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Abstract

In this study,one of the plastic automotive parir Duct, manufactured throughlow moulding
processs reviewedand investigatedith a practial process point of viewsingstructuralmechanics
approach

First, currentblow moulding processvas examined to findyoverningfactorsof the processvhich
can be improved or adjusted for better quatipntrol of finished product Secondly, numerical
analysis wasconductedon thepostmould processn order to predicthe deformatiorin the final

productswith properly assumed initial and boundary conditions.

Thesimulationresuts showed thathe degree of warpage under curtgiotv moulding processould
be predicted at a reasonable accuraldywas also discovered th#te distortions of the holes are
strongly dependent on it location and surroundiagnd the current cooling method should be

improvedto improve the quality

Based on the simulation results and literatuevesy, a better posiould cooling method was
suggestedIn addition, he problen in cooling systemwas identified and redesigningchemewas

recommended.
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Chapter 1

Introduction

1.1 Research Initiation

This study was initiated in September 2011 in collaboration with Aidate Control Systems Inc

(ABC). ABC is the leading manufacturer of plastic automotive systems and components in.Canada
ABCOGs core business is the design, devel opment ,
components. Being the second largest plastic auto parts manufacturing company after Magna
International Inc. in Gaada, their products and services are offered to many auto makers, such as

General Motors, Ford, Toyota, etc.

They use blow moulding process to produce nAI
the air filter and engine intake. Imlow moulding p oc e s s, the consistency
dimensions is a major concern. AB@ve found that they hawe large number of defective
productsdue to these inconsistencjesnd they needn innovative mould design method to
prevent such inconsistenciesd to reduce the production costhich has motivated them to

launcha collaborate research wittMME department at/niversity of Waterloo

1.2 Background

After a product is manufactured through blow moulding, it is put through a process to be assembled

with other products as shown in FiglY | ef t ) . The p rslwoddbe onsigtentdvithme ns i o
other productgo fit together Dimensioninconsistency causes the delayaissemblyline and the

increase of production costn many caseghe defectiveproductsare unable to be assembled, so

consequentlyhey aredisposed [1].
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Fig. 1.1. CAD model (left) showing different part@assembled tdhe product and actual
product (right) with different temperatures (1]

ABC haveusal exact dimensioned moulds for the blow moulding proaestsgonsideringthe
residual straindft in theproductafter moulding. Fig. 1 (right) shows the temperature distribution
over the productight after the moulding process, which was measbeddre the project began
A collection of many factorsause dimensioninconsistency problerand waping. Especially
the round sectiondeform a lot tdoecome oval, so frequently they cannot be assembled to other
products in the subsequent process. ThereAB€ has concluded that théyadto redesign and

optimizethe moulds for the final produtd have the correct dimensions and round sections.

Since the mould is extremely expensaed complicated, no errors are allavd herefore,
theylookedfor an external help to develop an innovative method of determining how the moulds

should be reshapemnsideringhe thermal shrinkage

1.3 Objectives

The main objective of this project is to investigate the moulding and related motmsdentify
factors which can cause defective productstandievelop a method to accurately design the moulds

taking account of the thermal deformation during/after blow moulding process.



1.4 Approaches

To achieve the objective of the project, approaches from various kinds of points of view have been
employed First, related literatures were reviewed to fpabsible or potential factor which might lead

to defective product. Secondurrent moulding process was carefully investigatedidentify the
parametersvhich could influence the quality of the products, including human factors and post
mould cooling methodd.ast finite elementnalysis(FEA) modelof the product has been developed

to simulate deformation after the moulding processsidering deformation caused bgattransfer

in the current product desighihe scheduland major milestones are shown in Fig. 1.2.
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Chapter 2

Theoretical Background

2.1 Introduction

The considered product has a complicated shape having two open ends and a few holes on the surface,
so it is very difficultto design, mesh, and analyze with engineering software. Especially, applying
thermal analysis to the system requires many properties of the material and of interaction between the
product and the air (a coolant). Moreovitle material, polypropylendtself demonstrate extremely

complicated mechanical and thermal behadrpending owarious conditions.

Therefore a wide variety of ground knowledge and supporting @daiarequiredto obtain the
plannedresults. In this chapter, blow moulding process, including the types and cooling methods, and
the materiajproperties ofpolypropylene will be studied to find the available measures to resolve the

defective product issue.

