) (19.3) (83.6) (4.6) (5.4) (43.1)
Reduction 41.8% 50.8% 67.3% 59.9% 78.1% 86.6%
_ 180 245.8 1020.6 48 104.2 736.6
Conventional
PC with (52.7) (64.9) (237.1) (12.8) (20.4) (275.6)
0 - 95 126.7 547.2 20.5 25.1 88
1% CNT RHCM
nanocyl (49.1) (65.2) (411.6) 9 (9.8) (41.9)
Reduction 47.2% 48.5% 46.4% 57.3% 75.9% 88.5%

Both materials show a significant reduction in aad roughness and weld line depth by
approximately 50% for all parameters. Major surfeprovements were also obtained for flat plate
with circular pin by approximately 60% f&a, 75% forRgand 85% for weld line depth. The weld
line was clearly detectable in the conventionatdtipn moulding process. The typical V-groove of

the weld line was removed using RHCM (Figure 9.88 Bigure 9.29).
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Figure 9.28 - Elimination of weld line for the tdesspecimen using RHCM.

Figure 9.29 - Elimination of weld line for the flpkate with circular pin using RHCM.

Figure 9.31 compares the flow front shape for thieventional injection moulding process and
RHCM. This comparison shows very little variationfiow front shape, despite the large difference
in mould temperatures. Therefore, visualisatioflam# front shape alone is not considered to be a
sufficient mechanism to explain the mechanism ef weld line formation, however it can be a

useful aid in understanding the filling sequence.
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(a)--
(b)--

Figure 9.30 -Comparison of flow front shapes: a) Conventionalqass bRHCM.

9.5.6Mechanical properties: conventional processing vVRHCM

Table 9.3 summarizes the@eaaged results of the experimental tensile td&dsh PC and P¢
with 1% CNThanocyl show a significant increase in the EAB pgraximately 200% betwin the
conventional process and RH( with the mould at a temperature 1C higher than 4. The
variothem system allows to improve the UTS by 80% for P@ by 50% for PC with nanofiller:
The specimen moulded with the conventional proeassbited two modes of failure, both brit
and ductile. Instead only the ductile behaviour whserved for the specen moulded b'RHCM.
The variotherm system can therefore be used tafisigntly improve the knitting of the material

the flow front.
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Table 9.3 - Comparison of elongation at break (EABJ ultimate tensile strength (UTS) for

conventionally moulded and RHCM parts. Standardadens of the means are shown in

Conventional

parentheses.

0,006 mm/s 0,01 mm/s
EAB UTS[MPa] EAB  UTS [MPa]
0.02 23.446 0.03 27.351

(0.01)  (8.236)  (0.026)  (16.062)

PC RHCM 0.055 43.281 0.1017 47.504
(0.029) (17.938) (0.038) (12.947)
Improvement  183.45% 84.6% 219.05% 73.5%
_ 0.03 36.671 0.035 40.503
Conventional
PC with (0.025) (14.265) (0.022) (14.265)
0 . 0,095 57.784 0,096 54.105
1% CNT RHCM
nanocyl (0.007) (1.982) (0.038) (6.292)
I mprovement 214.9% 57.57% 175.04% 33.58%
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In recent years, the requirement for high glossspaith better mechanical properties is more
and more important for the company. There are natfifigulties in producing this type of products
by conventional injection moulding. Problems sushvwaarpage, flow mark and weld line often
appear in plastic parts produced by conventiongdction method. As result, the mechanical
properties and appearance of the plastic partsotameet the requirements of customers. The
subsequent reprocessing operations such as sprayidgcoating have to be employed after
injection moulding process in order to improve fast's properties. These operations increase the
manufacturing processes of parts and waste rawrialeaed energy.

Consequently, a new injection moulding technologpid heat cycle moulding (RHCM), is
proposed. Contrasted with traditional injection mdmg, in RHCM the mould temperature is
increased to a target value, usually higher thandlass transition temperature. Then, after the
filling stage is finished, the mould will be cooledth cold water. With the help of the heating
process, RHCM technology can significantly elimette frozen layer and increase the flow ability
of the resin melt to produce perfectly smooth, amifly finished, thin-walled, complex shaped, and
nano structured plastic products with low molecolaentation and residual stress. Besides that, the
surface defect such as weld line, flow mark, aodtfhg fibres can be eliminated.

