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Abstract

This thesis work, carried out at the Rheology laboratoBnoiVersalis S.p.awas
started with the aim of investigating why ABS copolymers appear significantly different
in terms ofgloss with only a change in the swelling index. This is an indirect measure of
crosslinking degree of the rubber particles inside ABS. Aesthetic defects in injection
molded objects, such as thsstransition, must be mitigated as they lead to poor surface
quality. Furthermore, in certain types of produgi®ssis a fundamental property that
must be enhanced. It is known tigiassdepends on piding conditions, such as injection
speed and md temperature. In literature, a dimensionless parameter has been proposed,
called replication factoR, as responsible for thglossvalue It is defined as the ratio
bet ween the pressure, to which the mel't
modulusE of the polymer layer in contact with the ldavall. The pressure generated by
the melt acts as a driving force for replication and is related to injection speed and polymer
viscosity. The increasg surface stiffness, during the cooling below the glass transition
temperature (J), acts as a replication resistance factor and is also relatedldm
conditions, such as injection speed anddrtemperature. A high replication factor is
therefore the key point to achieve excellent surface quality. However, this paralmeger
cannot explain the differemfiossvalues obtained for the samples at stullyese differ
for the swelling index value but posséle sameR value. It will be proposed thahe
differencein glossnessis due tothe behawir exhibited by the polymer when stretched in
the molten state, particulartg its elongational viscosity. It is in fact known that during
thefilling stage the flow front presents divergenceiging rise tothe secallediifountain
flowo, in which the melt is subjected to very strong elongational stresses gdnerate
astrongedifferent orientation of thenatrix polymer chains and of thebber particles on
the surface, which show a stretched shape, especially for the sample with more deformable
particles (higher swelling index). In any case, many aspects, such as surface roughness,
will be investigated to understand how differences inctiosslinking of the rubber can

significantlyaffectgloss
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Riassunto

Il presente lavoro di tesprincipalmentesvolto presso il laboratorio di Reologia
del centro ricerche dtni VersalisSpa @ nat o con | 6obiettivo di
cui copolimeri ABS appaiano sensibilmente diversi in termini di lucentegipag, con
|l a sola variazione (dwllingigde}n d Quesdidbut it gmof r am
una misura indiretta del grado di reticolazione delle particelle di gomrasenti
n el | .0dNd@tiSestetici in oggetti stampati ad iniezione, come ad esempio la transizione
glossmatt, devono essere attenuati poidodduconad una cattiva qualita superficiale.
Inoltre, in alcune tipologie di prodotti, la lucentezza é proprieta fondamentale che va
quindi esaltata. E noto cheglossdipende dalle condizioni di stampaggio, quali velocita
di iniezione e temperatura dello stampo. In letteratura viene proposto un numero
adimensionale, detto fattore di replicaziéh@eplication facto), come variabile in grado
di predire ilgloss R e definito come il rapporto tra la pressione a cui e sottoposto il fuso
dur ant e | 0 oduldod Yourmthdel sadtile stdato anpolimero a contatto con la
superficie dello stampo. La pressione generata dal fuso agisce come forza motrice per la
replicazione ed é correlata alla velocita di iniezione ed alla viscosita del polimero. Il
crescente modulo di Younglurante il processo di raffreddamentio da sotto della
temperatura di transizione vetrosag)(Tagisce invece come fattore resistente alla
replicazione ed ~ anchdbesso | egato alle c:
iniezione e tem@ratura dello stampo. Un alto fattore di replicazione favorisce quindi
| 6otteni mento di unbdéottima qualit”™ superfic
infatti non riesce a dare la spiegazione dei diversi valggladisottenuti per i campioni
inoggettoQuest 6ul ti mi r divensd indieerdigigonfiameatmaidentieov e r e
valore di R. Verra proposto che cio che differenzia maggiormente i campioni e il
comportamento mostrato dal polimero quando stirato allo stato fuso, ed inlpegtieo
sua viscosita elongazionale. E infatti noto che, durante il riempimento di uno stampo,
divergenza defronte di avanzamento del fusla luogo alcosiddetto flusso a fontana
(fountain flow, che lo sottopone a stress elongazionali molto forti. Cio provoca una
elevataorientazionesia delle catene polimeriche della matricde delle particelle di



gomma in superficie, le quali risultano particolarmente stirate, in special modo per |l
campione con particelle piti deformabili (indice di rigonfiamento maggigrgyoprio il
recupero elastico delle particelle deformate che da origine alla rugosita superficiale, fonte
di scattering della luce e del grado di opacita delle superfici. Il presente lavoro ha coinvolto
numerosi laboratoe d ha portato alla |l uce numer osi
Dalla caratterizzazione reologica dei campioniosicsindagati molti altri aspetti come la
correlazioneglossrugosita superficiale definita dal modello analitico di Simonsen. Il
laboratorio di Ricerca e Sviluppo ha permesso la valutazionglde$ su placchette
ottenute in diverse condizioni di stampaggial momento che é stato ottenuto un
risultatoin lieve controtendenza con quanto att@sstata di fondamentale importanaa
collaborazionecon il laboratorio di controllp che ha altresi condotto adteressanti
considerazioniLa piu importante, grialmente dal punto di vista produttivo, si € mostrata
essere la variazione del grado di reticolazione della gomma durante il processo di
stampaggio ad iniezionE.poi stata indagata ur@rrelazione tra viscosita elongazionale

e indice di rigonfiamento chmotrebbe portare lal sviluppo futuro di un metodo reologico

per la piu semplice e veloce determinazione dq u e s.iGfaziel atlai cofl@borazione

con il laboratorio di Microscopia abbianafine ottenuto importanti informaziorsulla

asp:

diversamorfologia dellesuperficidelle placchetttDaquest e = nata | 6i dea d

affioramento delle particelle meno deformabiliin superficikh e r i sul t ano anchobe

di rugosita superficialetNonostanted migrazione laterale di particelle deformabi un
fenomeno realead oggi e studiato solamente microfluidica attraverso laboriose
simulazioni Visti i promettenti risultati che potrebbero effettivamente dimostuaee
causa a livello microscopico di un effetto macroscopico, quale € la lucerdenpain

corso delle simulazioniindolabor azi one con llpgedentetavwnos i t
e quindi rivelato molto utile nella comprensione di alcune complesse correlazioni

proprietastruttura.
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Preface

Purpose of this thesis work is to try to understand the mechanisms and the reasons
why ABS products with different swelling index values, have significantly diffejieiss
values. The problem was bornkmi Versalis S.p.avhen during a production campaign
of ABS, the devolatilization temperature, which is applied at the end of the production for
the removal of excess monomers and to properly dmisshe rubbery phase, was
lowered. This led to higher swelling index vadu@nd during the production sampling,
the Quality Control laboratory (QC) found thgibsswas significantly lowered. In the
meanwhile, the devolatilization temperature has been raised uglodsrecovered the
standard specification values and some @as have been collected for subsequent
analysis. It was found that samples had very similar structural propedgpt forthe
swelling index value, that is a different degree of crosslinking of the rubbery phase. It is
known by the literature that aotding conditions do affecglossness together with
structural parameters as for example the particle dimensions. No evidence has been
reported in the literature to the best of our knowledge for the effect, if there is any, of the
swelling index on thglossvalues. The rheological properties of three ABS samples with
different swelling index values, ranging from 16 to 34, were investigated in detail. These
samples were also injectiorofded using both the Research and Development (R&D) and
the Quality Control (QC) laboratories equipment using a matrix of different mold
temperature and injection speed conditions to highlight and investdde values
trends. A possible correlation between the degree of crosslinking of the polybutadiene
particles and the rhé&mgical and aesthetic properties of the injectiooldad samples is
also proposed at the end of the work and represents the original part of this thesis.
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INTRODUCTION

The term Apol ymer 0f pge many)arsdi me ro@mstsj ame Gr e ek
is used to describe a material with long macromolecules, basically formed by carbon and
hydrogen atoms. Nowadays plastic materials are present in many common objects thanks
to their outstanding properties like low density, corrosion resistaasy manufacturing,
and relatively low cost. They have even disadvantages like low strength, low stiffness,
low useful temperature range, flammability, etc. However, continuous research allows to
improve some critical aspectRarticular attention shoultde paid to the mechanical
behavor of these materials because they are viscoelastic. This means that they show a
behavor between a perfectly elastic solid and a purely viscous liquid. For these types of
materials rheology assumes an important role because it permits to study how materials
behave when subjected to several states of stress or deformation. In 1929 Bingheon def
rheologyagsit he study of the def aoaAmearngfolexangpled f | ow
to understand the importance of rheologyhe pitch drop experiment, where some pitch
Is contained in a funnel, free to flow through it. This experiment was started in 1927 at
University of Queensland (Australia) and it is still in progress. The fundamental question
is: is the pitch solid or ligid? It depends. If you hit the pitch with a hammer, pitch would
break like a brittle solid but leaving the pitch in the funnel, it flows under the effect of its
weight, although very slowly (one drop falls every eight/nine years). So, what changes is
the stress condition to which the pitch is subjected as well as the observation time of the
experiment.

This thesis will be focused on rubkeughened styrene copolymepsrticularly on
Acrylonitrile-ButadieneStyrene terpolymers (ABS). In the late 1940s, the demand of
styrene monomer, acrylonitrile, and styrdndadiene rubber (SBR) declined
drastically!™! For this reason, the rubber modification of polystyrene and styrene
acrylonitrile copolymers (SAN) became of industrial interest. ABS is used mainly in
automobile manufacturing, appliances, electronics, pipes and, in general, to produce
uncountable partthanks to its high durability. PS and SAN are transparent and brittle

thermoplastic materials but, with the addition of small, dispersed rubber particles, the
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impact resistancand toughnessicrease considerably. In the pdke rubbey phase was
made ofSBR but nowadayshis isreplacedby polybutadieng(PB) thanks to its lower
glasstransition temperaturg-85°C) that results in an improvement of thelow-
temperature impastrength This property is important in applicateat low temperature,
such as internal parts oéfrigerators.The mostsignificantstructural propertiesf these
two-phase materialare the molecular weight of the matrixhe volume fraction of
disperse phaséhe morphologyf the particles, the particles sizeanddistributionas well
astherubberdegree oftrosslinking. It is known that the addition of rubber particles to
SAN lead to opacity and mattnesblowever,it is possible to obtain glosy material if
rubber particles are very smdiyer thanl um). In the present work it will be discussed
how and why processi ng ¢ ondpattigulariytbkecrass d mat er i
linking degreeof the rubbey phase, caraffect the aestheticappearance of the final

product.



1 Acrylonitrile -Butadiene-Styrene
Copolymers(ABS)

Acrylonitrile-ButadieneStyreneterpolymers(ABS) arevery versatile thermoplastic
materias used ilfmanyapplicationssuch asuutomotive appliances, pipes, eféigure 1.1
shows the structural formula of ABS.

ABS
-fCHZ—CH 'CHZ—CH=CH—CH2H-CH—CH2‘
ke 1| P i e AR
C=N
acrylonitrile butadiene styrene

Figure 1. 1: Structural formula of ABS (AcrylonitriiButadieneStyrene) copolyméf.

An ABSis substantiallgomposedby a glassy matrixnade oSAN, with small, dispersed
particles of rubber, mostjyolybutadiene, which confethe impact strength to ABSAN

is a styrenacrylonitrile copolymertypically used in applications which require high
chemical resistance, higlgidity, and transparency.

1.1 Monomers

Styrene monomer is obtained by the dehydrogenation of ethylbenzene denwed
FriedelCrafts reaction of ethylene and benzene.

6'0 60 u 08B0 u 50660 O
(1.1)
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Acrylonitrile is industrially produced by the propylene ammoxiulati

000 0L O EU P 0@ 00 LOOUL

1.2
1,3-butadiene 6 @ "O6 "00 ®a petroleum hydrocarbon obtained from théréction

of steam cracking!

1.2 Production of ABS

ABS copolymerscan be made by bulkr emulsionpolymerizatiod™! Bulk process
consists of polymerizing SAN in the presence of dissolved rulbtest, the rubber is
dissolved in the monomer@nd when the polymerization begins, the monomers are
copolymerized mong themselveand as a graft on the rubb&onsequently, in the
monomerthere are twodissolvedphases: the polymer and the rubbelnitially, the
quantity of polymer inthe monomer phase ifower compared tdhe rubber inthe
monomer phase but, as the polymerization proceeds, the polythemtmnomer phase
becomes greater in volume. At this point, phase inversion occurthandbber inthe
monomer phase becomes dispersed as particles in polythemonomer phase. For this
reason, m masspolymerization rubberparticles containnclusions of matrix material
Emulsion is aliscontinuouprocessvhichruns in several steps. The first is the production
of a polybutadiene latesince butadiene polymerizes slowtg, reduce the cycle period,
the reaction is stopped before the completeord small particles are mad8o, a
subsequent agglomeration step is necedsaachieve the optimum siznda grafting
step follows the agglomeration. iShconsists of a seeded polymerization that cover the
rubberparticles with a matrix shell, thanks the simultaneougpresence of rminitiator
and matrix monomersFinally, the graft dispersion is mixed witthe matrix SAN
dispersion The latex mixture is then precipitated, washdded, and processed to
granules.n general, products derived from mass polymerization are better in terms of
mechanical properties showing a good balance between high impact resistance and
modulus. Emulsion products are better in terms of aesthetic properties showing also good
mechanical pperties. These differences are due to different morphology, size and
distribution of rubber particle®ABS produced by emulsion shows a bimodal distribution

of spherical rubber particlesyhile rubber particles of mass produat® show a
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Figure 1.2: Salamilike morphology of rubber particles in ABS copolymers. The small white dots inside

particles are matrix inclusions.

Matrix molecular weight, rubber type, phase volume ratio, rubber particle size, particle

morphologyand crosdink density are all parameters governing technical properties

1.3 Molecular and Morphological parameters of ABS

Matrix composition and molecular weight are determined by feed composition and
reaction conditionsin most cases, the rubber used in ABS is polybutadiene, which is
made from emulsion polymerization, usually at 60°C with potassium persulfate as
initiator. The microstructure of polybutadiene depends on the reaction tempesdiilee,
the crosdink densitydependson the final conversigrand generallyakes place during
the devolatilization phase of residual monomé&sth parametes influence the glass
transition temperaturavhich isaround-85°C, while the glasdransition temperature of
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styrene is about 100°C. An important parameter is the phasdume ratio because it
affects the impact strength. In genefay, increasingthe rubber contentheYoun g 6 s
modulus andhe yield stressdecreaséut impact strengthncreasesin general, small

rubber particles are preferable to make ABS stiffglnds while big particlesare efficient

to improve toughnesd.he two phases nature of ABS causes turbidity by light scattering

at the dispersed phase. This occurs because normally particles are larger than the
wavelength of visible lighf400 700 nm)and because they have different refractive index
from those of the matrix. Furthermoreis known thatgloss which relates the amount of
specular reflected light from a surface, and then the shine of the produadie related

exponentially to particle sizas it will be shown in 83.

1.4 Toughening mechanism in rubber reinforced materials

As alreadymentioned the impact resistancef these materials is given by the
presence of$mall, dispersedubber particles in a solid matriXhe strategy is based on
the idea of maximizing the volume of material that participates in the process of energy
dissipationduring deformation and propagation of fractufarthermore, the presence of
dispersed rubber particles in a glassy matrix altovmodify the stress field around the
inclusions.Thanks to théow glass transition temperatuog the rubberthese polyrers
are suitable folow temperaturespplicatiors. Usually, the rubbercontentpresent $
around5-20%, although the effective rubber content may be higher than the quantity
added becaugbe possiblenatrix inclusions insideThe alhesion between partidand
matrix is fundamental for toughening propestin generalthe matrix and the rubber are
chemically incompatible and immiscibé®, to obtain tlis closeadhesionit is necessary
to introduce a grafted copolymevhichaffects the final dimension of particles atsue

the adhesion between the two ptshgring the deforration.



2 M echanicalbehavior of polymers

2.1 Elastic behavior

The elastibehavorc a n

be

relationship betweestressexpressed in N/fand deformatio:

” lo -

T O

descri bed Wwhichstateealimtaro k e 6 s

2.1)

2.2)

Equation(2.1)refers to elongationatresswhile equation(2.2) refers to shear gss The

proportionality constast expressedh PascalsE andG, aret h e

Youngosthemodul us

shear modulusrespectively and theydepend on the nature afie materials This

proportionality is restricted in a narrow range where the deformation is completely

reversible that is without any plastic deformatiomnd any dissipation of energy.