2.2 Blow Moulding

2.2.1 Blow Moulding

Traditionally very small portion of polypropylenbas beenprocessed by blow mutding. The
combination of economy and good properties offered by polypropylene leads to its widespread us in
films, fibers, and injection mading. Polypropylene was h@ommercialized until the mid 1950s, so
blow mouldng technology was largely optimized on the requirements for polyethylene. Blow
mouldng is a relatively low pressure process, udess tharl% of the pressure levels employed in
injection mouldng. This requires a lot melt viscosity, produced by high shear rates and temperatures.
The difficulty in polypropyleneprocessings that its viscosity is far more sensitive to temperature
and shear rate than is the case with polyethylen¢hese are problems in working polypropylene

using theequipment designed for polyethylefag.

Recently mchinery and technologyevelopedpecifically for polypropyleneanddevelopments in
the polymer propertieshave made polypropylena suitable material for the procegdso advances in

polymerization technology have made it possible to produce grades with melt strengths and shear
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dependencies that are more tolerant of the hbhoouldng process. Consequently, blawoulded
polypropylene isone of the fasgrowing sectors in plastic industrieds market share is currently
small, but its growth rate igery high.

2.2.2 Blow moulding process

Blow mouldng is a manufacturing process by which hollplasticparts are formeg The process is
discontinuous or batchwis@volving a sequence of operatiombich culminates inhie production of
a mouldng. This sequence of cycle is repeated automatically or-getomatically to produce a

stream ofmoulded parts.

The blowmoulded parts are formed inraouldthat defines the external shape the name implies,
the inner shap is defined by the pressure of flidormally compressed airln this respect, blow
mouldng is quite differentfrom manymouldng processewhere both inner and outer forms are
determined bymoulds. The major advantage blow mouldngis that he inner form is virtually free

of constraints because there is no core to extract.

Blow mouldng is nowhighly developednd hasnany variant forms. At its most basic, the process
involves melt processing thermoplastic inttube that igreferred to as a parison. Parison is clamped
between the halves of a cooleauld so that the open top and bottom ends of the parison are trapped,
compressed and sealed by theuldfaces. A blowing tube is also trapped in one efplarison ends,
creating a channel through which air pressure is introduced within the sealed parison. Air pressure
causes the parison to expand, so that it takes up the form ofdihie cavities. Contact with the
cooled mould chills the thermoplastic tits solid state, so the form is retained after tmeuld is

opened and the part remoVed.

Blow mouldng can be categorized into three grauipgection stretchmouldng, injection blow

mouldng, and extrusiof2].

2.2.3 Injection blow moulding

The injection blow mouldng (IBM) is usedto produe hollow glassandplasticobjects in large
guantities. In the IBM process, the polymer is injectinoulded onto a core pin; then the core pin
6



rotates to a blowmouldng station to be iftated and cooledAlthough IBM is the leasttommon
amongthe three blowmouldng processest is typically used to make small medical and single serve
bottles. The process is divided into three steps: injection, blowing and ej&ition

The injection blowmouldng machinehasan extruder barrel and screw assembly which melts
thepolymer. The molten polymegoesinto a hot runner manifold where it is injected through nozzles
into a hollowheated preforrmould The preformmould forms the external shape and is clamped
aroundthe core rodvhich forms the internal shape of the preform. The preform consists difya fu
formed bottleneck with a thick tube of polymer attached, which will form the body.

The preformmould opens and the core rodotatesandis clamped into the hollowhilled mould
The core rod open® allow compressed air intthe preform, which inflates it to the finished article

shape.

After a cooling period the blownould opens and the core radtatesto the ejection position. The
finished article is stripped off the core rothe preform and blowmould can have many cavities,
typically three to sixteen depending on the article size and the required output. There are three sets of

core rods, which allow concurrent preform injection, blmauldng and ejection

2.2.4 Extrusion Blow Moulding Process

Variousplastic parts arenanufacturedby extrusion blowmouldng, from backpack framandbottles

to odd shaped overflow reservoirs used by automobilésstic is heated innaextruder until the

plastic becomes #uid. This plasticfluid is extruded through a diehead to form a tube, called a
parison.A mouldcontaining a cavity is closed around the parison and air is blown inside the parison.
The air pressure expantlse parison against the cavity wall. The plasticdsled by thanould The

air pressure is releasethe mouldopens and thmoulded part comes o(i2]. The major components

of the extruder are hopper, barrel, barrel heaters, coolingngyatal screwFig. 2.1). The hopper
contains the raw plastic pellets of granules, and the barrel is the place where plastic is heated and
pressurized. The barrel heaters melt the plastic beforeugtafthe cooling systelis used to cool the

plastic whenexcessive heating arises, and the screw rotates to pnefisurize and transport the

plastic forward.


http://en.wikipedia.org/wiki/Molding_(process)

Figure 22. Plastic flow through the di€a) At the end of the extruder, the plastic flows through the
screen pack. Next, the plastic flows into the die body and around a center post called a mandrel. (b)
The mandrel forms the flowing plastic into the hollow parison. (¢)j@Wthe parison reaches its
proper length thenould closes. (d) Air is then blown insidbe parison from the top of bottom. The
pressure of the air holds the plastic against the side walls of the cavity. The plastic then cools and
solidifies. (e) When the plastic is cool enough to holdlizpd 3]
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By the end of the extruder screw, plassithoroughly mixed at a uniform temperature and the
desired pressure for flow through the die. THaa melt goes into the die, and it is formed inside the
die (Fig. 22).