To thermally cycle the mould temperature withougraat increase in cycle time and energy
consumption, an efficient vario-thermal mould tenapere control system, is required. In recent
years, a number of innovative approaches for rggidating the surface of the mould have been
developed, including methods such as resistive ingatinduction heating, high-frequency
proximity heating, infrared heating, heating andolow using a volume-controlled variable
conductance heat pipe, heating and cooling usiagrbelectric Peltier modules, passive heating by
the incoming polymer, microwave heating, contactimg, convective heating using hot fluid or
condensing vapour forced to flow through conformilaannels or bearing ball filled niches, etc.
Moreover the mould should have a low thermal mass exhibit a low inertia to variation of
thermal loads. Multilayer mould consisting of iretibn layers with a resistance layer can
efficiently shorten the moulding cycle time. Theor@mentioned methods do heat the mould
efficiently, but still have a lot of shortcomings e applied in mass production.

Due to the higher precision and quality requirersenft the new plastic parts produced with
RHCM process than the ones produced with CIM, teeetbpment theory of the moulding

problems, like reduced strength weld line, non amif shrinkage, incomplete filling of micro
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structured surfaces etc., are needed to be unddrstmpletely. In spite of its industrial relevance

the scientific knowledge of several aspects of tlagel process is still very poor.

In this work an innovative RHCM system has beeretigyed to overcome the limitations of the

available technologies and it has been used to/amaeveral aspects of this new manufacturing

process.

()

(ii)

(iii)

(iv)

An innovative RHCM system, based on inserts madepan-cell aluminum foam, has
been developed. Both the structural and the thebmehbviour of the system have been
modelled to verify that the metallic-foam inserésgely increase the heat exchange rate
with respect to the traditional cooling channelsil&lproviding the necessary structural
support.

To evaluate the feasibility of the new heating andling system, a mould insert with two
aluminum foams for a double gated tensile specim@s manufactured and a test
production was carried out. A good agreement wdaindd between the numericahd
experimental resultsThe test production results indicate that the psepoinnovative
heating and cooling system can realize high-tentperanjection moulding reducing the
moulding cycle time with respect to traditional RMGechnique. The use of metallic
foam allows a temperature control medium very cltsehe surface, extremely fast
temperature drop and uniform temperature distrdouti

The innovative technology for rapid heating andliogpof injection moulds has been used
to analyze the effect of fast variations of the fdowmperature on the improvement of
micro features replication and mouldings appearanbe new RHCM technology allows
to significantly improve the degree of surface mistructure replication, especially for
those features characterized by the smallest valugnsckness and aspect ratio.

The effect of fast variation of the mould temperaton the weld line strength of three
engineering thermoplastic materials has been iigast. Tensile tests were carried out
both on specimens produced by conventional injectioulding and employing the
RHCM. A significant improvement in the mechanicabperties was obtained for unfilled
and reinforced materials using RHCM. By comparimg test results of experiment, it can
be concluded that a smaller V notch area relates ligher ultimate tensile stress of the

weld line. system.
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(v) A new mould for the production of high gloss coy#ates was manufactured. Two
different heating/cooling systems, the ball fillingd the system based on the use of metal
foams, were tested. The obtained results showedthe@WRHCM system developed in this
work allows to reduce the cycle time of about &lse new mould was used to study the
effect of RHCM on the surface gloss of plastic paBS shows a significant reduction in
the surface gloss between the convectional proeess temperature cycle injection
moulding with mould temperature higher thanwias measured. The gloss increases with
increasing mould temperature. When the ejectionp&rature was varied from 60°C to
70°C, a slight improvement of the specular refleceawas observed.

(vi) An RHCM tool with a visualization unit was useddbserve the development of a micro
scale weld line. The factor having the most impar&ffect on surface roughness and weld
line depth is the mould temperature. Mechanicaperties in the region of the weld line
are influenced by mould temperature and injectjpees. High mould temperature and low
injection speed contributes to improve weld lineeisgth and ductility. Cooling time
affects the roughness and weld line depth of maptrts. The measurement of the
temperature evolution on the surface of plasticspaall be the subject of further works.
RaandRv are shown to be inversely proportional the cootinge for both type of weld
line. Significant improvements in the elongationbaéak, ultimate tensile strength and
surface finish was obtained for PC and PC fillethwianocyl using RHCM. The obtained
results showed how the RHCM can be used to eptieshove the V-groove of weld lines
in micro injection moulding. A plastic part with di surface finishing and weld line
strength can be obtained with high mould tempeestand low impingement velocity
using RHCM.

The work presented in this thesis was carried aaihiy at the Te.Si. Laboratory, University of
Padua, Italy, from January 2009 to December 20hdleuthe supervision of prof. Paolo Bariani
and of Ing. Giovanni Lucchetta. Part of the redeaactivity was performed at the Centre for

Polymer Micro and Nano Technology, University oBBford, Bradford, UK
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