Obviously, this is notealistic but generdly, in the case of small deformationg is

reasonabléo consider a material as alastic solid Figure 2.1shows the typical stress

strain curve for ductile materials. It is possible to recognize the elastic region and the

plastic region in which the material deforms permanently.

Elastic Region Plastic Region

-

R —

\ Yield

Strength

Stress, o

/
/j
/

/ E=ofe

B \Ultimate

Strength

Fracture

)

Strain, €

Figure 2.1: Typicalelongationalstressstrain curve for ductile materials. In thredastic region the stress is

directly

proportional to

t he

strain

and the constan

plastic region there is a permanent deformation with dissipation of energy until reaching the ffcture
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Furthermore, in the case of isotropic solids, whose properties are the same in all directions,
the elastic behawr is described by three constants: the elastic modtjube shear
modulusGand t he Poi s 8o rai$ are ooerdlated loyi the riotlowing
equation:
. 0O
0O ——
¢p
(2.3)
The Poissonds coefficient i's given by the r

longitudinal deformation. Obviously for incompressible matefiatsequal to zero.

2.2 Viscous behavi or

A purdy viscous liquid is described igeNe wt ondés | aw, whi ch expr.
proportionality between thehearstresst, expressed ifPascalsand the strain rafe,
expressed in’s as follows:

t oo
(2.4)

Equation (2.4) characterizes Newtonian fluids and the termepresents the dynamic
viscosity of the fluig measured i® AOor Poise.So, in this case the timef stress
applicationplays an important roleln fact,even if small stresses are applikedt for long
periods,they carlead to large effects in terms of deformation. Wegsa, large stresses
can have small effects if applied instantaneouBlyr most of thefluids, viscosity
decreaseswith increasingtemperatureand decreasing pressure, although for-non
Newtonian fluic the correlation between temperature and viscosity is comiplex®06
Frederick Thoma3routonexpresed the relationship between the elongational viscosity
and the shear viscosity for Newtonian flsiab follows:
_ o—

(2.5)

As shown inFigure 2.2there arghreetypes of noANewtoniantime-independentluids,

based on their different behawi
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Pseudoplastic Fluid

Dilatant Fluid

Shear Stress, t

Shear Rate, k

Figure 2. 2: Shear wressversusshearrate for different types of fluid3.

By increasing the shear rate, the viscodigreasetr pseudoplastic (or she#rinning)
fluids andincreasedor dilatant (or sheathickening) fluids. Both are described by a
powerlaw expression:
. Uf

(2.6)
U is a constant characteristic of the material éars defined as flow index. So,
pseudoplastic fluids havee p, while dilatant fluids have  p. Bingham fluids behave
as solids at low stresses but when the stress excesgtisad value, defined as yield stress,
they flow like a viscous liquid.

The long uncrostinked macromoleculesf polymerstend tocontract to form
random coils able tentangé each otherA fipoorly entangled st ruct ur e has
resistanceand this is the reason of shehinning behawr of polymers. Thanks to this
property, polymers arsuitedto produceobjectswith complcate geometries, that are not
only impossible to obtain il other materials, bun addition they allow to reduce
consumption of energgnd consequently G@missionsin Figure 2.3 e typical trend
of viscosityfor a pseudoplastic material is reporteghows two plateaus at low and high
shear ratevalues, called first and second Newtonian region respectively. The highest
viscosity in the first Newtonian region is defined as z&rear viscosity ands indicated

as— .
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[Pa*s

osity

Visc

Newtonian Transition Shear High shear plateau
plateau

rea thinning (not relevant for processing)
area

Shear rate [1/s]

Figure 2. 3: Viscosity vs. shear rate for pseudoplastic materials. The curve shows three regions: at low
shear rates theres a high viscosity plateau called zesbear viscosity, then theig a transition zone in
which the viscosity rapidly drog®y increasingtheshear rate and the last regipat high shear rates

called low viscosity plateain which the viscosity remairngw andconstani®

The Cross equatiorf2.7) is usually a goodnodelfor the shear rate dependence of the

viscosity.

-r - p
- - p Uf
2.7)
U is a time parameter arid a dimensionless parameter equalto p).
-7 o
(2.8)
When-7 L — and-[ | - itis possible to approximate (2.7) with the power law

previously mentioned, as shown in (2.8).

2.3 Viscoelastic ity: somewhere in between

Viscoelasticity is the property @omematerials to behave in an intermediate way
between an elastic solid and a viscous lighidoke and Newton derivetie constitutive
equationg2.1) and (2.4yepresenting extrereideal casesln 1964, Reiner defined
dimensionless numberthe secalled Deborah numbgeras the ratio between two
characteristi¢imes:
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0Q —
(2.9
Wheret is therelaxationtime of the materiaandt  is thecharacteristitime of the
experiment.High ‘'O Qnainly result ina predominantlyelastic behawr, while low'O'Q
correspond to aredominantifiquid behavor. In this way, a material can behaveaa

elastic soliddueto hight  or because the procesgds involved inis very fast(low
T ).

2.3.1 Viscoelastic models
It is possible taepresentinear viscoelasticityising Equation (2.10h which the
stress is given by both the elastic and viscous contribuions

t o
(2.10)

The viscoelastic behasi of materialscan be describethanks to constitutive equatisn
derived fromtwo significantempiricalmodelsobtained combining springs and dashpots
theMaxwell andtheVoigt models TheMaxwell modelconsists of a purely elastic spring
and a purely viscoudamperplaced in seriegsreportedn Figure2.4. The stress is the
same for both elements while the deformation is given bystime of two different
contributions. It describegqualitatively wellthe phenomemn of stressrelaxation as
shown in Figure 2.5, farhich imposing a constant deformation the stress decreases over

time.

n E
® :_ /BOBON—O

Figure 2. 4: Maxwel model. It consists of a purely elastic spring and a pwidgous damper placed in
series. It describes the stragdaxation phenomenon for which imposing a constant deformation the
stress decreases over tiffle.
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Yo \

>

time time

Figure 2.5: Maxwell modeturves Theleft graph represents the constant deformation appheertime
and theright one the decreasing stress over time.

Equatiors (2.11) and(2.12) showthe exponential decrease tbe stress andlefine and

containthe characteristicelaxationtime ofthematerial 6), respectively

(2.11)

- 0
(2.12
The Voigtmodelconsists of a purely elastic spring and a purely viscous daptguedin
parallel, as showim Figure 2.6. It describegjualitatively wellthe phenomenon of creep
as shown in Figure 2.7performedimposing a constant stresmd measuringhe
deformationincrease over time. In this configuration the stress is shared by the two
elements while the deformation is equal for both.

o 0

- = %m

Figure 2. 6: Voigt model. It consists of a purely elastic spring and a purely viscous damper placed in
parallel. It represents the creep phenomefor which imposing a constant stress the deformation
increases over tim@.
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0o ‘/
Yo

> >
» >

time time

Figure 2.7: Voigt modekurves Theright graphrepresents the constasiressappliedovertime and the
right one theincreasingdeformationover time

Thefollowing constitutive equatioexpressstheincrease in time ofleformation

ro Q"
(2.13

2.3.2 Viscoelasticity in oscillatory regime
Dynamic mechanical analysis (DMA) allows to study viscoelastic systems and
givesinformationon materials when they are subjected to oscillatory stre&sssmmng
to imposeonthe materiahsinusoidakolicitation the deformationi 0 and the strain rate
[ O are given by:
Fro 1 Q¢o
(2.19
PO 1 @ET O
(2.15
Wherg is the angular frequengyn rad/s,and/ the amplitude For apurely elastic
solid, stress and strain are proportionalandinplaase st at ed by: t he Hooke

, 0 0 QEo
(2.16)

Forapurgyvi scous | iqui d, (24)smatedNepropodionalis'betwganat i o n

the stress and the straate Then,stress and straiare out of phase bYyj ¢:

, 0 1 Q& o

(2.17)
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For a viscoelastic material, the stress is given by
,» 0, 1 Q80
(2.18)
Where, ‘0 and is the phase shift angle]If 11 equation(2.18) degenerates in

equation (2.16), while if T equation (2.18) degenerates irequation (2.17),

C 1
expresBig the case of a viscous liquigligure 2.8 shows thpurdy elastic, thepurdy

viscous and the viscoelastic belasi

5=90" 0°<d<90°

A AN C/\ o "\/\
A RVAN ' E AN (1 NVAN
; VY VAR

100% Elastic Behavior 100% Viscous Behavior Viscoelastic Behavior

Figure 2. 8: Stressstrain curvesin oscillatory regime. The first represents the elastic beianiwhich stress and

strain are in phaseThe second represents the viscous behder which stress and strain are out of phas@0f.

The last one represesihe viscoelastic behawi in which stress and strain are out of phase by an angle between 0
and 90°%

Rewriting equation (2.18), it is possible to separate the elastic and the viscous
contributions:

L0, 1 QEORET wél of Dt
(2.19
It isalsopossible to defina storage modulu®, related tdhe storeclasticdeformation
energy:
01 r—d) £1i

(2.20)

andaloss modulusO , related tahe deformation enerdgst becausedissipated through

internal friction when flowoccurs
0] r—l Me
(2.2)1)
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The losSactor isdefined aghe ratio between the twaoduli:

O Gyé 9
5
(2.22)

Whenthe loss factois lower than 1 thelasticcontributionprevails while if it is greaer
than 1 theviscousoneprevails By substitutingd E|T 0 with Q  andA 1700 with 'QQ

it is possible to expredbe strain and strain rate in exponential fornicéisws:

o [ Q
(2.23
ro " Q
(2.29
andit is possible to obtain tHellowing expression for the stress:
, 0, Q 08I QQi |
(2.25)
A complex modulu$s* can also belefined as:
1) ” b © e ’ o, v, hY © [y
O e Owéli @ e O] M 7
(2.26)

The modulus ofO is equal to the ratio between the stress and the sasiexpressed in
equation(2.27), and equation(2.28) expresss the relatioship between the complex

modulus and theercsheawiscosity.

sO1 s O O —

(2.27)
%TﬂT s
(2.28)

The ratio between the stress (2.25) and the strain rate (2.24) defines the complex viscosity:

NP I
e Q
(2.29)
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Figure 2.9 shows the geometrical approactine complex plane

A

Y
Glt
G’ X
Figure 2.9: Graphical approach in the complexplane G6 is t he storage modul us,

G* is the complexnodulusandtary is the loss factor

Sincethestrain rate is proportion& the angular frequency, the complex viscasititich
is afunction of] , has the same expression of #iearviscosity.Equation(2.30) is the

Cox-Mer z6:s | aw

(2.30)

The Maxwell model in oscillatory regime is described by the following expressions:

o f
o
p 1 T
(2.31)
O ft
o
p 1 *T
(2.32)
v s P
0wE
(2.33

"0,"0 ando w &are function of andt. Figure 2.10 shows an exampleof frequency
sweep tesfThe curves artheloss modulus anthestorage modulyseportedas function
of theangular frequenc A crossover pointcan be noticed. Here tihhwo moduliareequal

and consequently ¢f &1.

Go
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Figure 2.10: Example of frequency sweep test. The cugvashthestoragemodul us ®és and t he
mo d u | uas furBtiod gthe angular frequenc There is a poinin whichthe two modulare equal
calledcrossover poi nt . \Wheamprédsiheslastithelgatoe r

DMA analysis can beerformedin different ways by varying the angular frequency and
the time:isochronous temperature scannipgfixed, T variable) isothermal frequency
scanning( variable,T fixed) or isochronous and isothermal time scannindixed, t
fixed).

2.3.2.1 Time-temperature superposition principle (TTS)

Theviscoelastic behawor has a strong dependency on the stress frequéhagpks
to the correlation between time and temperaturés possibile to extend the classic
frequeng rangeof measuregabout four decades) to more tharentydecadesThe basic
idea is that the molecular relaxation or rearrangements in viscoelastic materials occur with
higher rates at higher temperatures #rehthereis a direct equivaleredetween time
(frequency) and temperatute.this way it is possibile to reduce the timeeded for the
measureby conducting the experiment at elevated temperatililee DMA isothermal
curves, measured at different frequies, are correlated with a reference temperature to
createthe secalled fimaster curve This allows to describe the complete relaxation

behawvior of viscoelastic material The amount of shifting in the horizontal direction of
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thedatais generally described using the WillidmandelFerry equationThis describesa
shift factar @ , as function of temperature as follows:
a €a —6 Yy
~ Y
(2.39)
where6 and0 aretwo constants)Y the reference temperatuaed”Ythe measurement
temperature, both expressed in Kelvin. The Wddtiationis typically used to describe
the timetemperature behawi of polymers in the glass transition zooein the melt
Another model generally used describe the behawi outside the glass transition zone
for some meltss the Arrheniugquation
a €aQ L
Y Y
(2.35
Where Ois anactivation energy associatexthe energy barrier involved in telaxation
process’Yis the gas constarityis the measurement temperature arnidhe reference
temperaturgboth expressed indvin. Figure 2.11 shows a typical trend for the shift

factors and Figure 2.12 a typical master curve.

0

[b] — Exaect
Caleulated

Horizontal Shift Factor, a.,

\-1
103 1 I 1

80 100 120 140 180 180 200

Temperature ("C)

Figure 2.11: Shift factors. In the-axis are represented the horizontal shift factors and on-dvescthe
measurement temperaturé$.
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Figure 2.12: Master curveexample. The experimental data are obtained in the range of testing
frequencies by varying temperature, then with the determination of shift factors, the points are translated
along the reduced frequency axis. High temperatures correspdad feequenciesdt!

The xaxis is represented by the reduced frequency obtained by the following equation:
1 Y wd Y

(2.36)
It can be seen that the master curve is obtained with the translation of the experimental
data, obtained at several temperatures in the frequency testing range, along the frequency
axis. In some compx cases, connected with the wagligible density variation with
temperature, its necessarto also applya vertical translation, by a vertical shift factor
defined as:

& YO
(2.37)






3 Rheologyof filled suspensions

Since ABS is a twgphasematerial,it is importantto understand how and why the
dispersed phase can afféloe properties of the system, for examphe viscosity. There
are many parameters governing the viscosity of filled syst@mmme of these are
summarized in the follow list:

1 the volume fraction of dispersearticles

1 particlesdimensionsanddistribution

1 interaction between partidendthefluid

71 deformability of the particles
The last parameter is the most important thoe samplesat studybecause they are
significantly different in terms ofparticlesdeformability. h literature there aresome
models predicting theuspension viscosity diewtonian fluids depending on particle
elasticity andbnthe fraction of dispersed phastowever first the case of rigigpherical

particleswill be introducedand therthe case ofleformalte particles.

3.1 Rigid spherical particles

The viscosity of a dilute suspension of rigsgpheresn a Newtonian fluid can be
exprssedy t he Einslf:einéds equation

= - p @
(3.1)

Where— is the viscosity of the suspending fluid ands the volume fraction of

dispersed particle€quation(3.1) is valid only fordilute systemain which there are no
interparticleinteractions The relative viscosity of a serdilute suspension is expressed

by the Batchelorrelationship

_ — P Oe¢ O

(3.2)
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with B=2.5 and C=7.6lt is possibleto see that the relative viscosity a semidilute
suspensiors greater than that predicted Eynstein anddoesnot depend on the particle
size.A useful model for higher volume fractions ietMaron-Pierceequation(3.3)which
describeghe viscosity of a concentrate systdafininga maximunpackingfractione

a vertical asymptote fan infiniteviscosityvalue

(3.3)

As aresult,in the case of big and wellispersed spheres, the relative viscosity depends

only on the volume fraction.