2.2.5 Cooling system

Cooling is one of the most import factors that influenice quality ofblow mouldedproducts The
temperature should be as uniform as possible all over theTgarttemperaturemniformnity is a
critical factor for the performanceof blow mouldng. Heatshouldbe taken away from the material
until the plastic becomes thermally stahehich enablesproper denouldng. The time needed to

accomplish this isalled cooling timg4].

Cooling systemhas to be designed considgrioptimum heat transfdvetweenthe melted plastic
and themoulds. This is achieved by creatingeveralpathsinside the mouldsnd flowing cooling
fluid (i.e. water) tocirculate andget rid ofthe excess heat from the plastic. The methods fmwed
producingthese holes rely on the conventional machining process such as straight drilling, which is

incapable oproducing complicated countéke channels or anything vaguely in 3D spfzed, 6]

An alternativecooling methodthat fits to the shape of the cavity and core of tauld can provide
better heat transfer in injection moulding process, and hence result in optigulentime. This
alternative method uses contdilke channelsgenerallyof different crosssection,fitting very close
to the surface of the mowdo increase the heat absorption away from the mgitastic which
ensures that thenouldedpart is cooled uniformly asvell (Fig. 2.3). Nowadays, more efficient
cooling systems are beindesigned athappliedin the mould withmore complex layout and cross
sections aprototyping technology (e.g. Direct Metal Deposition, Selective Laser Meltingimamy

advanced computer aided engineering (CAE) softaegaleveloped.



* Part and traditional Cooling channels " Part and Laser Building Mould
geometries. Manufacturing Cooling channels
geometries (Conform Cooling).

part coo"ng ymg‘w 12 seconds. F’al't COO“ng tim81 8 seconds.

(a) (b)

Figure 23. (a) Traditionaland (b) conformatooling systerm[4]

Many researches on cooling systems for injection moulding have feéormedto improvethe
efficiency of cooling.A.B.M. Saifullah [4] andK. M. Au [5] presented a scaffolding architecture for
conformal cooling design for rapid plastic injectiamoulding. Tang et. al.6] have developed a

methodology for optimal designf @ooling channels fomulti-cavity injection mould in terms of
10



channel size, location and coolant flow rate ustig for solving the transidrheattransferproblem.

Li [6] has described a feature basksbign synthesiapproach to develop cooling system design by
first decomposing complex part shap® simpler shape elements and then developing an algorithm
to generate cooling channels. Lamadt.[7] have proposed amethodto optimizecooling channel
design and process parametselection simultaneouslysing geneticalgorithm Research in
conformal cooling system has mainly focused on fabrication and testing of protaippemal
cooling moutls using freeform fabration techniques. Sach et af] [described thgroduction of
injection moulding tooling with conformal cooling channels using the Three Dimendtoiming
(3DP) process. They compared the effectiveness of confoemdl caventional cooling by
experimental testing and also by finite difference approach. ddwgluded that the conformal mould
was able to maintain a moreifonm temperature. Xu et. al9] havestudied fabrication of conformal
cooling channels using 3DRNd proposed a systematitodular approach to design of conformal

cooling channels.

2.3 Polypropylene

2.3.1 Polymers

A polymeris a chemicatompoundor mixture of compounds consisting of repeating structural units
created through a process pblymerization [10]. The termspolymerand polymeric material
encompass very large, broad classes of compounds, both natural and syB#aicse of the
extraordinary range of properties of polymeric materidisy plgy essential and ubiquitous roles in
everyday lifefrom those of familiar synthetiglasticsand other materials of dag-day work and

home life, to the naturdliopolymersthat are fundamental to biological structure and fundtidh

An important micrestructural feature of a polymer is its architecture, which relates to the way
branch points lead to a detian from a simple linear chaifiL2]. A branched polymemolecule
comprisea main chain with one or more substituent side chains or branches. Typesnched
polymers includestar polymerscomb polymersbrush polymersetc (Fig. 23) [11]. There exist
alsotwo-dimensional polymerahich are composed of topologically planar unis. polymer's
architecture affects many of its physical properties includiogn melt viscosityto glasstransition
temperature and the size of individual polymer coils in solution.

11
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Block copolymer Star polymer Comb polymer Brush polymer
AB, star Palm-tree AB, H-shaped B,AB, Dumbbell (pom-pom)
Ring block Star block AB, Coil-cycle-coil Star AB,

Figure 23 Various polymer architecturg¢sl]

As mentioned above, polymers' physical properties significatghend on their micrstructure.
Thetensile strengtlis very important in applications that rely upon a polymehwgsjcal strength or
durability. In general, tensile strength increases with polymer chain length andliokiag of

polymer chains.Similarly, Young's Moduluswhich is highly relevant in polymer applicatioris

strongly dependent on tem@ture.

2.3.2 Glass Transition Temperature

The termmelting point(4 ) suggests nobnly a solidliquid phase transition but a transition from a
crystalline or semcrystalline phas to a solid amorphous phagetl]. Among synthetic polymers,
crystalline melting is discussezhly with regards tahermoplastics asthermosettingpolymers will
decompose at high temperatures rather than rAefparameter of particular interest in synthetic

polymer manufacturing is thglass transitiomemperature4 ), which describes the temperature at

12
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which amorphous polymers undergo a transition froviseous amorphous liquid, to a brittle, glassy
amorphous solid

Many researches havedre performedn order to determind . One of them is using generalized
expressions for diffusion and viscous flow of polymers by assumingtthacurs at a universal
value of the available free volume in a matedalcan be modeled as follamg by normalization

using the variable, X (external degree of freedom per polymer molg¢tdle)
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Table2.1. ExperimentalT; - 1/ X Values at High Molecular Weiglfit 3]

& g A2y
Polymer T, (K) &+iél- 2%5‘*‘* g U  Sites/monomer Reference
Co Sng  COm= |
Polystyrene 373 5.16 2 12
Poly(U-methylstyrene) 446 13.67 2 25
Poly(propylene oxide) 213 0.00 3 13
Poly(butylene oxide) 213 0.00 4 13

J gl
| m—

Figure 24. DSCs of TA instrumentsLf]

The glass transition temperatuee )(is generallymeasured byifferential Scanning Calorimetry
(DSC) (Fig. 24) whichis a device which masures the temperatures and heat flows associated with
transitions in materials as a function of time and temperaRB€ iswidely usedto determinghe
thermal transition®f polymeric materialsThe observed thermal transitions canusedto compare
materials Howeverit should be noted thdhe transitions do not uniquely identify cposition. The
percent crystalline content of a polymer can be estimated from the crystallipatiks of the DSC
graph as reference heats of fusion can be found in the litefafjrédSC can also be used to study
thermal degradation of polynwerusing an approach such as Oxidative Onset Temperature/Time
(OOT).
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The operational procedurestgpical DSC devices follow the applicable standards such as ASTM
E967. The calibration materials can be chosen among the materials listed in thelstdinggypical
procedurs are: (1) Select two calibration materialsith melting temperatureone above and one
below the temperatumange of interest(2) Determine the apparent transition temperaturecéarh
calibration material(3) Place a 5 to 13nginto a specimen holde(4) Load the specimen into the
instrument chambe(5) Purge the chamber withitrogen (or other inert gas) aflaw rate of 10 to 50
cr/min, (6) Heator coolthe calibratio material rapidly to 3& below the calibration temperature
and allow to stabilize(7) Heat the calibration material at 10 €/min throughe transition until
baseline is reestablished above the transitimnd (8) From the resultant curve, measuree th
temperaturefor the desired pointsl6)].

Polymers for injection molding can be classified as sagstalline or amorphousBoth have
complex thermeheological behavior which has a bearing on the molgiragess. Thermoplastics
typically have a viscost that decreases with shear andreasing temperature while increasing with
pressure. Their thermal properties semperature dependent and mapeted on the state of stress
[17]. In the case okemicrystalline materials, properties also depend onréte oftemperature
change.n injection molding simulationit is neededo incorporatean equation of state to calculate
density variation as a function of temperataned pressure. The equation sfate relates the
mat eri al 6s s peci densiy), prassure mrel tefnpenature. Thisas rafefred to as the
mat er i a(Préssured/BlvhieTemperaturerharacteristiclt is verycomplex and depends on the

type of material.