3.2 Non-rigid dispersed phase
In the case of dilute suspens®in which both the suspended phase &mel
suspending fluid are Newtoniathe shearviscosity of the system is governed by the

Taylor equation

(3.4
where'Qis the ratio between the viscosity of the dispersed phase and the viscosity of the
matrix. In this way thehigher theQualug thehigher the viscosity of the suspension. This
means that particlesith lower viscosityled to a lower suspension viscosifgquation
(3.4) providestwo limiting caseswhen particles have an infinite value of viscosity (rigid
particles) the viscosity of the suspension approattteesnepredicted by Einstei3.1),
butwhen the viscosity of the dispersed phase is near zero, for example in case,dgases
tends to zero and the viscosity of the system is given by:

_ — p e

(3.5)

However,in thecase oklasticparticlesit is moreconvenient anappropriateo consider

the elastic modulus rather thdreir viscosity. For thigeasona differentdimensionless
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parameter, governing thilw behavor of elastic particlesyill be introducedn the next

paragraph

3.3 Elastic spherical particles

The elastic capillary numbér wof a suspension ofleformable partickeis gven
by the ratio between the fluid viscous stessand the elastic modulus the particles?
It is easy to understand thatdis higherwhen ahigher stresss applied and lowefor
higherelastic modulus of the partiddn literature theraresomemodelsable todescribe
the mechanical behaori of deformable particleShe first isthe Hooken modelwhich
describes the linear elastic betayialready mentioneth 82.1 The second is the neo
Hookean whichis a hyperelastic modellike the Hooké& s ab smell deformations, but
at high deformation it predicts a ndinear relation between stress and strain. The last is
the hyperelastic model introduced by Gent, whitly consideringa parametedb known
as fistrainlocking parametad ,ncludes the material stiffening at large deformagion
Based on these modgeland aftera brief introduction on suspensismheology the
different behawr of elastic particles in Newtonian fluidall be discussedstarting from
the case of a single spherical particle, passing through dilspensiongndendingwith
the nondiluted caseBoth the elongational flow and the shear flow for each walébe

taken into account

3.3.1 Single spherical particle
In 1967Roscoe studied the deformation of a linear elastic particle suspended in a
Newtonian fluid undergoing uniaxial extensional floWefining the deformation
parameteasO 0 6 70 O ,with L andB the semiaxis of an elligsthis can be
guantified as
o 2%

v (3.6)

With 6 & 3 -] "Q So, the higher the elastic modulus of the partidlee lower the

capillary number and consequently the particle deformation.
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Roscoealso consideredthe shear flow finding that, for smalb @, the deformation

parameters:

(3.7)

Equations (3.6) and (3.7) are similar but, for the sansg@ the deformation of particle
subjected to elongation is more pronounced compared to a sheared one dn Sliguva
3.1.

0,7
Roscoe 196'| _
064 elongation
0,5+
044 shear
a)
0,3+ /
0,2_ Q
0,14
010 T T T T T T
0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35

Figure 3. 1: Particle deformatioras function o€lastic capillary numbed @& In case okimple
elongation the particle deforms more than in case of shear flow.

3.3.2 Dilute suspensions

For a dilute suspensioit is possible to assum&ell separategarticlesand no
interparticleinteractiors. In 1967, Roscoalerivedtheexpressior§3.8) for the elongational
viscosity of a suspension of linear elastic spheres in a Newtonian liquid undergoing

uniaxial extensional flow

~ h v X U,
— p -+ =0
o q cy

(3.8)

Where— j, is the suspension extensional viscosity ards the extensional viscosity of

the pure suspending fluidihe first term calledfi e x edensonall i s ¢ pissimilay 0
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to the strain hardening index, which represents the deviation of elongational viscosity of
the system from the elongational viscosity of the system measutiedlinear regime,

which is thredimes the shear viscosigs expressetly the Troutonrule reported in
equation(2.5). The difference is thaquation(3.8) definesonly the contributiorof the
presence of deformable particleecaus¢ he contri buti on olly t he
dividing the extensional viscosity of the system by the viscositiyeofatrix.

Figure 3. 2: Excess of extensional viscosity of a dilute suspension of initially spheaidicles.
Increasingd (softer particlesthe excess of extensional viscosity is higkarthermore as the particle
approaches an ellipsoidal shape (aspect raticARthe— ;j o— increase faster than for AR=#3

As can besea in Figure 3.2anincreag ind , by increasing the stress or decreasing the
elastic modulus (softgparticles)results in an increase tiie strain hardening, with a
significant increase in viscosity. Furthermoas,the aspect ratigrows, the excess of
viscosity becomelarger, and the strain hardening occurs for loive&h Moving to the
shear flowcase in 1967, RoscqeGoddard and Millerobtained equatior{(3.9) by
performing perturbative analysi$his expresses the ratio between the viscositya of
suspensionof monodispersed elastic spheraad the viscosityof the Newtonian

suspending fluid, undergoirggmpleshear flow.
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(3.9
Even thougrequationg3.8) and (3.9)efer to dilute suspensisnextendingthem tothe
present cas@seudoplastic matrix ambn-dilute systenit is possible to obtaithe trends
reported inFigure 3.3 This is reported tgive justan idea of the contrasting contribution
to the viscosity of a suspensiai deformable particke by the twokinds of flow,

elongationals.shear flow, ér a constant valuef« 1T®.

1,70

165 dilute suspensionf elongational flow

1,604

1,554
Einstein

1,50+

excess of viscosity

1,454

1,40+

1,354 shear flow

f=0,2

1130 T T T T T T
0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35

Figure 3. 3: Approximation of gcess of viscosity faron-dilute suspensions in Newtonian fluids. It has
been used expressions valid for dilute suspension considering avalasee fraction of dispersed phase
equal to 0.2it is possible to see the different contributiordofdin shear flow and in elongational flow.

Although with a large approximationis possible to say thain case of elongational flow,
softer particles lead to the strain hardening phenomenon, which is an upward deviation
from the Einstein case (no capillary number contribution) and shear thinning in case of

shear flow.Thesuspension average intrinsic viscogdimensionlessis definedas

Y

T
(3.10)

TheFigure 3.4shows —[ asa function ofé ¢y parametric irthe aspect ratidR
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.’7 1 1
¢ 0.4 Ca 0.8 1.2

Fig. 14 The intrinsic viscosity [#] of a dilute suspension of initially
prolate spheroidal neo-Hookean particles as funcion of Ca, for several
values of AR. Adapted with permission from Gao et al. (2012).
Copyright American Physical Society 2012

Figure 3.4: Dimensionlessitrinsic viscosity - of a dilute suspension of an elastic particle as function
of & wfor several values of AR. It decreasgsincreasing the elastic capillary number and decreases
more when particles approach the spherical shidpe.

By increasing the capillary number, the suspensiuninsic viscosity decreases.

Furthermore, fixingd & — is higher formore elongategarticles (higheAR).

3.3.3 Non dilute suspension

In 2015, Avazmohammadi and Castaneda modellddough numerical
simulationsthe rheological behaoi of initially spherical negHookean elastic particles
in a Newtonian liquidIn case of elongational flowsahown irFigure3.5, the excess of
viscosity increases byincreasingd wande , as in thesemidilute case.The major
difference between the two modé that br neeHookearparticles, Figure 3.5 aand c),
theexcess viscositieaches a maximum critical valwgth no viscosityfinite valug while
for t he Gleriguré 35 bl d)g¢he presence of the strdimcking parameter
allows to suppress this problemfact, wnhenb o t he Gent 6 s mode-l appr o
Hookean ong while for finite values of0 it provides the suspension viscosity.
Furthermore,by increasing the volumdraction of dispersed phasencreases the
suspension viscosity, as in case of dilute suspenstn, the simulations provided the
same viscosity trend of semdilute suspensions, but in this case the contribution of the

volume fraction is takemto account.
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fFig, 13 Results for the steady-state relative viscosity of suspensions of initially spherical neo-Hookean and Gent particles in extensional flow.
Adapted with permission from Avazmohammadi and Castatieda (2015). Copyright Cambridge University Press 2013

Figure 3.5: Excess of extensional viscosity of suspension of initially sphericaoekean and Gent
particles.Graphs a) and C) show the excess of viscosity forHmakean particles, graphs b) and d) show
Gent particleg!?

Figure 3.6showsthe suspension normalized shear viscoagyunction ofe , for nee
Hookean and Gent particldsis possible to see that varying the valu@abthetrend of
the relative viscositychanges a lotshowing ad value for which thesuspension
viscosity equalshe viscosity of the suspending fluid, independeatly . In the case of
the Gent modelFigure 3.6 h)curves are parametricia ford @ 7&, but the trend is

more or less the sze.
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Figure 3.6: Excess of viscosity in shear flow for Adookean and Gent particles. Exists a valué af
about 0.88, for which the viscosity of the suspensibkeashat of the matrix and for lower values the
suspension has a lower viscosity and for higher values a higher viséasity.

So, for the nordilute case the decrease of suspension shear viscosity occurs only for high
values ofé @& then with high particles deformability. For more rigid particles an increase

in shear viscosity is even found.

3.4 Migration of deformable particles
In 2016, Villoneet al performed numerical simulation§the lateral migration in tube
flow of deformable particlesn Newtonian and viscoelastic metid They studied the
deformation and the crostreamline migration of an elastic particle in presslrieen
flow in a cylindrical tube through 3D finite element method numerical simulations. The
principal parametsrconsidered were:
i the blockage ratip, defined as the ratio between the diameter of the particle and
the diameter of the channel
the elastic capillary numbeér &3

the Deborah numbdde.
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Studying the case of a nétookean elastic particles suspended in a Newtonian fluid, they
found thatindependently on the initial position of the particle in the channel, this always

moves toward the axis of the tube, with greater velocity for greater distances from the

) _
0.4

centre
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0.3
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Figure 3.7: a) Trajectories a function ofnitial position of a neeHookean particle in a Newtonian fluid
under pressur@riven tube flow. b) Migration velocity of the particle as function of its radial position
i . The negative sign represents the migration toward the tubé#xis.

Figure 3.7 a) shows the various trajectorieshefparticles based ortheir initial radial

position while Figure 3.7 b) shows on theaxis the particle migration velocityy and
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on xaxis the radial position of the particle cemé. The negative sign of velocity
representa migration toward the tube axi€he black zone represents fhieysicallynot

accessible zone by the centre of volume of the particle, signed with. Figure 3.8

shows, by varying or 0 @ the variation of the velocity profile. By increasing the elastic

capillary number or the blockage ratio, partsaigigrate faster toward the tube axis.
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Figure 3. 8: Effect of the blockage ratio and of the elastic capillary numbérdon the migration
velocity of a nedHookean particle suspended in a Newtonian fluid under pressure driven tubd@liew.
x-axis represents the normalized radial positith.

Considering as suspending fluid a viscoelastic liquid (OkBydhey found that the
velocity profile changed, showing a maximum between the centrie jand. So, both the

axis and the wall are equilibrium positions, resulting as particle attractor and as particle
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repulsor, respectivelyrigure 3.9 shows that decreasingoor increasing the Deborah

number slower the migratidoward the axis of the tube
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Figure 3.9: Migration velocitytd of a neeHookeanparticle, suspended in a OlroyH fluid, as function
of its radial position for De=0.2 (a) and De=1 (b). By increasing De the migration toward the tube axis
is slowerd

Furthermore, in Figure 3.10, repaiteor De=5, an area appears where the particles do
migrate to the wall. Then, the tube axis is not the only particle attractor. In fact, based on
the initial radial position, a particle can move toward the wall or the axis, and the neutral

heighti defines an unstable equilibrium position. By decreasing the equilibrium
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position moves to the centre and the area involved in particle migration towards the wall

increases.
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Figure 3.10: Migration velocity0 of a neeHookean particle, suspended in a OlreBdluid, as function
of its radial position . It appears a zone, defined by an instable equilibrium poditipim which
particles migrates toward the waFor stiffer particles (lowe &) the area involved in lateral migration
toward the walis greater*d

Finally, considering as suspending media a ski@aning fluid (Giesekus liquid), they
found that particles have less tendency to move towards the centre. Figure 3.11 shows that
by increasing the elastic capillary number or increasing De, tBhifts towards the tube

axis then the area involved in the lateral migration toward the wall is greater.
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Figure 3.11: Migration velocity0 of a neeHookean partiat suspended in a Gsk fluid, as function of its
radial positioni . Thee is azone, defined btheinstable equilibrium position , in whichparticles
migrates toward the wallThis area becomes greatey decreasingd @or byincreasing De. The
migration toward the centre of the tube is slower for particles suspended intslirazing fluids!*3

This brief introduction to the theory ofateral migration of deformable particles in
pressureadriven tube flowis mentionedbecausat will be taken up again later tioy to
explain anunexpected result, for which particles migrattoward the surface can be an

explanation



4 Injection Molding

Injectionmoldingwas born in the second half of the 1980s, when John Wesley Hyatt
and his brother created the first machine lyaheinjection of molten plastiénto a rnrold,
through the action of a piston, allowed ftreduction ofsmall everyday objectsuch as
combs and buttonglowever, it was only after World War Il that mass production of
injectionrmolded objects took off and James Hendry created the first sojegtion
molding machine, which rapidly became popular dughtbetter control and precision
[*4 Today injection nolding is one of the most important procesgeproduceplastic
articles, thanks to the possibility pfoducinglargeas well asmall objects, but especially
with complicated geometriesnaintaining agood productivity In Figure 4.1 a general
scheme of an injectiemolding machineis reported Basically, it is composed by an
injection unit, which has the task of melting the solid material and, through the action of
a screw, bringing the melt to the injection nozzle, and of a clamping unit in which the

object is formed in the desired shape.

~ Injection Molding Machine -
Plastic Granules quper Heater Mold Cavity - Mold
ool ) [ >
\\ | \w

Reciprocating Screw Barrel Noszle Moveable Platen

- Injection —— Clamping—=,

Figure 4. 1. Scheme of an injectiemolding maching!®



-36- Chapter4

4.1 The filling stage

During the injection moldingoolymer granulsare melted in the screw, thanks to
the heating system, and forced through an orifice (&t€jhe melt is injectednto a
closed coldnadd cavity, whereit solidifies under pressure in the desired shape. Injection
molding involves two distinct processes. The first comprises the elementary steps of solid
transport, melt generation, mixing atine flow pressurizing before the injection unit. The
second comprises the product shaping and structusihigh takes place in theold
cavity. The time needed to congé the injection moldingycleis largely related to the
time required for coolingwhile the filling time takes up only a small paRigure 42
schematicallyshowsthe injection nolding cycle. First the heating system and the rotation
of the screwallow the melting and the mixing of the polymer pelletsveell asthe
advancement of the melt at the head of the screw, creating the dosing volume. At this
point, the screwacting like a pistorwith a determined velocifyinjects the melt into the
mold cavity. When the mold is almdgted, the switchover pointoccurs,and the screw

moves to maintain the pressure avoiding back flows.

INCREASING TIME

SCREW
RAMMED
FORWARD

SCREW
STATIONARY

\ MOLD
\ N CLOSED
\ ~ -

N
«_PART COOLING _“

-
~ -

MOLD

Figure 4. 2: Injectionmolding cycle[*®!

The mold is kept at constant temperature belgfdr amorphous polymers) ormI{for
semticrystalline polymers)The gate controls the flow of the polymer into the mold. After
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the cavity has been filled, the packing pressure is applied to introduce a small amount of
additional melt into the cavity to compensate the thermal contraction of the polymer
duringthe cooling stage. When the polymer has been completely solidifiednold is
openedand theitem is removedSince the sotlification time can be comparable to the
polymer relaxation time (1), molded articles solidify under strained conditiorso

they contain frozedn strainsand stressed=igure 43 shows the moldability area in a
graph of temperaturesysuspressure. Below the bottom curve the polymer is solid or too
much viscous to floswvhile abovehe top curve the polymer thermally degrades. The left
curve representthe short shobecause the pressurenia enough to fill completely the
cavity and theright curve represents the formation of flash, due to a too high polymer
flowability or toohigh applied pressure.
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Figure 4. 3: Moldability area. Therés a pressure and temperaturangedefining the process
parameterdl’

During the early stagse of filling, the flow frontnear the gates circular but, as the melt
advances away from, the flow front beomesflat (for an isothermal filling)as shown in
Figure 44. In the front region, thenelt at the centre of thickness direction, which moves
with the maximum velocity of the parabgclike velocity profile, spills out or fountains

out, to the mold wall, forming the surface of the molded object. The melt decelerates from
the maximum velocityto the mean velocity at which the front advances and as it

decelerates in flow direction, it acquires a velocity component in the thickness one.
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Figure 4.4: Flow front during the filling of the mold) In the region near the gate the flow front is
circular but as the melt advance the flow front becomesifjathickness direction: in the fully developed
region the maximum velocity profile is parabolic and when the melt approaches the front region it spills
out towards the walffountainflow effect)6l

Injection molding, as well as other processegh as extrusion, causes a high anisotropy

in products, because the preferential orientation of macromolecules along the flow
direction.As will be explained ir84.2 two causes of molecular orientation ocduring

the injection molding procesthe shear flow and the elongational flow due to the presence
of thefountainflow effect.