Polymer PVT datare veryimportant in their value in material science. Texeess usage of PVT
data can be summarizen several major areas[18, 19: (1) Prediction of polymerpolymer
miscibility, (2) Prediction of service performance and service lifepolymeric materials and
components on the basid free volume conceptg3) Correlation of the reducing parameters of
eguations of state (EOS) with molecusdructures (4) Evaluation of start and progress of chemical
reactions in polymer melt¢5) Investigation othe nature of phase transitiorand (6)Optimizing of

processing

Many polymers'propertiesare necessary in ordés simulat an injection moulding of polymers
such as FT, thermal conductivity, heat capacity, andogsity over wide range of temperatures and

pressures. It is believed that the PVT is one of important properties to predict final shape and size of

15



moulded polymer product&o, many researeBhave beemerformedto obtain PVT correlation for
various polymersthrough manyexperimens and theoretical approached=ig. 25). However, it
should be noted that the data for the same matdoahot agree with each othbecause of the

difference in methods and samples used in the experiments

Degradationis also important which meansa change in the propertiesuch astensile
strengthshape, or molecular weighy the influence of envionmental factor§2(], such adight, heat
etc It is often due to the scission of polymer chain bondswyiliolysis leadingto a decrease in the
molecular mass of the polyme3uchchanges areostly undesirabldecause it causes shape change,

which can lead to warpage, even though the change generallys aneer a long period of time

(decades).
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Figure 25. Examples of (apchematic diagram of the PVT apparaind (b)correlation PVT
diagrams of P21]
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2.3.3 Crystallization

Many crystallizing thermoplastics shaaremarkablechange in mechanical propertigaring post
moulding aging at room temperaturgZ]. Although this phenomenon is well knawit is not
properly understood. It is natural to look for morphological of structural changes occurrigghgn a

that correlats with changes in mechanical behavi@nd this is the approach used by many
researchers in a study of polypropylene. They have attributed the observed differences in mechanical
behavior to changes occurring in the amorphous ptmsehich their methods of structural and
morphological characterizationowld be relatively insensitive.

Many researchs have been performed on morpholo@j injectionrmolded polymers[23]. Four
crystalline forms are known. The monocliriemodification is predominant in a structure formed
during slow cooling from the melt. Higher content of trigobahodification can be obtained during

fast cooling of the melt?{4).

For moulding process, kin morphology is especially important because lyyoer melt is
immediatelysolidified near acold wall of molds Crystallization of polymer can also cause minimal

sear stress and hardsan the proximity of walls2H].

Figure 26. Micrographof crystallizationof pure PP at cooling rate 5K/min (tgme r at ur e 11 7 U(
[26]
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Detailed knowledge on micrstructure or morphology of polymers is oneimportantfactors to
understand polymers' physical characteristics. A greattbmh canbe used forcharacterization of
the morphology of polymerds Atomic force microscopy (AFM[26, 27. AFM (or scanning force
microscopy (SFM) is scanning probe microscopyith high resolutio, generallymore than 1000
times higher than theoptical diffraction limit The topology (Fig. 26) and otherinformation are
gathered by a combitian of a mechanical probe and laser reflectiddrAFM. An AFM model is
shown in Fig. ZI. The effect of variousconditiors of polypropylenéPP)crystallization such as the
fraction of amorphous to crystalline phases, the shape, size, and structystad$ @an be measured
by AFM. However, it should be noted that is very challengingto consistentlyobtain correct and

precise data.

Non-Contact AFM
Z/Al metallized polypropylene film
5um

(@) (b)

Figure. 27. A model of (a) AFM and (b) its image2q]
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@) (b)

Figure 28. AFM imagesof (a) semicrysalline and(b) semimesomorphic iPR6]

2.3.4 Shrinkage

In manufacturing processéscluding blow mouldingthermoplastic materialthat undergo a phase
changeexperiencea decrease in specific volumehich results irshrinkage. A certain amount of
shrinkageis unavoidablein any process that involves cooling from elevated temperaduma this
must apply to blow moulded polymef29]. The shrink rate, S, is used to scale mold dimensions to
compensate for shrinkag&Vith perfectly isotropic shrinkageasaimption, the total volumetric

shrinkage rate of a materid,, is related to the linear shrinkage rateyShe relationship

3 p p 37 6)

A simplification of this relationshipneglecting higher order terms of the binomial theorem

expansionof p 3 7 is

3

S 5 (7)

Hence, a material exhibiting 3% volumetric shrinkage shshiidk in all directions by 1.01% after
cooling [29]. Determining a single shrinkage compensation factor using either of the preceding
equations for S is suitable for most applicatiorables of S valuefor commonly used thermoplastic
materialsare quite ommonin many specifications and standa@able 22).
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Even though linear shrinkage rates are available for a wide range of plastics, the reported values are
usually given as a range. Shrinkageies due toa lot of factors such amaterial, proessing, part
geometry, etc. Furthermore, shrinkage may vary in the direction of flow versus transverse direction

(anisotropic shrinkage).
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Table 22. Shrinkages of various thermoplastic materia [

Material Shrinkagen inches/inch

ABS- High Impact .005-.007
ABS- Medium Impact .005-.008
ABS-High Heat .004-.006
ACETAL .020-.035
ACRYLIC- General Purpose .002-.009
ACRYLIC- High Flow .002-.007
ACRYLIC- High Heat .003-.010
ACRYLIC- Impact .004-.008
NYLON- 6,6 .010-.025
NYLON- 6 .007-.015
NYLON- Glass Reinforced .005-.010
POLYCARBONATE .005-.007
POLYESTER .025 .050 thick .006-.0012
POLYESTER .050 .100 thick .012-.017
POLYESTER .100 .180 thick .016-.022
POLYETHERIMIDE .005-.007
POLYETHYLENE- LDPE .015-.03%

POLYETHYLENE- HDPE .015-.030
POLYPROPYLENE .010-.030
PPO®/HIPS (NORYL®) .005-.007

POLYSTYRENE Crystal .002-.008
POLYSTYRENE Impact .003-.006
POLYURETHANE .010-.020
PVC-RIGID .002-.004
PVC-FLEXIBLE .015-.030
SAN .002-.006
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2.3.5 Residual Stress

Residual stresss the stressthat remais after the original cause of theresshas been removed.
Residual stresses occur feariousreasons, including inelastic (plastic) deformations, temperature
gradientsor structural changes (phase transformati®7]. Residual stressn polymer moulding
generallymeans the stress thamains inside of moulded parts after moulding process.residual
stress is thenajor factor which causes warpadeg. 29 shows one of residual stregsalysis results

solved by Moldfow, one of widelyused commercial codes.

In-cavity residual stress in second principal direction
Mormalized thickness = 0.9890

Scale (100 mm)

Figure 29 An example of residual stress analysis by Moldfl@&] [

It is well known that injetion moulded parts often contain residual stresses thatased byon
uniform cooling rates and that are dependent on the pressures applied during solidification and
therefore also on the time at which gate freeffgsolidification before filling is completefloccurs
[29]. The presence of such stresses causeshiduege inmechanical properties, amthange in their

magnitudeand distributiorduring postmouldng aging is important30].

Residual stresses in moulding process can be categorized into two [oéup§ 31]. First, there
is, sacalled, thermastress which develops by temperatdifeerenceduring cooling process, and eth
other residual stress is flow residual stress whicbuss due toshear stresand normal stress

differences due toigh strain rate§29].
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In practice, the dimensions can change by a variety of material, part, geometry, towlipgy@ess
related factors, which causesrpaggout of-plane distortion) Warpage is very unpredictable while
shrinkage can be considered to be linear. Even though warpage is very difficult to overcome in many
cases,tiis noteworthy that a numberf factors regarding warpage are related to process control (melt
and mould temperatures, filling pressure and time, and ejection temperature) and tooling or mould
design (Gate, mould cooling layout, and ejection system design) while other factors suah as
thickness and its variations, overall pdimensions, can be considered at the design §tadpe 23).
Theseprocess control and mould design factoegd to be considered even from the beginning of
part design phase with caution because thesergsignificantly influence the change and the change

rate of residual stress which resultantly causes warpage.
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Table 23. Warpage factors3p, 33

Category Factors

Material Amorphous vs. Sentrystalline

Filler of reinforcement content

Degree of moistre absorption

Part Geometry Nominal wall thickness
Wall thickness variations
Overcall part dimensions

Shrinkage restricting features

Tooling Gate locations

Types and sizes of gates
Runner systems

Mould cooling layout
Ejection system design

Elastic defomation of tool

Processin . .
9 Melt temperatures and uniformity

Mould temperatures and uniformity
Filling, packing and holding pressures
Filling, packaging, and holding times
Part temperature at ejection

Clamp tonnages

Post mould fixturing/anealing
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2.3.6 Polypropylene

Polypropylene (PP)s one of thermoplastigolymersused in many applicationspackaging and
labeling stationery andliquid containers automotive caponents, angolymer banknote§ll]. In
2008, the globalPP marketrecordeda volume of 45.1 millioimetic tons which led to a turnover of
about $65 billior{34].