4.2 Molecular orientation in injection molding

The complex state of orientatianduced by thenjectionrmolded processcan be
investigated through twexperimental techniques: birefringence and shrinkage at high
temperature of microtomed sample cut from the prodfidlenges and Wubken studied
the orientation of amorphous polystyrene by measuring the shrinkageécaftomel
samplesheated abovéhe glass transition temperatilf® Figure 45 shows the trend of
shrinkageat differentdistance from the surfacelhe basic hypothesis is that shrinkage is
connected tthemolecular orientation, which is related to the flow during the filling stage.
In the direction of flow shrinkageassumes the maximum valae the surface and
decreases approaching tentre passing through a secondary maximumthecrossflow
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direction the shrinkage trend is similar but thisrao secondarynaximum between the
surface and the centre.
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Fig. 1. Shrinkage distribution of injection-molded amorphous polystyrene, measured
by Menges and Wubken.$

Figure 4.5: Shrinkage distribution of injectiemolded amorphous polystyremaeasured on microtomed
samples heateabove the glastansition temperaturé

The process parameters influence the orientation. In fact, by increasing the melt
temperature and reducing the injection speed, shrinkage on the surface will be reduced,
because the polymer has more timeclaxthestresses, which are lower for low injection
speeds, induced during the filling stage. As widlbnbe shown, the secondary maximum
relates to the maximum shear rate developed between the solidified layer and the centre.
To try to understand the maximuralueon the surfacenot explainable with shediow

induced orientation, another source of orientation needs to be consideiiguk
advancing front isepresenteth Figure4.6. A fluid elementwhile approaching the flow

front, reducsits velocity in theflow direction,andis stretched in théhickness direction

asit spills toward the wall region. When the stretcreddmentshit the coldwall, they
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instantaneouslgolidify, freezingthe orientation induced by the elongational fl@resent

in the flow front region

DIRECTION
OF FLOW

LiQuio

= GAS +y
Fig. 2. Schematic representation of the flow pattern in the central portion of the
advancing front between two parallel plates. The coordinate system moves in the
z-direction with the front velocity. Shaded areas denote the stretching deformation
the fluid particles experience.

Figure 4. 6: Schematic representation of the flow pattern in the central portion of the advancing front.
The zaxis represents the direction of flow, thaxis the thickness. The fluid elements moving toward the
front get stretched in the thickness direction whildugng their velocity in flow directiof¥

The twodimensional flow in the front region is important in determining the quality and

morphology of the surfac@&he velocity profile is given by:

v T
(4.1
VI ¢}
4.2
0 KO
(4.3)
(s the elongational strain rate. In the fully developed shear flow, the rate of elongation
is given by:
. U o
Q ———
co

(4.4)



Injection Molding -41-

WhereU is the maximum velocity of the fully developed flow afitDthe mean
velocity. Assuming a power law fluid and an isothermal flow, the maximum velocity is
given by:

G¢ P

a0
£ p

(4.5)

With € the power law exponent. Therefore, the elongational strain rate become:

. 3 A

R

(4.6)
The proposedflow pattern implies an orientation in the orthogonal direction of flow,
whereas the experimental observation reveals an orientation in the flow direction. This
could beexplainedby the geometry of the advancing front, which is approximated as
semicircular, which spills the fluid particles in a curved path toward the wall, as shown
in Figure 47. This type of flow pattern is calleduntain effecor fountain flowby Rose.
Tadmor was the first to postulate fountain flow as being responsible of the bigrited
surface layer and giving semtquantitative model for predictiniipe elongational strain
rate. As alreadymentioned,the shear flow explais the orientation between the two
solidified layers. At the solid interfadbe shear rate is zero, passes through a maximum
and then gesto zero at the centre. Although the exact solution is complex, in literature
some works treat this problem, likbe oneproposed by Gogos. The velocity profile
calculated by Gogos indicate a nearly instantaneous-bpilaf the solidified layer and a
maximum shear rate at a certain distance between the interface and the centre. The shear
rate distribution is given by the following equation:
N OV p 0 ¢ U o @O &)

Q o =
C 56° P 3

(4.7)

wherevis an adjustable parameter andis the distancéetweernthe centrelineandthe
solidified layer. The shear rate is zero at the centve (1) and at the interfacey 6°),

while the maximum shear rate is developed at:

. 0

0w —

p U
(4.8)
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Since the thickness of the solidified layer increases very slowly, it can be approximated
as uniform. Therefore, the velocity profile, and so the shear rate distribution, for a given

position, varies little over time.

BN

VELOCITY
PROFILE

ADVANCING
FRONT

Fig. 3. Schematic representation of the flow pattern in the advancing front between
two parallel plates. The shaded areas denote the stretching and orientation of a fluid
particle. Due to the curved nature of the advancing front, the orientation of the par-
ticle arriving to the cold walls will be parallel to the wall. The velocity profile is rela-
tive to a moving coordinate system.

Figure 4.7: Schematic representation of the flow pattern in the advancing front. A fluid element, while
approaching the flow front, decreases its velocitthimflow direction and accelerates in the thickness
one, getting stretched while spilling towards cold wifls

Figure 48 shows the complex state of orientation induced by the fountain ufmom
cessation of flow. In the skin layer there is a high orientation due to the elongational flow
in centre regiorand no time to relaxyhile the orientation between the skin layer and the
centre is contribute of shear flowhe orientation distribution, as function of time, is
shown in Figure 4.9. In the skin layer there is a high orientation because the polymer

instantaneouslgolidifies,and no relaxation phenomenon occurs.
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Fig. 6. Schematic representation of elongational and shear orientation upon cessation
of flow.

Figure 4.8: Schematic representation of elongational and shear orientation at the end of flow. In the skin
layer there is a high orientation due to the elongational flow in the flow front. Between the skin layer and
the centre, the orientation is due to shear fl&lv.

Initially, the deeper layers have a higher orientation which is reduced over time because
the more available time to relax. Therefore, the complex molecular orientation distribution
is due to the flownduced deformation during mold filling, and the incdete relaxation

during cooling.
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Fig. 7. Schematic representation of orientation distribution at various times: y,* is
the thickness of solidified layer upon cessation of flow; #:* is the thickness after time
i, ete. Solid curve indicates final frozen orientation.

Figure 4.9: Schematic representation of orientation distribution at various times. Initially the orientation
induced by the flow is high but thanks to molecular relaxation it is reduced over time, obtaining the final
distribution foro .19
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| n S c herpertnend car tracers, introduced at theentreling were foundon the
surface deformed into V shapes, highly stretched and oriented in flow dirdétlarhis

experiment supports the hypothesis that fountain flowsgaymportant rolén producing
molecular orientation.



5 Aestheticappearance

5.1 Whatis gloss ?

Gloss is associated withthe visual perceptionof the appearance of surface
observation.lt is defined as the ability of a surface to reflect in a specular way the incident
light. A perfectspecular reflectio, with incidence angle equal to the angle of reflection,
occurs onmirror-polished surfaces. Rough surfaces reflect the light not only in the
principal direction, buevenin the othess. More uniformis the lightdiffusion, and more
mattthesurfacewill be, due to a smallespecular reflectiorFigure 5.1 shows the several

type of reflections for different types siirfaces.

(a) Nearly specular reflection (b) Perfect diffuse reflection (c) Mixed reflection

Figure 5. 1: Types of reflection for different types of surfaces. The nearly specular reflection ocaurs for
smooth surface, the perfect diffuse reflection occura foatt surface and the mixed one fosemigloss
surfacel?9

Gloss which is expressed iGloss Units [GU], is obtainedby the ratio between the
intensity of the reflected light from the sample and the intensity of the reflected light from
a standard (usually a black glas3he intensity ofthe reflected light depends atme
materialbulk and surface propertiasd onthe angle ofncidence especiallym materials

like polymers For this reason, precise comparisonglossvalues are meaningful only
when they refer to the same measurement procedure and same general type ofAnaterial.
glossneter is an instrument that measures the specular refleGlimsscan be evaluated

at various angle of light incidence, as shown in Figure 5.2, based on the type of material.
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Figure 5. 2: Specular reflectionA glossnetermeasureshe glossvalueat various specular angseThe
principals are 20°,60° and 851

As it will be shown, the 20° geometry is suggested for-gigisssurfaces.

5.2 Dependence of gloss on particle size
In 1985 Lednicky and Pelzbauarestigatedherelationshipbetweerglossand the
inner morphology of ABS?2 The purpose of their work was to try to findh@w method
to analyse the morphology of the dispersed phase. Since the technique typically used was
labor-consuming and expensivallttathin material sections, contrasted with @sO
analysedvith aTransmission Electron Microscopéhey tiedto find a correlation with
a quick and easy property to measuhe gloss By studying a series of ABS samples
processed in the same wayeyderivedthe followingrelatiorship
O 0Qwn 2
O
(5.1
which describes the dependencetlad glossvalue on the particle size The expression
also describeshe two limiting cases’O "O for O© mand™O Tmifor O° H. The
valueO p expresses the 100% gloss(standard)By considering thdogarithm it is
possible to obtain the linear relaticeported irthe followingequation
a0 a0 O
(5.2
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Then, gloss depending oiO andO , should not vary as long as the other sample

parameters, excefd, remain the same.

InG

-1.0

-2.0

D,aum

Fig. 1. Verification of the validity of Eq. (3) — linear dependence of values of the
gloss logarithm G on the size of rubber particles D.

Figure 5. 3: Linear dependence tifie glossvalueson rubber particle size. The points are experimental
data.The line represents the relatisimpfound by Lednicky and Pelzbau#&?t.

Figure 5.3 shows that the experimental data are well described by equation (5.2) and the

values of the parametei® andO were found to be 1.5 and 0.75& respectively.

5.3 Generation mechanism of gloss
It is well known that for the same material, tilessis not uniquely determined but
depends strongly on theatding conditions. Thislependency is intrinsically explained in

the definition of the replication factor.

5.3.1 The replication factor

To obtain ahigh-glosssurface a high replication of the makinecessarylinsu
Gim and Byungohk Rhee, studying the generation mechanigiossgdefects defineda
dimensionless paramet®r calledii eplication factod, which is strongly coelatedwith
thegloss'?? It is expresseds the ratio between the pressatavhich the melt is subjected

during the mold filling,and theincreasingsurface stiffnessluring the cooling process
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The melt pressure acts like a dnig factor for the replication because it allows to press
the polymer oto the mold surface. The surface stiffness,the other sideacts like a
resisting factor, becausgbke sooner the polymer recowethestiffness, the lesthe time
available for the replication. These two parameters depetitemolding conditions, like
flow injection speed and mold temperature and orttieenelt properties, likgpolymer
viscosity and storage modulusn increase ofhemold temperture andheflow injection
speedleads to an increase dR andtherebyof gloss for the reasons explained above.
Surely te replication factoplays an important rolen determininghe glossvaluebut it
cannot explairthe differencesneasuredor the three samplasvestigated in this thesis
In fact, aswill be shown later, thefgave the samR valug the only significant difference
beingthe swelling indexNevertheless, some works in literatpreve to behelpful for a
better understandingf the mechanismsof gloss generationand surface defects of
injectionrmolded items For this reason, some of them are reportedl briefly

summarizedelow.

5.3.2 Gloss transition defect
Jinsu Gim and Byungohk Rhee studied the generation mechanigossdefect

in high-glosy injection nolded objects??[23.24 The gloss transition defect is
characterized by glossdifference perpendicular to the direction of the flow frad,
shown inFigure 5.4. They suggest that thglossdifference is caused by thfferent
replicating capability of the shriivkg surface.During the solidificationthe polymer
shrinks andif the melt pressure is not sufficignhighto compensatét poorly replicates
the mold.

Gloss difference

Figure 5. 4: Glosstransition defectepresented as a differenceglossperpendicularly to the flow
direction![?3
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As shown in Figuré.5, the fountain flow at the flow frortiringsthe melt towards the
mold wall, where a thin layeof polymerinstantaneouslyeaches the contact temperature

"Y defined as:
Y Y
A

Y ’
w

(5.3
o and® are thermal diffusivity of the polymer amd the mold, respectivelydefined

as:

(5.4)

€
O:
(@)

(5.5)
where” ,6 ,Q and” ,6 ,’Q arethe density, the specifibeat,and the thermal
conductivity of the polymer and of the mold material, respectivenerally, the contact
temperature is a few degrees higher than the mold temperature due to the higher thermal
diffusivity and density of steel, material of which the mold is generally made. So, the

polymer contacting the mold, instantaneously solidifigs)erating the soalled frozen

layer.
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Figure 10. Fountain flow and melt pressure development at the flow front.

Figure 5.5: Fountain flow during the mold filling and melt pressure development. Increasing the distance
from the flow front the pressuiecrease.[?



-50- Chapter5

As already said, during the cooling, the polymer tends to shrink and if it has
inhomogeneous morphology, such as ABS, it results in superficial asperity because the
locally differential shrinkage. At a certain position behind the flow front the pressure
increases because the contact length increases, and so the shrinking surface is pushed
toward the mold wall. If the pressure is sufficiently high, the roughness of the surface
approaches that of the mold giving a better replication.

The surface stiffness imainly influenced bythe mold temperature. If this is
maintainedas high as possible, the stiffnesscoversslowly, and thesofter polymer
surfacehas more time to replicate the moltherefore, theshrinking surfaceand the
difference in the mold replication seem to be the cause @gitisstransition defect. It is
important to say that the filling stage is thest importanbne forglossformation.Gloss
defects generated during this stage are hardlyovethduring the packing stage. To
eliminate theglosstransitiondefect,it is important to obtain a uniform and hiw front
speed, a uniform and high mold temperature. The melt temperature has a lower impact on
surfaceglossdue to the cancellation of effects. In fact, a higher melt temperature decreases
both the surface stiffness and the melt presstigat has beementionedup to now
explairs the reason of an increaseghbssby increasing the flow injection speed and the
mold temperature, as it will be presentedame of thexperimental resultsf this work
Furthermore, Hiranoet al. @ studying the generation of tiger stripes on
Polypropylene/Ethylen@ropylene rubber talc blends, suggested the high melt elasticity
as responsible of the highest replication of the mold, because it allows to press the melt
polymer onto the mold surface. &vthough theynalyzeda phenomenon that does not
occur in this case, they provided the cue for the evaluation of the die swell of the samples.
So, the higher elasticity should make a further contribution to the increase in replication

factor and then iglossvalue.

5.4 Estimation of gloss from rough surface parameters

As alreadymentioned gloss strongly depends on the surface topography and/or
i nhomogeneities in the material 6s bul k, beca
into directionsotherthan the speculamne For this reason, rough surfaces have dgiogs

values.A correlation betweeglossvalue and surface roughness is a complex task to be
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modelled.The first studies were attributed to Alexan#i@tz and Barrera®®, which
found analytical forglossfor exponential and Gaussian correlation functions, stressing
that it is important to consider the incoherent contribution, especially for reasonably
glosy surfacesSimonseret al.(2005)?7 derived a analytical solutioffior the estimation

of gloss from the surface roughness paraméYervaluesreported inthe following

expression:
o \ ) N : ” ooy “O(I) IR S 4
OaeiQunpo— wWeE+p ¢ — | Qe+

(5.6)
where, is the rootmean square roughnes$y (or YO Y _ is the incident light
wavelength ofthe glossneter,Y is the collection angle of thglossneterand—is the
incident light angle ofhe glossneterwith respecto the vertical line"O® is a function

depending on the correlation length efined as follows:

06 SS/ SO AL
(5.7)
Figure 5.6shows the trend aflossvalues predicted by equation (5.6) at 20° as a function
of 'Y , considering three values of the two extremes of the visible range and a mean

value of 550 nm.

Correlation lenght=980 nm
—I =760 nm
— =550 nm
——1 =390 nm
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Figure 5. 6: Estimatedylossat 20° as function ofoot-mean square roughne@R;). There are three
different curves for different values of incident light waveleligththe same Rtheglossis higher for
higher_.
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The correlation length is a measure of the range in which fluctuations in one region are

found to be influenced by (correlated with) those in another region. This parameter
influences the estimategdiossand consequently the position of the cunhesginehaving

a sinusoidal profile, defined in a certainintervalonteexi s. | f t hi s were to
along the xaxis,onewould still get a sinusoidal profile but with a longer wavelength and
consequently a smaller amplitude. What would thesea is a flatter profile. This is a

rough explanation of the reason why by increasing the correlation lengthlabe

becomes great@&ven ifthe roughness is the same.