Most commercialPP is isotacticand has an intermediate level cpfstallinity between tbse of
low-densitypolyethylengLDPE) and highdensty polyethylene KIDPE) [35]. PPis normally tough
and flexible, especially wheropolymeizedwith ethylene. This allowsPP to be used as
anengineering plasticcompeting with materials such ABS. PPis reasonably economical, and can
be madetranslucentvhen uncolored but is not as readtlyansparent agolystyreneacrylic, or
certain other plastics. It is oft@paqueor colored using pigment®P has good resistance fitigue
[11].

The melting point oPPoccurs at a range, so a melting point is determinetinding the highest
temperature of differential scanning calorimetighart. Perfectly isotactic PP has a melting point
of 171 € (340F). Commercial isotactic PP has a melting point that ranges from 160 to 166 €
(320to 331F), depending onatacticmaterial and crystallinitySyndiotacticPP with a crystallinity of
30% has a melting point 430 € (266F) [35, 34.

The melt flow rate (MFR) omelt flow index(MFI) is a measure of molecular weight BP. The
measure helps to determine how easily the molten raw material will flow during proc&43inigh
higher MFR will fill the plastic mold me easily during the injection or blemolding production
process. As the melt flow increases, however, some physical properties, like impact strength, will

decrease.

There are three general types PP homopolymer random copolymer, arslock copolymer
Thecomonomeis typically usedwith ethylene Ethylenepropylene rubber dEPDMadded toPP
homopolymer increases its low temperature impact strength. Randomyyneyded ethylene
monomer added tBPhomopolymer decreases the polymer crystallinity and makes the polymer more

transparent.
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Figure 210. Micrograph of PP []1

PP is liable to chain degradation from exposure to heatUindadiation such as that present
in sunlight Oxidation usually occurs at thertiary @arbonatom present in everngpeat unit A free
radicalis formed here, and then reacts further witygen followed by chain scission to
yield aldehydeandcarboxylic acidsIn external applications, it shows up as a network of fine cracks

andcrazeghat become deeper and more severe with time of expfdsijre

For external applicationslUV-absorbing additives must be us€drbon blackalso provides
protection from UV The polymer can also be oxidized at high temperatuvkgh isa common
problem dumg molding operationgAnti-oxidantsare normally added to prevegmlymer

degradation

The pioperties of PP can vary depending to additional components which are naylaasiyfiber
filler. In general, unfilled PP has relatively low impact and stiffness properties. TherefoesiR®
are often modified to improve their mechanical properties.idgi@dlastomer to PP can have an
adverse effect on the stiffness of PP, so PP is often compounded with glass fiber to be a glass
reinforced PP (GF PP). The glass fiber that is added to PP is, generally categorized by it length: Long
glass fiber reinforcedmPis called LGF PP, and short glass fiber reinforced, SGRBHPIt is certain
thatthey show differences in their mechanical property (Fi0)2The mechanical properties of SGF
PP and LGF PP can also be modified controlling the amouwgitis$ fibercompounded with PR3p).
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Figure 210. Impad behaviorsof glass fiber reinforced PP

The properties of PP can vary depending to additional components which are normally glass fiber
filler. In general, urifled PP has relatively low impact and stiffness properties. Therefore PP resins
are often modified to improve their mechanical properties. Adding elastomer to PP can have an
adverse effect on the stiffness of PP, so PP is often compounded with glas® filteea glass
reinforced PP GF PP). It isevident that the particlsize has darge effect on composite properties
[37]. Strength and& oung'smodulusincrease, and deformabilignd impact strength decreasglass

fiber pelletsizedecreasesThe pelkt sizedistributionis as important as the pellet size itsel{33].
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Largepelletsusually have a strong adverse effect ondrmation and failure characteristics of the
compounded PP
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Chapter 3

Process Investigation

3.1 Problem definition

First, in order to set the study scope, the problem has to be set, and then the main goaldf/the st
can become definite. The major issue in the productionwasethat the partRart No. 15901934
(hereafter the RY deforned after blowmoulding resultng in uneven welding surfaceand
noncircular cuff and bellow holes This had beerregardedas the main cause of dimensional

inconsisteny.

ABC had considereda design change of theould to remedy this problem. Howevesince the
mould was highly expensive and complicated structuttés should becarefully examinedbefore
putting into practiceAlso, the moulding processnd postmould cooling process should be studied

from various points of view.

3.2 Manufacturing process

The whole manufacturingrocess has many sgocessesOnce the raw material (PP) passes the
acceptance inspection, this new material goes into adneadd it is blended with the repro which is
made of defective parts by grindinghis mixture is dried and themansferred tahe blow mould
machine. Among them, his studyparticularlyfocuses on two processes; mouldard postmould
cooling These two processareindicated by a rounded squareFig. 31. In cooling process he
moulded parts are cooled on a metal frame by cooling Aftes. cooling, the part is conveyed to the

following process to be nshined, welded, assembled and tested.
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Figure 31 Moulding and cooling processes

3.3 Common Problems and Solutions

In extrusion blow moulding, the machine conditions at each step in the process retérenPP
conditionsand hencehe partproperties. These part properties should be contrébetheet the
guality requirementsNarrowing the focus on makinggmod parison and reshaping the parison into a

good blow moulded produatritical factorsaffecting thepartquality can beidentifiedas follows:

(1) Factorsfor parison formation plastic flow rate, plastic pressure, melt viscosity and flow

passage dimensions (die gap)
(2) Factorsfor reshaping parison: parison stretch, parissalisg, inflation rate, plastic cooling rate.

There are so many factors to be considered when a bad part problem arises. Homg\ger,
limited number of actionare practically availablin the manufacturing plant, such as éfiating any
pressure difference around the die gap circumference, correcting diehead gap variation, or reducing
temperature differences around the diehead. All these remedies are to resolve the issue of uneven

flow rate[3].

There are some more neaieswhich canbe conductedor correcthg the problemsFor example,
if misalignment occurs, it means that parison expansion was incomplete due to inefficient venting or
uneven cooling. In this case, when poor venting is the problem, all theysemmight need to be
redesigned. Or if the uneven cooling is caused by thickness variation of the part, the part should be

redesigned.
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It meansthere is no other effective way if there have been critical problems in the designs of the
part and the mouldlherefore the process should be designed when the part is édsifable 31
shows some possible causes of defective part and suggested solution for egoexcaysed from

literature and rearranged.

Table3.1. Possible causeand suggestecgmedied32, 33

Problem Possible cause Suggested remedy

Melt temperature too low

Incorrect part design Redesign part

Overpacking near gate

Sharp variation in wall thickness Redesign part

Warping
Flow length too great

Part ejected too hot

Inadequate of badly located ejectors

Temperature variation between the mold hah  Redesign mould

The causes and remesliean be rearrangeals shownin Fig. 32. The causes can be categorized
into the three groups, part design, mould design andepsocontrol. Taking a look at the figure, it
can be concluded thétte more attention should be given to mould design and process dbatmol
the othercauseslIn order to reduce the number of defective parts and secure the consistency in
dimensions, ta following design flow shouldoe followed (1) Design part minimizing thickness
variation (2) Design mould locating the gates to minimize fibg/ length, and (B Design process

which should be optimized through trial runs.
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Figure 32 Possible ausescategorized by developmeahd productiomphases

3.4 Cooling process investigation

Through the investigation on pestould cooling process, one important factor which might produce
a significantly different result in warping phenomeneas identiied. It was the way how the part
coolingwas conductedAfter moulding, the pantvasejected and pladeon a metal frame rack. The
part was then cooled by a big fan located underneath the fan. It can be consideredorced
convection coling which might causevarping behavior different from thamh natural convection
mode(Fig. 33).

It was also found that the cooling process was not fully reviewed from the point of view of
engineering and optimization, so it can be improved to redueenttmber of defective parts.
Consequently, assuming that is no problem in moulding process, the cooling process caajdre
target ofthe process investigation even if mould machirspecifically cooling system might need

to be redesigned using calted information after all.

Tt

Figure 33. Conceptual Schematic of Pasbuld Cooling Process
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Chapter 4

Numerical Simulation

4.1 Computation Model

A CAD model of the partvas generated using Solidworks 20Xince he electronic drawing or

CAD file of the part vas not provided by ABCthe CAD modelwas builtby extracting information

from the electronic drawing of the moulds and measuring the real product. In order for accurate
simulation results, all the details of the part are reflected in the CAD modelhexggh it increase

the level of difficulty in meshing and time cost in calculation. Because the shape of the part is
extremely complexthe wall thicknesses are modeled with parametric meihéakilitatethe change

in parametric studyParting line and excessive material whaduld befound on the inside of the part

were also modelefibr therealistic results especially in warping.

The electronic model was transferred to ANSK$he formof Parasolid format maintaining all the

surface and volume information.

In order to performthermal and structural analysis, the project schematic was set up in ANSYS
workbench. Transient thermal module is first run using materialwitttgproper boadary and initial
conditions to obtain temperature distribution over the body. After that, transient structural module is

run using the temperature distribution (the result from transient thermal module) in order to obtain

Figure 41 CAD model of (axhe whole part and (bbhe details
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