5.5 The formation of surface roughness

Nowadays, surface instabilities on polymers are exploited to produce a wide variety
of surface patterns for many applications such as substrates for cell growth, microchips,
or for controlling the interfacial adhesion, friction and lubrication. Basicigre are two
ways to obtain surface instabilities: spontaneowoslgpplying external stimuli. Burrell
demonstratéthat by pairing a rigid top layer and an elastic substrate, creating a bilayered
system, wrinkle formation can be achieV&iBy using amechanical stress force, the
elastic substrate stretchedand the rigid layer is deposited. Through the release of the
applied stress, the substrate tends to return to a relaxed state of equilibrium, badghis le
to the generation on the surface of a wavy structime, tothe buckling of the rigid
material. In literature the minimum force needed to produce wrinkles on the surface of
bilayersystemss reported as follows

0o L V2 _ 00
_ Op T p O
(5.8)
where'Qis the thickness) is the width of the skin laye),’ andO,’ are the elastic
moduli and the Poisson coefficients of the skin layer and of the substrate, respectively,
and_ is the sinusoidal deflection profile. Whé&Dexceeds a critical value buckling occurs
and the wavelength of the wrinkled profile can be calculatgtd equation(5.9),

supposing thaR Q _ 1T
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(5.9)

Considering Figure 5.5 and by analogih the present case, it is possible to imagine the
molten bulkhotpolymer as the elastic substrate and the frozen layer as the rigid material.
It is known that the frozen layer is immediately created when the melt contacts the mold
surface, and it increasé time due to the cooling process of the entire object. As it is
explained in84.2 the frozen layer contains the high orientation due teelbegational

flow because the presence of the fountimw effect The increasa flow injection speed

leads to both higher shear rates and higher elongational streasesthen higher
orientation.As mentioned the innermost layers of molten polymer have more time to
relax the induced orientation compared to the superficial ones, which are progressively
more and more rigid. This differential relaxaticen be hypothesizetb wrinkle and to

form a roughness surface depiggbn the degree of orientation inducedtbginjection
process. Furthermorejnse ABS is a twephase material, the surface morpholagy
correlated withlie rheological behami of the dispersed phase. The fact that on the surface
there ardothoriented matrix macromolecules and rubber particias lead t@more or

less wrinkled morphologrelateddue tothe differential relaxation of the two phases.
Then, the roughnessay be thought as duett@o contributions: the differential relaxation
between the frozen layer and the bulk, and the differential relaxation between the matrix

andthe deformegarticles






6 M aterials and instruments

6.1 Samples

The samples are AB&btained vianassproducton technologywith a salamiike
rubber morphology, produced by Versalis S.p.a Since poduction batches are
characterized by average properties derived from continuous sampling during prqoduction
it was decided to repeat some analysisngasure more preciselprae of the nominal
properties.The results show that they substantially differ ofdy the swelling index
values, which are slightly different from thosedicate as average values of the standard
production batches:or this reasora nominal swelling indexalue was used in the label

of thesamplesvhile the real valuavasconsideredn data elaboration.

Table 6.1: Characterization of samples.

Property Msz‘ﬁgre IR16 IR25 IR34
Nominal Swelling index (IR) - 16 25 34
RealSwelling index (IR) - 18 285 325
GPC M, (SAN matrix) Dalton 47830 50794 48197
GPC My (SAN matrix) Dalton 131718 139252 132983
Mw/Mp, - 2.75 2.74 2.76
% thermally treatedjel phase - 20.6 20.1 21.4
D [4;3] pum 0.662 0.594 0.778
D [3;2] pum 0.604 0.538 0.725
D. (10) pum 0.419 0.368 0.525
D (50) um 0.642 0.575 0.762
Dv (90) pm 0.939 0.849 1.07
Span - 0.808 0.837 0.709

Gel Permeation Chromatograph¢GPC) is an analytical technique that separates
dissolved macromolecules by sibased on their elutiofrom columns filled with porous
gel. It permits to obtain the various molecular weight of the maktie.measure of the
amount of rubber provides the dissolution of the sample, previoushtreastd, in an
appropriate solvenftetrahydrofuran) the separation of gel by centrifugation and its
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precipitation withethanol Therubbery phase fraction is then obtaineddvgvimetric
analysis|t is clearlypossible to assume that samples haesame amount of dispersed
phasewhich is nearly 20%Figure 6.1showsthe preliminary resulbbtained for thgloss
by the Quality Control laboratory during production samplagwell as the starting point
of the present workQC found thaglossstrongly depends otine sweeling indexThese
data were obtained by measuringlosson specimens oided with the QC standard

condition forglossevaluationasrefered to into §7.6.2.

90
80

70- .
60- h

50
w0 \
301 Y
e
20 .\\.
-
0 I 1 1 ] 1 1 ] I 1
0 5 10 15 20 25 30 35 40 45 50
IR

QC LAB

Gloss (@ 20°)

Figure 6. 1: Glossat 20° as function owelling index (IR) obtained by the QC lab during production
sampling Glosssignificantlyvaries with thesweeling index.

As mentionedn 85.2 rubber particle size affectgossand for this reasoa measureof

the particles size distributiaa mandatoryto be sure that the differencesginsscannot

be ascribedto a different rubber particle sizekigure 6.2 shows the particle size
distribution for the three sampleSonsidering the maximum particle diameter for each

sample, the predicteglosshas been obtained considering equation (5.2).
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Figure 6. 2: Size particleslistribution

Table 6.2 summarizes results and variation (¥gla$s considering as reference sample
IR25. In this wayglossvalues of 8% and 21% lower compared to IR25 for sample IR16
and IR34 are respectively expected.

Table 6.2: Predictedglossof samples depending on particle size. Since IR25 shows the lowest particle
diameterit is predicted a higheglossand it has been chosen as reference.

D [4;3 Predicted gloss L
Sample |'[|.D ] Lednicky %%) % variation
IR16 0.662 62 -8.67%
IR25 0.594 67 -Reference
IR34 0.778 53 -21.76%

It is possible to conclude that the differagibssvalues are not due to differences in

particle size. If that were the case, to name an example, IR16 should show gltsser
compared to IR25.
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6.2 Injection molding machines
The injection molding machinethat have been useid this work are Engel

ES150/5GndWittmannBattenfeldEcopower 55/130shown inFigure 63.

Figure 6. 3: Injection molding machines. On the IEftgelES150/50present in R&D labon the right
Wittman Battenfeld Ecopower 55/138esent in QC lab.

Engel ES150/50is a hydraulic injection molding machine of the Research and
Development laboratory (R&D), where@gittmann BattenfeldEcopower 55/130is an
electric machine of the Quality Control lab (QThey use a differergavity mold which

characteristics are reported in Table 6.3.

Table 6.3: Cavity nold characteristics.

Injection molding Thickness of the | Length of the Width of the Number of
machine plague (mm) plague (mm) plague (mm) plague
EngelES150/50 2.9 60 60 1
Wittmann Battenfeld
Ecopower 55/130 3 87 80 L
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Both the molds are made of chromium steel because its high corrosion resistance, high
workability, and high polishing. The mold temperature is controlled by a water circuit.
The main difference between the two injection molding machines is that the electric one
allows to obtain a better control of the molding parameters. However, the hydraulic one
has a more powerful engine that permits the injection molding of polymers ighh h
viscositiesAs it will be shown later, the differences between the two, &t up with

the same miding conditions, will lead to different results.

6.3 Micro -Tri-Gloss BYK

As already mentionea glossneter measures thiectionof incident light which is
reflectedin the speculadirection Resultsare not relatetb the amount of incident light,
but they arerelated to the amourmif light reflected by a standard blagkassspecimen,
which has a predefiggefractive index. For this standagdnerally thezalueof 100Gloss
Units [GU] is assignedThe incidence angle is extremely important to obtain a clear

differentiation between surfaces with differghdssness

Figure 6.4: Micro-TRI-glossBYK.It allows a measureof the glossvalueat 20°,60° and 85°
simultaneously.

Usually three different geometries related to differgluiss values are used: the 60°

geometry is used to compare most specimens; the 20° geometry is advantageous to
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compare specimens having 6@fbssvalues higher than 70 GU and finally, the 85°
geometry is used to compare specimens havingk@svalues lower than 10 GU. The
Micro-Tri-GlossBYK, shown in Figure 6.4uses a LED as a source of illumination, and
permits quick measurements because simultaneously prayliolesat each evaluation
angles?® The CIE( Commi ssi on | nt er nhas éstablishédestandaed | 6 Ec | a
rules to produce illuminant for the reproducibili¥}. The LED used by thglossneter is

a standardized CHE, which is intended to simulate the daily light at a temperature of
6774K. This type of light radiation has the mean wavelength positioned at 550 nm. As
will be seen later, the wavelength of the incident radiation is a signifgarameter for

the estimation oglossfrom roughness values. The collection angle describes the solid
angle of the emerging radiation from the detector source. In the present case the angle is

equal to 2.5°.

6.4 Rheometry

Rheometry ighe partof rheology that aims to determine the material functions of a
fluid through the application and the measurement of macroscopic quanigieg
appropriate instruments called rheometers. There are three main flow types: shear flow,
elongational flow and complex flaywhicharea mix of the two. lis possible to define
asviscometricflow asa flow which islocally indistinguishable from simple shear flow.

In genera) aviscometric flow isgenerated by instrumerttsat applyshear dformations.
Analysable nonviscometric flovs also exist such asthat generated by uniaxial
elongational flowRheometers can operate both gpp a stress field and measuring the
strain (stresgontrolled mode) or viceersa appling a strain field and measurinige

stress (straitontrolled mode). DMADynamicMechanicaAnalysis)is akind of thermal
analysis techniquesedto characterie viscoelastic properties, as function of temperature

or frequency. It can investigate physical properties such as glass transition, damping,
relaxation and decomposition under specific environmental conditions, or phase changes
such as melt, curing or cigdlisation. A typical Dynamic Mechanical Analysis (DMA)

plot against temperatufer an amorphous polymés shown in Figuré.5.
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Figure 6.5: Typical DMAplot againstemperature for an amorphous polyméhe loss modulus, the
storage modulus and the loss factor amportedas function of temperatufé!

At low temperaturethe material is in the glassy state. As tbperaturencreases the
material softas because it approaches the glass transition temper@igreThis is
marked by a drop in the storage modulus, an increase of the loss modulus and an increase
of the loss factorq( @ §.{The glass transition temperature is identified by the temperature
at which the peakf 0 @ €occurs. In the rubbery plateau the material can largely deform
with low stresses and the elastic bebavs dominant With a further increase in
temperature, the materistlartsto behave like a viscous liquid, maybe reachheyphase
transition or melting Geometries used in DMAepend on the type of materatl study
and are summarized as follsw

i torsion rectangular

1 threepoint bending

1 parallel plates

1 coneplate

9 coaxial cylinders
Generally for solid materials with particularly high modulu#)e commonly used
geometriesare rectangular torsiorand threepoint bending In case ofpolymers with

modulus lower than POPa rotational rheometers witlparallel plateor coneplate
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geometriesre usedCoaial cylindersare used for polymer solutions with low viscosities.
A capillary rheometer is a particular type of rheometer that operates in stationary regime
and it is useful for measuring the shear viscosiyter this brief introduction on

rheometryall the instrumentasedandthe rheology analysis performedll be presented.

6.4.1 RSA G2

RSA G250lid Analyzershown inFigure 66, is an instrument developed by TA
Instruments for mechanical analysis of solids. Motor aadsducer are separated to
ensure pure mechanical data through independent control of deformation and

measurement of stress.

Figure 6.6: RSA G2 rheometedeveloped by TA Instrumefi3.

It works in straircontrolled mode, imposing a mechanical deformation on the specimen
and measuring the stress response. The environmaniti®lledby a forced convection

oven, designed to perform extremely rapid heating and cooling in a temperature range
from -150°C to 600°C. Five thermocouples continuousipeasurethe temperature. It
allows to perform many types of anagswith many types of geometridRSA Gzhas

been usedo measure the elastic modulathe ABS considered in this thesisth the

threepoint bending geometry, represented in Figure 6.7.
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Figure 6. 7: Threepoint bending configuration. The sampleisply placed on two supports and loaded
on thecentrel3

The specimen has a rectangular shape with known thickness and width. It is placed on two
supports, distant L from each otMwdghartks. The
to the application of a sinusoidal deformatidnlinear voltage displacemetriansducer

registers the force. For this geometry it is importardadditionallyimpose a static load

because during the deformation cycle the knife would lose contact with the deformed
specimen. To calculate the elastic modulus, stress and steaiecaired, and equation

(6.1) expresses the ratio between the rheological parameters and the imposed and

measured quantities:

(6.1)

K is a geometrical factor equal to (AW_3,

6.4.2 RMS800

Rheometric Mechanical SpectromebModel800 (RVS80Q is another instrument
able to measure viscoelastic properties of materialsasibeen used tdetectthe glass
transition temperaturavith the torsion rectangular geometshown in Figuré.8. The
specimen has a rectangular shape, with known dimensions, fixed by two metal clamps.
The motor applies an angular deflectieand the output is the torqivkregistered. Shear
strain is proportional to the angular deflection, while the shear stress is proportional to the

torque M.
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I ="

b)

Figure 6. 8: Torsion rectangular geometi?!

To calculate the viscoelastic functions, such@sO ando & &the software uses the

following equation:

” Lr) t‘)
r —
(6.2
In this casa) is given by:
o X
U
L Q QT)
(6.3)

With "Q0 TQ a numerical factor between 2.249 and 5.333.

6.4.3 RG20

The capillary viscometer tests were performmethg aGottfertrheometer (model
RG20, shown inFigure 69. Capillary rheometeranalyseshear flow in the range of high
shear rates, typically 1+1®&™. They aresubstantially composed by a circular cross
section tube, in which the solid material is melted and forced to pass thptighaction

of a pistonanda pressure transduddiat measure the pressure drop
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Figure 6. 9: Gottfert RG20 capillary rheometé!

The viscosity is determined measuring the volumetric flow rate and the pressure drop,
according to the equation étagenPoiseuille, which is valid in case of isothermal,
stationary and laminar flo¥{:
“i ayn
Yoo

(6.4)
where¥n is the pressurelrop,cthe volume of fluid that flows through the capillary
during atime ¢, andi the capillary radius. On the market there are capillaries of various
length-diameter ratio values and different geometries. However, two typescular
crosssection capillaryhave been used: a L/D=30/1 and a L/D=0/1/90ffining the
geometry in cylindrical coordinateshffi andmakinga force balance is possible to
obtain the expression of the shear stress:

., 110
tihg ——
¢l «
(6.5)

If the gradient of pressure is constant, ncr eases with the radius

z. At the wall { =) the shear stress is:

a
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YO
L i
(6.6)
The shear rate varies with the radius, and it is marmt the wall:
YO
cO -
(6.7)

For a Newtonian fluid the velocity profile is parabolic aimdcase of a constant pressure
gradient equal t@j 0, it is possible to correlate the shear rate to the volumetric flow rate,

obtaining the following expression of viscosity:

“Y 0
W 0O

(6.8)

In case of powelaw fluids the velocity profile assumes different configuragjon

according to th@alue oftheflow indexn, as shown in Figure 80.

Figure 6.10: Velocity profiles for Newtonian fluids (n=1) and powaw fluids. Decreasing the value of
the flow index n, the velocity profile becomes flat and the shear rate at this gralhter.
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Forn<1 the velocity profile is more or less flat (ptlgw), and the shear rate at the wall
Is higher compared to the Newtonian case. The Rabinovitch correction allows to calculate

the real shear rate for ndfewtonian fluids:

ot p
[ s [
(6.9)
[ is the fAapparent shear rateo relevant to

considered when dealing with viscoelastic fluids, such as polymers, is the elasticity of the

melt, which leads to the occurrence of normal stresses in shear flows. Tdhienfmdg or

AWei ssenberg effecto, is a consequence of f
rod in a polymeric melt, this tends to raise the rod, whereas in case of a Newtonian fluid,

this experience a depression of the free surf@egillary rhemeters allow to measure

the die swell which is related to the melt elasticityfact, at the exit of the tube, the

diameter of the extruded material is higher than that of the capillary. For the same material

the die swell depends on tebkear ratand on temperaturd h e T aempircal dle

allows to calculate the normal stréss knowing the die sweld andt :

0 ¢t ¢6 ¢
(6.10)

Another measure connected with the fluid elasticity is thearogpressure represeng
the effect of viscoelastic vortices developed at the entrance of the capillary, especially at
high shear rategurthermorethe recoverable shear, which is the ratio between the normal

stressand the shear stress, is often evaluated.

6.43.1Cogswel |l 6s model

The Cogs wellowsieprediai ttheeelongational viscosity if the entrance
pressurand the flow indexare known. Cogswell calculated foetelongational streske

following expression

€1 Q

(6.11)

The elongational strain &so calculated and results in this equation
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al-
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(6.12
The elongational viscositynmediately follows usingquatios (6.11) and (6.12)
wé p o

o¢ -
(6.13)

This model is particularly useful wherdirectmeasuref theelongational viscosity with
classical elongational rheology tests (EVi&)not possiblefor the reasons exposed in
86.4.4.1.

6.4.4 ARES
TheAdvanced Rheometric Expansion Sys#®RES)s amechanical spectrometer
developed by TA Instrumentshown in Figuré.11.

Figure 6.11: ARES rheometer.
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It can impose on a sample either a dyngsircusoidal) or steady shear deformation while
measuring the resultant torque which relates to the sample response. Shear strain is applied
by the motor, and the torque is measured by the transdtlder.dynamic mode the
motion is oscillatory, with a certain imposed frequency and the instrument measures the
strain and the torque. In steady mode, the motor rotates at a specific rotational shear rate
and the transducer measures the torque and, evenawdlythe normal force. The control

of the environmet is kept by a forced air convection oven. It can perform a range of
temperatures from ambient to 600°C, with a temperature ramp rate from 0.1 to 50°C/min.
If temperatures below room temperature are required, it is possible to use the optional LN
controller, which employs liquid nitrogen to reach temperatures 1iil°C. AREShas

been used for many DMA analyses such as frequency sweep, strain smeepyeep

and temperature ramp tedgsirthermore, it has been used for elongational visctestg

equi pped with a speci al t ool (EVFt hhes isfaEl ongat
particular analysis which allows to measure the extensional viscosity of highly viscous
materials.The strain sweep test is used to determine the linear viscoelestionse

(LVR), within the other oscillatory tests will be then perform8ttain sweeps are also
suggested for the characterization of samples that exhibit extrerdene@anbeha\ar,

such as filld thermoplasticsTime sweep provides information on tirdependent
behavor of a material, such akermaldegradation, curing and builip o breakdown of
network structure. Frequency sweegreused to analyse frequency and time dependent
behavor. Generally high frequencies correspond to short times and low frequencies to
long time scales. Temperature ramp tests are used for analysing the tempenrsitixaty

of a sample.The geometry usefibr DMA measuress the parallel plateepresentedh

Figure 6.12. Parallel plates are generally useedmeasure the thrdmear viscoelastic
functiors ('O, "O and6 @ § in the lowmediumfrequencyrange, typically 18 and 16
rad/s.The specimen requires a circular shap¢h known radius anthicknessand it is

placed between the two plates. The motor &s@n angular deflection with a certain

angular frequency and the output is the torque, measured by the transducer.
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Figure 6. 12 Parallel plates geometngeneratinga nonuniform viscometric flow33

It is important to note that this geometry produces auroform viscometric flow and

shear rate increases linearly with the radius. Then, some corrections are needed in case of

nonNewtonian behawar.

6.4.4.1 Extensional Viscosity Fixture (EVF)
Tensile tests caprovide important information on the rheological bel@vof

materials. This method allow to measure the elongational viscosity of viscoelastic
materials subjected to a uniaxial tensile state of stfesectangular specimen is fixed
between two clampgositioned onto two drum3he EVF geometry is reportedkiigure
6.13. Oneclampis fixedwhile the other rotatesoto stretch the specimenhe fixed drum
is coupled withthe motor while the other rotates and is fixed totthesducer, which
measures the torqu8pecimen dimensions, like width and thickness are required for the
calculation of the rectangular cressction area. The instantaneous value of strain is given
by the Hencky strain, defined as follows:
.. 0 ‘
- a 80— - D
(6.149)
Where0 is the initial free length of the sampleis the length measured during the test,
- is the extensional strain rate amis the time. The exponential form considers that the

specimen during the test reduces its cisesgion becausef thelateral contraction.
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Figure 6.13 Scheme of Elongation Viscosity Fixture (EVF) test. The specimen is fixed between two

clamps, andt is stretched by the rotational movement of a cylinternected with thenotor. The fixed
drum is connected with the transducer and measures the t&fue.

The elongational viscosity is defined as the ratio between the elongational stress and the

elongational strain ratas follows

(6.15)
In Figure 6.14 both the strain hardening and the strain softening pheroraen
representedThe black curve represents the trentheftransienshear viscositpr of the
elongational viscosity ithe linear regime, which is equal to thrémes the zershear
viscosity as stated byhe Trouton ule. Strain hardening occurs when the extensional
viscosity deviatesupward from thetransientshear viscosity.Strain softening is a
downward deviation from thiansientshearviscosity.In case of rigid dispersed phase
the flow, near the particle, has shear as agdlongational componengsd his leadsto
a smallerincrease in elongational viscosityn case of deformablparticles the strain
hardening phenomenon is emphasis&sl explained ir83.3 In fact the particg, by
deforming, contributes to increas¢he elongationalviscosity. Furthermore, once

deformedthe particle possesseg@eateraspect ratio, whickurtherincreass— .
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Figure 6.14: Schematic trend of viscosity over time. The black curve isghsientshear viscosity (or
the threefold theelongational viscosity in linear regiméor the Trouton ule). The red curveepresents
the strain hardening, which occurs duringiaxial stretching. fie bluecurverepresents thstrain

softeningwhich occurs when the sample is subjected to shear &tfess.

The strain hardening index defined aghe ratio between the ndimear elongational
viscosity (strain ratelependent) and the linear elongational viscosity (independent on

strain rate).

"Y'O'O
(6.16)
For practical reasons, such as the clammng thecollapseof the sampleat high
temperature, this type of analysis can be performedlatively low temperatures. For
example, in case of ABS, the maximum temperature is around 150°C, after which the

abovementioned problems occur, especially at low elongational strain rates.

6.5 Roughness tester

Materiak surfaces can be ideally described as a superposition editnensional
waves with different amplitude (A) and wavelenghif the 3D space. The norm DIN
4760 defines the shape of a surface as adimtr deviation from flatness, the ripple as a
secondorder deviation and th@ughness as a thirdnd fourthorder deviatioa.*® The
surface profile is measured along a straight line and the roughness is then calculated by
applying selection filters implemented in the tool. Initially, the instrument acquires the
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total profile and with the application of a enff wavelengthes, which deletes the shortest
wavelengths (background noise), derives the primary profile. Successively, the roughness
tester, with a leastquares linear regression, derives the mediumwheh corrects the

slope of the primary profile with respect to a horizontal reference line. At this point, the
instrument applies a cuaiff value a-to suppress the long wavelengths (ripple profile) to
obtain the roughness profile on the medium line wath0. Figure 615 can help in

understanding the concepts.

—— Primery profie Waviness profile Roughness profle

.
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Figure 6.15: Surface profleand sel ection filters sdepiyedtheprimalgy t he r o
profile, del eting the shor.supmesstheongevhvelengthsiripple( backgr o
profile) to obtain the roughness prafif?

The following equations are implemented by the roughness tester for the calculation of

the amplitudes aftehe application of cubff wavelengths:

o)

w e,
— Q
W

(6.17)

(6.18)
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with & andw are theamplitudes after filters applicatipt is the original amplitude of
the profile,athe applicable wavelength akls a constant equal to 0,4697. Based on the
roughness profile measurdteroughness tester had been used two valuas of
1 0,25 mm for B= 0,02+0,1 pm
1 0,8 mm forR,=0,1+2 pm
The roughness is measured oreaaluation length equéd five times thesampling length
(&), from which the arithmetic mean value is calculated. These operations are

automatically performetly the roughness tester.

Head

W b Built-in Drive for Measurement E-35A, E-40A T——
Rider 5100
'JD_L._J

Cable-connected Drive for Measurement in \
Tight Locations E-35A, E-40A, E-45A |  Workpiece

Figure 6. 16: Zeiss Handysurf 885A roughness tester

The roughness was measured with a portable roughness tester Zeiss Han®gurf E

shown in Figure 6.16.

6.6 Scanning Electron Microscope (SEM)
The working principle of the Scanning Electron Microsc(®eM), reportedn Figure
6.17,is based on the surface sample scanning with a point belaighgiowerelectrons
(5-40 keV).Electrons are generated through the heating of a filament, generally made of
tungsten, and they are focused on the surface sample. SEM requires vacuum chamber to

avoid the interference of the dustd airwith the primary beam.
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Scanning Electron Microscopy (SEM)
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Figure 6.17: Scanning Electron Microscope (SEM). The electro gun generates the electrons that are
accelerated by an anode. The magnetic lenses focus the electrons onto the sample, and a detector detect
the different types of signdfl

When the electronsncounter the sampseirfacethey interact with it through elastic and
anelastic collisionswhich generate different types of signals. These emitted particles or
radiatiors are detected by appropriatetectorsand they can be subdivided according to
their energyand interactioras follows:

i BackscatterecElectrons(BSE) theycomefrom an elastiénteractionbetween the
incident electronsnd the nuclei of the atoms constituting the sample. So, they
havethe sameenergyasthe incident oneandgive information quantified by a
greyscaleaboutthe sample composition and morpholoBgsed on the energy of
the incident beanit is possible to modify the penetration thickness, and then
obtaining different information.

1 Secondarylectrons(SE) they derived from the interactions of primary electrons
with the outermost electrons of sample surface atamméch received enough
energy to set freeSince itis an anelastic interaction, the SE have lower energy
compared to BE. In this way theyallow to obtainonly information on sample

surfacemorphology.
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1 AugerElectrons: when a primary electrbas sufficient energy to ionize an atom,
the innermost electrons are shunted, ¢edving an unoccupied orbital. So, to
reduce its energythe atom needs to move an electron to the innermost vacant
position with the consequent production of goRoton which interating with an
outermost electron prodesthe necessary energy to set free. This type of electron
has characteristic energy of atoms, is@ermit to recognize thatomic species
Sinceit comesfrom thin superficial layers ¢B nm) itismandatorythat the surface
is free from any contaminatiofurthermorean ultrahigh vacuums required.

1 X rays they have a characterisénergy,so they allow to identify the elements
both qualitatively and sergjuantitatively.

SEM has been used to analyze the surface morpholaggldedsamples as well as the

possible particle migration on surface, using the BSE.

6.7 Transmission Electron Microscope (TEM)

Transmission Electron Microscog€EM) is an instrument that allows to obtain
high resolution images and provides information on morphology and -stizrcture of
samples.

Transmission Electron
Microscopy (TEM) =

~——— Electron source

¥

Condenser lenses

B o mmmmm————— Condenser aperture
- -‘t\
-
M ' t———— Sample
we |
o A B Objective lens
ekl S . L
~- s Objective aperture
— TE— Selected area aperture
t Intermediate lenses
.
< SHl- - Projective lens

e Fluorescent screen

Figure 6.18: Transmission Electron Microscope (TEM)source of electrons and soneases focus the
beam on the sample. In this case, depending on the constituting elestesitens can pass through the
sample, or can be absorbed, creating a black and white ififge.
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It uses a beam of highly focused electrons directed towards aithifirspecimen, with
thickness of 56600 nm (microtome). The electron beam is generated by the heating of a
tungsten filament. It releases electrons which are accelerated through a enfgldeti

The image obtained with TEM shows differentared areas according to the ability of

the sample components to absorb or transmietéetrons. Indeed, areas of the sample

that can absorb or scatter electrons will appear darker than those that are able to transmit
electrons, whose ol will be brighterSample preparatio®quireso cut, in casefosolid
specimenvery thin slices using an ultramicrotom®efore the cutting,specimensare

placed in a 4% aqueous solution afmium tetroxidOsQy) for 2 days to stain the
polybutadiene phaséhis passagas required because osmium atomesct withthe
unsaturated rubber of the sampleking it more electrorabsorbent. This will provide a

strong contrast between the dark rubbery phase and the lighter matrix phase when images

are generated






7/ Experimental work and results

7.1 Measure of the swelling index

The swelling indexr IR representanindirect measuref the rubber crosknking
degreeinside ABS. The swéng of a polymeric lattice i& phenomenon which consists
in an increase in volume by dissolving the polymer in &esdl The basic idea of the
measure othe swelling indexs that the more crodsked the particles are, the less space
is available forthe solvent to enter and swelh fact, IR s obtainedby gravimetric
analysis, througlhe ratio between the weight of gel swollen in a solvent and the weight
of thedry gel.First, the polymer is mixed witacetongCsHeO), which is a matrixolvent.
After the complete dissolution, the sample is centrifugated and the liquid matrix is
separated from the gel. Theartrahydrofuran(THF) is added to gel. A crucible filter is
weighted (W) and placed in a container with THF solvent. After some time, when the
septum has absorbed the maximum amount of solvestretweighted (V). The gel is
put on the porouseptum,and it is left some time to permit the swelling of the rubber
after thathe crucible is raveighted (V). At this point, the geki precipitated witlethanol
(C2He0), filtered anddried Finally, the crucible filter with the dry gel is weighted )&/
The swdling index is so calculated with the following equation:

oy 2@
W w
(7.1

Then, highvalues of IR indicate low crodmking degres of rubber.

7.2 Measure of the Elastic Modulus

To test the surface stiffness, parameter needed to determine the replicationt factor, i
was decided to measure the ela¥uingmodulusk. This is expected to be very similar
for the three ABS samples because they possess the same gel Eohterdr granules

previously dried in an oven at 60°C undacuumfor at least 4 hoursyere compression
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molded with a manual heat press at 190°Caftew minutes For thethreepoint bending
configuration a rectangular specimenrequired with known thickness and widtlas

shown in Figure’. 1

12.5mm

<" 1.05 mm
38 mm

Figure 7.1: Rectangular specimen fdnreepoint bendingand rectangular torsioness.

The elastic modulus has been obtained during a temperature rapgetEsimed with
RSAG2, starting from 80°C to 150°C (1°C/min).

E o,
: il
- !
104 %
< ] s
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= %
5 ] u
10 3 ’j‘
] °
] —e—IR16
{ —m—IR25
10y —a—IR34
] T T T T T
20 40 60 80 100 120 140

temperature (°C)

Figure 7. 2: Elastic modulu® as function of temperature

Figure 7.2shows the results obtained. It is possible to note that the elastic modulus is

equal for the three samples.
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7.3 Measure of the glass transition temperature

Polymer granulespreviously dried in an oven at 60°C unglacuumfor at least 4
hours,were compression oided with a manual heat press at 190°C for few mindtes.
analysis has been performed RWS800with the rectangular torsion configuratiofhe
rectangular specimeshown in Figure 7.1has been fixed between two metallic clamps.
The dynamic temperature ramp started from 80°C65Q@ by increasing 1°C/mihe

imposed strainvas0.1%.
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//A/ | |
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&
0,5
010 I I I I T T T T
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temperature (°C)

Figure 7. 3: Loss facto & &as function of temperature, measured with the rectangular torsion
geometry. Thelgss transition temperaturie identified by the peak of the curve.

Figure 7.3 shows the trend of the loss facter a range of temperature. The position of
the peak identifies the glass transition temperature, which is about 114°C for samples IR16
and IR25 and 115°C sample IR3Bhese values are so close that the glass transition

temperatures of the three ABS at study can be considered the same.
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7.4 Capillary rheometry with RG20

To investigate the different behaviof samples at high shear rates in stationary
regime the capillary viscometeBottfert RG20has been usedach test waperformed
both at 200°C and 220°C, withraund holecapillary. It should be stressed that these
conditions, between all those realized in the rheometers, are the most similar to those

encountered during the injectiorolding process.

7.4.1 Entrance pressure
The pressure at the entrance of the capillary hasrheasured with a zedlength

capillary (L/D=0/1/90°), to calculate the elongational v

model. The obtained results are reported in Figute 7.

10°
| —e—IR16 A —e—IR16 b
09 e R2s / —m— IR25 /‘/
—A—|R34 e —A— R34 A
7 &
A /
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~ 10'4 /é/ . /‘%o
@ A 3 A
e o X 8
o A o v
s e
/‘/ o A /'
A/:/ 10 4 /|/
10° 07 200°C ¢ 220°C
L/D = 0/1/90° L/D = 0/1/90°
10 1|01 1;)2 12)3 1lo“ 10 1lo1 1|02 1lo3 10'
shear rate (sh shear ratg, (sh

Figure 7.4: Pressure at the entrance of the capillary as function of shear rate at 200°C and 220°C.

7.4.2 Shear stress
To calculate the normal stress developed |

the wall shear stress has been measured at 200°C and 220°C. Figure 7.5 shbiss that

very similar for all samples.
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Figure 7.5: Shear stress at the wall versus shear rate at 200°C and 220°C.

Since for a power law fluid equation (7.2) holds, the flow indéx represented by the

tangent to the curve obtained with the equation (7.3).

toor
(7.2)

a€ O E QR AEQ
(7.3)

5,8

5,6 logt=3,9856+0,6338log(shear raapt}x0,0SGZ(Iog(shear raatpg)2

5,41

5.2 IR34I

5,0

logt

4,8
4,6
4,44

220°C
4,24

T T
0,0 0,5 1,0 15 2,0 2,5 3,0 3,5
log(shear rata%)

Figure 7.6: Logarithm of shear stress versus logarithm of shear rate for sample IR34 at 220°C. The
seconddegree polynomial function interpolates the experimental points. The flow index n is given by the
first derivative of the curve.
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Then, byplotting the equation (7.3pr each sample and temperature and fitthg data
with a secondlegree polynomial, it is possible to obtain the flow indices by taking the
first derivative of the interpolating function. Figure 7.6 shows an example of the

interpolating function for the sample IR34 and T=220°C.

7.4.3 Shear viscosity
To analyse the samples betauwivhen subjected to stationary shear fldikg the

onedeveloped during the filling stagihe shear viscosityhas been calculated

10° 10*
—e— |R16 —e— IR 16
—m— |R25 ~p —m—|R 25
—A— R34 \'\ —A—IR34
10" 4 e 0\
- \0\
T " TN
> ke N
ey TSe 0
g ~_, g N
= \ - \
~ 103 N
10°4 Na
200°C 220°C
10" T T T 10" T T T
10° 10! 10° 10° 10* 1 10! 108 10° 10*
shear rate (13 shear rate (’3

Figure 7.7: Shear viscosity versus shear rate at 200°C and 220°C.

Figure 7.7 shows that the shear viscosity identicalfor the three samples and then the
melt pressurepne ofthe twoparametes involvedin the replication factor, is the same
On the xaxis thecorrectedshear ratdas reported obtainedapplying the Rabinovitch

correctionaccounting for nosiNewtonian effects

7.4.4 Calculation of the elongational viscosity

To calculaet he el ongati onal

v i s ovassused which't h e
requires the following parameters: the pressure at the entrance of the capillary, the shear

stressthe apparent shear rate, and the flow index. To calculate the elongational stress the

Cog
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(6.11) has been used. Thef§.12) allows to calculate the elongational strain rate and
finally with the ratio between the stress and the strain rate possible to obtain the

predicted elongational viscosity. Figurg8 repors the resuk obtained for both
temperatures for which the data was derived.

1¢{ —®—IR16 1¢{ —e—IR16
~m IR25 A = IR25
—A—|R34 ://“ —A— R34 ’
]
/i% .%
".’\’ 10 4 /A / T 104 /o
£ % l/ é?’ */
3 A E e
g A g A
g v S At
5 105 A < a8
Ny 10" 5 ‘//l/
‘/07 A A— ‘7
_u 200°C '% 220°C
e v
164 u L/D = 0/1/90° e L/D = 0/1/90°
T T T 105 T T T
10° 10" 10° 10° 10* 10° 10" 100 10° 10'

elongational strain rate {5 elongational strain rate {5

Figure 7.8: Predicted elongational viscosity at 200°C and 220°C.

According toCogswellthe threesamplesclearly seem to exhibidifferent rheological
behavor in case of elongational flow. Ralling the estimation othe elongational strain

rate made by Tadman equation(4.6), it is possible to calculate for the present case the
range of elongational shear rates developed during the injection mpldicessB is the
semithickness of the moldavity, which is equal to 1.5 mmm is the flow index, which

for simplicity will be assumed constant and equal to 0.3. The mean velocity is the variable

parameter becausef the three chosen flow injection speedable 7.1 reports the
estimated elongational strain rate values.

Table 7.1: Estimated elongational strain rates for ttigeeflow injection speedshosen.

Flow injection speed Elongational strain rate
(mm/s) (sY
100 7.69
200 15.39
300 23.08
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Considering the estimated elongational strain rate rangethe data reported Figure

7.8, it is clear thasamplegion déehave in the same way.

7.4.5 Die swell

As previously mentionedde swell is the phenomenon that can occur when a
material is extruded due to the relaxation of the norstr@ss developed during the
extrusion, athe exit of the capillary. It can have a strong influence on the dimensional
stability of the extrudatéie swell is higher when the material has high elasti&ging
a manifestation of elasticityit increases by increasing shear rate and decreasing melt
temperature Figure 7.9 show the die swell B asa function of shear rate for both

temperatureslThese dta confirm that sample IR3dxhibitsthe highest elasticity
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134 ® 1,34 e
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11 . 11 T
10° 10° T 10° 10*
shear rate (§ shear rate (§

Figure 7.9: Die swell B versus shear rate at 200°C. The higher the IR, the higher the die swell, and
consequently the elasticity of the sample.

This measure will be also used for the calculation of the normal stress developed by the

shear flow during the extrusion.
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7.4.6 Calculation of the normal stress N1
A non-Newtonian fluid when subjected to shear flow develops normal stresses,
more or lesglevatedaccording to the elasticity of the material. In case of stationary shear

flow, the stress tensor is given by:

n ” n
” ” ” T[
T m .,

(7.4)
where,, =, is the tangential stress, apd ,, and, arethe normal stress
components. Dynamic quantities of rheological interests, are 0 . o and
0 . . . The presence of normal stresses must be taken into consideration,

especially in the extrusion process, because it leads to undesirable phersuokras

sharkskin, gross melt fracture, viscoelastic vortices and die swéllmngvhat was said in

85.3.2,it has been decided to evaluate the normal strekgcause it can contribute to

increase the pressure with which the melt polymer is presgedhe mold surface, and

then it couldncreasehe replication factodh has been cal cul ated with

and Figure 7.10 shows its trend as a function of shear rate for 200°C and 220°C.
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Figure 7.10. Normal stres$) c al cul ated with Tannerdés rule versus s
Sample IR34 shows a higher normal stress.

The normal stress for sample IR34 is higher and may result a higher pressure pressing the

molten polymer onto the mold surface. Sample IR34 should consequentlytisaow
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highestpressure contribution to the replication factor and thus a higlless This is
another aspect that leads to think that the replication fatternot the major key for

understanding the differences in the samples under.study

7.4.7 Recoverable shear

The recoverable sheawas also measuredo further evaluatethe elastic
contribution ofthesamples when subjected to shear fldWe recoverable strain is related
to the elastic recovergnd since samples practically differ only in the swelling index it
can be related to the elastic capillary numbé&igure 7.11 shows the results for both
temperaturesAs expectegdsample IR34 which has the more deformable particles and has

shown also higher elasticity in terms of die swatlpwsa higher recoverable shear.
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Figure 7.11: Recoverable shear vs shear rate at 200°C and 220°C. Sample IR34 shows the highest
recoverable shear and then the highest elastic recovery.

Reconsidering what was explained in 85.5, where the frozen layer is assumed to be the
rigid surface and the bulk material underneath it, the elastic substrate where the shear flow
acts. It could be possible to assume that a higher recoverable sheary fehugher elastic

recovery, thus generating on the rigid surface layer a higher state of compression which

forms a higher roughness when the equilibrium state tends to be recovered. Then, sample
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IR34, which shows the highest recoverable shear should show also highest roughness

values.

7.5 Rheolog ical measure ments with ARES

As mentioned previouslgtrain sweeg frequency sweepand time sweephave
been conducted with ARES with the parajddte geometry. The specimens, in fooin
disksasshown in Figure’.12 have been prepared by compressiatding at 190°C the
polymer granules, previously heated in an oven at 60°C under vacuum for at least 4 hours.

— — 0.8 mMm

25 mm

o »
< »

Figure 7.12: Specimen dimensions for paraljghte geometry.

Strain sweep, frequency sweep and time swes{s have been performed in a nitrogen
atmosphere to guarantee inert environment. The temperature ramp of the rubber has been
done in air to investigate the possibility of rubber ciodsng during the injection

molding.

7.5.1 Strain sweep

As mentionedastrain sweep is used for determining the linear viscoelastic regime.
In this testtemperature and frequency are kept constants, and viscoelastic functions are
measured by varying the amplitudeostillation The LVR vary by varying the frequency
at which the test is performed. Particularly, by increasing the frequency the linear
viscoelastic range is reduced. Samples have been subjected to strain sweep test at 200°C.
The imposed angular frequency was 1 rams a 5% of strain increment Hasen set.
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Figure 7.13: St rai n sweep test at 200AC. Strain dependence o0f
viscosity—". The LVR extends up to absolute strain values of 0.2.
Figure 7.13 shows the strain dependence of the storage modulus and of the complex
viscosity—". It is possible to see t-hadconstantt o str a

and the LVR is then determined.

7.5.2 Frequency sweep

A frequency sweep test is an oscillatory analysis conducted, in the LVR range,

varying the frequency of the applied stimulus. Temperature and amplitudeitbdtion

are kept constant. The time needed for the analysis strongly depends on tee low

frequency chosen. Furthermore, this test allows the collection of curves to which the TTS

principle can be then applied, with which the temperature dependency of viscoelastic

functions can be exploreBour temperatures have been investigakedure 7.14hows

the comparison ofomplex viscosity values obtained for each sample and temperature.
The imposed strain was 2% for 200°C and 220°C, 5% for 240 and 10% for 260°C.
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Figure 7.14: Complex viscosity vs angular frequency obtained for each sample and temperature

investigated

Then, also in case of oscillatory solicitations, sample show approximately the same shear

behavior, as previously seen in capillary rheomeligce the melt injection temperature

will be set at 220°C, the graphs“@fandO at this temperature are reporiedFigure

7.15 These will then be referred to ii@.8 2for the identification of the polymer relaxation

time, defined by the inverse of the frequency at which the -@emssof the moduli occurs.
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Figure 7.15: Storage modulu®and loss modulu®© as function of angular frequency at 220°C, for all
samples. The inverse of the frequency at which the-onassof themoduli occurs defines the relaxation
time of the polymer.
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7.5.3 Time sweep
In this testhetemperaturethefrequency antgheamplitude ofoscillationarekept

constants, and the measure is conducteritoring the viscoeklic functions versusme.

A time sweep givemformationon kinetic phenomena, such as degradation, curing or
network structuring. To verify the stability of samples at high temperatiimge sweep
tests at 20°C have been don&he frequencghosen wag rad/s, the straimalue2% and

the test has beenn for1 hour.

A
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—e— IR16
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Figure 7.16: Time sweep test at 220°C. The constant viscosity over time implies that samples are stable.

Figure 7.5 shows the time dependence of viscosity. After the first few minutes affected
by thermal equilibration of the samples, the curves clearly show that the three ABS at
study are stable. This information is important because rubber particles agglomeration
pheromena may occur in ABS, due to poor grafting and thus compatibilization, altering
theglossof the surface of injection alded items. In conclusion, time sweeps do exclude

these undesired phenomena.
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7.5.4 Temperature sweep of the rubber

A temperature sweep test has the aim of investigilie rheological behast and
phase transitionby varying the temperature. In this case the amplitude and the angular
frequency of theoscillation are kept constant and a temperature ramp, ascending or
descending, is performell.is importantto choose an adequdteating (or cooling) rate
to ensurehermal equilibrationof the specimen. This test has been performedridy the
stability of the rubber at high temperatufe temperature ramp tes¢in air) has been
performedstarting from 100°C until 250°Gscanning rate1°C/min). The specimen has

been prepared by compressionlding & 90°C.
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Figure 7.17: Complex viscosity” versus temperature for the rubbéris possible to see that at around
220°C the viscosity rapidly increases, and this is due to the-tirdésg process.

The curve in Figure 771shows an increase of viscosity at about 220°C. This means that
at this temperature the rubber starts to chogés As a consequence, it was decided to
investigate the possibility of rubber modification during the injection molding process.

This aspect Wi be discussed in §87.10.
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7.5.5 Extensional Viscosity Fixture (EVF)

Accordingto what was explaineith 83.3,a different elongational behawviof the
threesampleais to beexpectedTo investigate how much the differd® values and thus
crosslinking of the rubbearouldinfluenceto the elongational viscosity,was decided to
performEVF testsRectangular specimerghown in kgure 7.18, have been prepared by
compression molding at 1904 polymer granules, previously heated in an oven at 60°C

under vacuum for at least 4 hours.

10 mm

0.8 mm
18 mm

< >

Figure 7.18 Rectangular specimen for EVF test.

It was decided terformthe testdor two values of temperature$40°C and 150°C.
Curves were measured at theseéensional strain ratealues- equal to 1s?, 0.1s? and
0.01s? up toHencky strain  of 3.4 A delay time of 15G for themal equilibration of

the samplswas observedrhe required parameters dhe dimensions of thepecimen,

the densitiesboth ofthe solid material anaf the melt, whichwere set ad.0 g/cn?® and

1.05 g/cm, respectively Figures 7.9 and 720 show the elongational viscosities and
strain hardening index for 140°C and 150°C, respectively. It is possible to see that, as
expected from the theory, samples with higher swelling index IR, and then higher
deformability of particles, lead to higher egrational viscosity and strain hardening index.
Furthermore by increasing temperature, the elongational viscosity decreases and the
strain hardening increases. The straardening has been obtained by calculating the
deviation of curves at 0.I'sand 1 &, considering the curve at 0.0% as the linear

envelope (reasonable since the strain rate is low), as defined in equati)n (6.1
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Figure 7.19: Elongational viscosity and strain hardening index at 140°C. Elongational strain rates of 1,

0.1 and 0.01°% Sample IR34 shows, as expected from the theory, the highest elongational viscosity, then
the sample IR25 follows and last comes IR16.
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Figure 7. 20: Elongational viscosity and strain hardening index at 150°C. Elongational strain rates of 1,
0.1 and 0.01°% Sample IR34 shows, as expected from the theory, the hiddregational viscosity, then
the sample IR25 follows and last comes IR16.

7.6 Injection m olding conditions
To investigate the variation ajloss with molding conditions, as well as the
dependence ajlosswith the swéling index, a set of nine conditions to create the so

calledglosscurveswas investigatednitially in the Research and Development (R&D)
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laboratoryit was possible to carry out this work. Sirgtghtly unexpected resulia this

lab were obtained, the collaboration with the Quality Control (QC) laboratory became
helpful. Inthis chapter both the R&D and the QC conditiarils be presentedAlthough
equipped witlcompletelydifferentmolding machines andven ifglossis highly sensible

to molding conditionsthis comparison hgsoven to beisdul to understand many aspects
that werestill unknownin the company at that time

7.6.1 R&D conditions

As mentionedit wasdecided to injecthethree ABS at studin various conditions
to investigate not only hoglossvaries with the swelling indetR, but also hovglossis
affected by tese onesThe melt temperature was s¢R20°C.For each sample, the flow
front speed and the mold temperature have been varied. The flow frontrepessknts
the melt speed in therosssection of thenold cavity, hypothetically considering th#te
meltproceeds with a flat fronthreenominalvaluesfor theflow front speedvere chosen
100 mm/s, 200 mm/s and 300 mm/s. The mold temperataseset at30°C, 45°C and
60°C. In this way nine different conditionswere investigatedor gloss evaluation.In
Table 7.2 the filling conditions are summarized. The imposed velocity is the value that is
set on the screw of the extruder of the molding machine to obtain the desired nominal flow
front speed. The apparent value of the shear rate was calculatedattothetween the

filling flow rate Q and the filling sectionvt?, as defined in equation &J.
L
0O

(7.5)

Table 7.2: R&D set of mlding conditions. Each filling condition has been done for the three mold

temperatures.
Imposed Width Thickness Filling Flow front Filling flow Shear
velocity (mm) (mm) section velocity rate Q rate
(mm/s) (mm? (mm/s) (ccm/s) (sh)
34 60 2.9 180 95.9 16.7 198
74 60 2.9 180 208.8 36.3 432
110 60 2.9 180 310.3 54.0 642
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Figure 7.4 is a picture of a R&D mided specimen.

Figure 7.21: R&D moldedspecimen

The first ten specimens have been rejected, while the subsequent five have been held for

glossevaluation.

7.6.2 QC conditions

The QC lab, for the standardgloss evaluation,adopts particular andpecific
molding conditions an increasing volumetric flow rate over time, a mold temperature of
35°C andamelt temperature of 220°C. In particular, the volumetric flow vateesfrom
30 an¥s to 50 en*/s. In Table7.3 the QC standardnolding parametersre summarized
The first ten specimens have been rejecnddle the subsequent ten have been held for

glossevaluation

Table 7.3: QC standard molding conditions fgiossevaluation.

Imp.vol. flow rate Width Thickness | Flow front vel. Filling section | Shear rate
(cm3/s) (mm) (mm) (mm/s) (mm?) (sh)
Min 30 80 3 125 240 2500
Max 50 80 3 2083 240 4167
Average 40 80 3 166.7 240 3333
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It is possible taseefrom Table7.3 thatthe strain rate isncreased over timé\fterwards,
to try to makeareasonabland reliablecomparisonalthough the two labs operate wéh
differentequipmentit was decided to reproducenly for Tmoi=30°C, the samdilling
conditions, in terms dfhearrate, oftheR&D lab. So, starting frontheshear ratesalues
involved in theR&D lab testsby means oequation 7.5), the volumetric flow rates to be
imposedwere calculatedTable 74 repors the newconditionsadopted in the QC lab

Table 7.4: Conditions used at QC lab to replicate filling condition, in termshefarrates, ofthe R&D

lab.
T mold Imp.vol. flow rate Filling section Flow front vel. Shear rate
(cm?/s) (mm?) (mm/s) (sY)
24 240 1000 2000
30°C 52 240 2167 4333
77 240 3208 6417

It should be stressed here also that it is not easy to convince a QC lab to explore different
conditions for fundamental investigations like the one here taken into account. This is the

reason why the first set of tests were done in the R&D lab.

Figure 7.22: QC molded specimen.

Figure 7.2 is a picture of a QC pided specimenTen specimens have been rejected

while the subsequent eight were usedglossevaluation.
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7.7 Gloss evaluation

ThestandardASTM D523147 Standard Test Methods for Specuzlbsssuggests
to usethe 20° geometry for materials with higloss the 60°or values more than 72
Glosshas been measuratithe centre of thgpecimen for each sample and each condition,
thenthe mean was taken into accouatobtain average valeeThe value at 20%was
consideredbecause the type 8BS at studyis ahighglosspolymer. The following tables
show the resultebtained for R&D specimen$he expected trend of an increasgloss
by increasing the mold temperature and flow front speed is confirmed by the values
obtained as shown in Figures 7.23, 7.24 and 7.25.

Table 7.5: Values ofglossat 20° for samplelR16 measured on R&D specimens.

R&D i IR161 Values ofGloss20°
Specimen
Tmod | Flow speed Av. Value Sd.
©C) | (mmis) L § 9 & 2 (GU]
100 414 47.8 474 47.1 47.9 46.3 277
30 200 654 67.0 67.3 66.9 66.1 66.5 0.78
300 694 734 723 731 72.0 720 158
100 612 623 60.5 621 631 618 101
45 200 80.2 804 79.9 823 815 80.9 101
300 844 86.2 85.0 85.3 85.2 852 0.65
100 785 814 80.9 811 80.5 805 1.15
60 200 917 935 934 935 92.6 929 0.79
300 953 945 95.0 948 94.5 94.8 0.34

Table 7.6: Values ofglossat 20° for samplelR25 measured on R&D specimens.

R&D i IR257 Values ofGloss20°
Specimen
Tmod | Flow speed Av. value Sd.
cC) | (mmis) 1 2 . 4 5 [GU]
100 533 54.8 55.2 553 55.1 54.7 0.83
30 200 658 719 712 726 715 70.6 273
300 736 757 749 76.3 76.1 753 1.10
100 67.7 67.6 62.7 60.9 68.9 65.6 3.53
45 200 829 84.0 84.6 84.7 84.6 84.2 0.76
300 955 96.3 96.4 95.7 95.9 96.0 0.38
100 86.5 85.0 86.2 86.5 84.8 858 0.83
60 200 924 929 92.7 923 94.1 929 0.72
300 955 96.3 96.4 95.7 95.9 96.0 0.38
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Table 7.7: Values ofylossat 20° for samplelR34 measured on R&D specimens.
R&D i1 IR341 Values ofGloss20°
Specimen
Tmod | Flow speed Av. value Sd.
cC) | (mmis) - g E i 2 [GU]
100 284 281 28.8 27.1 29.9 285 1.02
30 200 48.0 494 49.5 50.9 49.3 494 1.03
300 555 55.1 56.2 56.1 57.7 56.1 0.99
100 439 46.0 438 42.3 43.6 439 1.33
45 200 659 66.6 67.0 67.0 65.8 66.5 0.58
300 67.9 735 733 720 712 716 2.26
100 57.2 67.2 66.2 67.3 68.3 652 4.56
60 200 884 875 88.1 88.7 85.6 87.7 1.23
300 86.7 88.0 89.0 87.9 87.6 87.8 0.83

However, an unexpected result was obtained and confirmed in each condition: sample

IR25 has a similar or highgjlossvalue than sample IR1&igure 7.26 shows thgloss

value as function of shear rate, for the three samples, for the 30°C mold temp@&teure.

slightly countettrend result obtained at R&D lab is not attributable to the lower particle

dimensions of sample IR25 compared to IR16 because the molding at QC always showed

a loweredylossvalue with increasing the swelling index.

100
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Figure 7.23: Glossat 20° for samplelR16vs flow front speegdparametric inthemold temperature
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Figure 7.24: Glossat 20° for samplelR25 vs flow front speeg@arametric inthe mold temperature.
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Figure 7.25: Glossat 20° for sample IR34 vs flow front speed, parametric in the mold temperature.
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Figure 7.26: Glossat 20° vs shear rate fornbi=30°C. The expected trend of increasigssby
decreasing the sweeling index is partially confirmed. Sample IR25 has a blghsthan IR16.

In the following tablegylossvalues obtainean specimensmolded with QC standard

conditionsare presented

Table 7.8: Values ofglossat 20° for sampldR16 measured on QC standard specimens.

QC standard conditionsi IR16 7 Values of Gloss20°
Specimen
Av.value | S.d.
1 2 3 4 5 6 7 8 9 10 [GU]
474 | 308 | 476 | 471 | 479 | 476 | 450 | 478 | 480 | 46.8 45.6 5.27

Table 7.9: Valuesof glossat 20° for sampldR25 measured on QC standard specimens.

QC standard conditionsi IR257 Values of Gloss20°

Specimen
Av. value | S.d.
1 2 3 4 5 6 7 8 9 10 (GU]
360 | 323 | 334 | 253 | 217 | 301 | 319 | 333 | 345 | 348 313 452

Table 7.10: Values ofglossat 20° for sampleR34 measured on QC standard specimens.

QC standard conditionsi IR257 Values of Gloss20°

Specimen
Av. value | S.d.
1 2 3 4 5 6 7 8 9 10 [GU]
135 | 117 | 122 | 102 | 102 | 102 | 9.6 96 | 106 | 9.8 10.8 1.29
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As obtained in the preliminary result during the production sampling, QC has confirmed
againthat glossdecreasedy increasingthe swelling index as shown in Figure Z7.
Furthermoreglossmeasured on QC specimens is, for each sample, much lower than on
R&D specimen

50

454 ’ QC standard conditionl

40

354

30

254

Gloss 20°

204

154

104
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IR

Figure 7.27: Glossat 20° vs IR for QC standard conditions.

The following tableshow the resultsf QC nolding with filling conditionsthat reproduce
the same shear ratdeveloped byrR&D conditions.

Table 7.11: Values ofglossat 20° for samplelR16 measured on QC specimens.

QC 1 IR16 71 Values of Gloss20°
Tmolda=30°C Specimen
Imp.vol. Av. S.d.
flow rate 1 2 3 4 5 6 7 8 value
(cm3/s) [GU]
24 265 | 345 | 350 | 349 | 346 | 337 | 349 | 354 337 2.76
52 50.7 | 526 | 533 | 548 | 516 | 528 | 530 | 514 525 1.20
77 636 | 623 | 622 | 625 | 621 | 597 | 588 | 599 614 1.58
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Table 7.12: Values ofglossat 20° for samplelR25 measured on QC specimens.

QC 1 IR2571 Values ofGloss20°
Tmoi=30°C Specimen
Imp.vol. Av. S.d.
flow rate 1 2 3 4 5 6 7 8 Value
(cm3/s) [GU]
24 254 | 251 | 260 | 268 | 286 | 290 | 300 | 312 27.8 211
52 310 | 287 | 266 | 307 | 339 | 302 | 252 | 333 30.0 2.83
77 390 | 430 | 391 | 399 | 401 | 479 | 477 | 438 42.6 3.44

Table 7.13; Values ofglossat 20° for samplelR34 measured on QC specimens.

QC 1 IR34i Values ofGloss20°
Tmola=30°C Specimen
Imp.vol. Av. S.d.
flow rate 1 2 3 4 5 6 7 8 value
(cm3/s) [GU]
24 7.6 8.2 7.8 7.7 8.4 8.1 8.1 8.3 8.0 0.27
52 8.9 9.1 92 | 102 | 105 | 148 | 124 o 10.7 2.0
77 107 | 100 9.5 116 | 103 | 106 | 102 | 101 104 0.58
** specimen excludetiecause not evaluable

Figure 7.28 shows the trend gibssas function of shear rate for sampleslaed at the
QC lab.
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Figure 7.28: Glossat 20° vs shear rate for sample®leedin theQC lab.
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It is possible to note that even replicating the R&D conditions, QC always obtained a trend
of increasingglossby decreasing the swelling index value. Another consideration is that
the sensibility ofjlossto the increase in shear rate is different for the two laboratories. In
fact, R&D produces more or less the same growing tremglosEby increasing the the

shear rate for all samples, while for QC lab the trend is different. In fact, considering
sample IR16 mlded at QC lab, thglossvalue is signifiantly increased with the shear

rate. Sample IR25 improves tgessvalue of around 10/15 [GU] both in R&D and QC

labs, while the increase in shear rate seems to have only a very small effect, if there is any,
for sample IR34. A possible explanation of this fact will be presented inGlb$svalues

at 60° and 85° for QC specimens egportedbelowfor the sake of completeness

Table 7.14: Values ofglossat 60° for samplelR16 measured on Q§pecimens.

QC1i IR161 Values ofGloss60°
Tmoii=30°C Specimen
Imp.vol. Av. S.d.
flow rate 1 2 3 4 5 6 7 8 value
(cm?®/s) [GU]
24 587 | 728 | 739 | 726 | 730 | 727 | 719 | 733 711 5.05
52 817 | 818 | 828 | 838 | 810 | 826 | 825 | 813 82.2 091
77 86.6 | 869 | 864 | 860 | 881 | 868 | 865 | 858 86.6 0.70

Table 7.15: Values ofglossat 60° for sample R25 measured on QC specimens.

QC 1 IR2571 Values of Gloss60°
Tmolda=30°C Specimen
Imp.vol. Av. S.d.
flow rate 1 2 3 4 5 6 7 8 value
(cm¥s) [GU]
24 628 | 614 | 630 | 638 | 643 | 670 | 675 | 678 64.7 242
52 590 | 664 | 640 | 658 | 663 | 667 | 631 | 686 65.0 2.95
77 690 | 748 | 725 | 740 | 718 | 790 | 754 | 715 735 3.02

Table 7.16: Valuesof glossat 60° for samplelR34 measured on QC specimens.

QC 1 IR34 171 Values of Gloss60°
Tmold=30°C Specimen
Imp.vol. Av. S.d.
flow rate 1 2 3 4 5 6 7 8 value
(cm3/s) [GU]
24 273 | 262 | 245 | 313 | 317 | 282 | 341 | 306 29.2 3.21
52 307 | 318 | 332 | 345 | 358 | 427 | 424 ** 35.9 4.86
77 324 | 331 | 352 | 363 | 336 | 311 | 316 | 314 331 1.87
** specimen excludeldecause not evaluable
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Table 7.17: Values ofglossat 85° for samplelR16 measured on QC specimens.
QC 1 IR16 1 Values of Gloss85°
Tmoi=30°C Specimen
Imp.vol. Av. Sd
flow rate 1 2 3 4 5 6 7 8 Value
(cm3/s) [GU]
24 936 | 956 | 969 | 969 | 969 | 945 | 962 | 96.9 959 1.28
52 984 | 981 | 977 | 933 | 978 | 985 | 985 | 984 97.6 1.76
77 983 | 986 | 97.7 | 988 | 989 | 987 | 987 | 988 98.6 0.39

Table 7.18: Values ofglossat 85° for samplelR25 measured on QC specimens.

QC 1 IR2571 Values of Gloss85°
Tmola=30°C Specimen
Imp.vol. Av. S.d.
flow rate 1 2 3 4 5 6 7 8 Value
(cm¥s) [GU]
24 951 | 949 | 954 | 954 | 957 | 963 | 962 | 96.2 95.7 0.54
52 925 | 958 | 963 | 961 | 957 | 964 | 957 | 970 95.7 1.36
77 955 | 979 | 976 | 979 | 967 | 978 | 980 | 978 974 0.87

Table 7.19: Valuesof glossat 85° for samplelR34measured on QC specimens.

QC 1 IR34i Values ofGloss85°
Tmold=30°C Specimen
Imp.vol. Av. S.d.
flow rate 1 2 3 4 5 6 7 8 value
(cm¥s) [GU]
24 872 | 860 | 845 | 892 | 889 | 879 | 905 | 889 87.9 1.93
52 90.7 | 901 | 910 | 896 | 923 | 927 | 933 ** 914 1.40
77 877 | 903 | 915 | 916 | 914 | 894 | 904 | 910 904 1.33
** gpecimen excludedecause not evaluable

This data will be considered in 87.9 for thl@ssroughness correlation study, in which
the differentglossevaluation anglewill be included.

7.8 Surface roughness evaluation

The roughness had been measuredheriive samplesnolded atR&D, andon the

eight samples, for bot@QC standard conditions and QC conditions reproducing R&D
shear ratesThe parametersonsideredvere’Y ,Y and’Y "Y defined as follows:

1 Y is the arithmetic mean of the profile deviation from the mean line z=0:
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v % 1 600 @
(7.6)

1 Y is the root mean square profile deviation from the mean line z=0:

vy 2 oseaa
o}
(7.7)
1 °Y"Yis the mean spacing between the asperities, calculated as follows

0

YUY ,
Y

CH

(7.8)

with L=sampling length an® 0 peaks count.
It has beendecided to evaluate the roughness itwestigate, qualitatively and
guantitatively, hows it correlated witlgloss Since both R&D and QC specimens showed
the glosstransition at the end of the plaque, the first target of roughness measures had
been measuriny and‘Y"Y, both in middle and at the eraf the specimensThe
following figures have been obtained photographing QC specimens, for the condition of
maximum shear rate, under an optical microscope to highlight the differentessét
the end of the plaque. It is possible to see that the area involglesgsatransition is higher
for sample IR34, and this is valid in each condition. The hypothesis is that since particles
of IR34 are subjected to higher deformation and orientation, the result is that, for all
condtions the same, IR34 retains more the induced orientation state, in comparison to
IR16 and IR25. Furthermoregloss transition decreases by increasing the mold
temperature, because the polymer has more time to relax the induced orientation and to

replicate the mold.
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IR16 OC T=30°C shear rate 640s-1 i! L} IR16 QC T=30°C shear rate 640s-1

Figure 7.29: Glosstransitionat the end of the QC specimen IR16.

IR25 QC T=30°C shear rate 640s-1 e IR25 QC T=30°C shear rate 640s-1

Figure 7.30: Glosstransition at the end of the QC specimen IR25.

IR34 QC T=30°C shear rate 640s-1 i — s IR34 QC T=30°C shear rate 640s-1

Figure 7.31: Glosstransition at the end of the QC specimen IR34.
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Thefollowing tablesshow the resultsf roughness measurés R&D specimensAs it

will be shown in §87.13, simulations of the mold filliag QC and R&Dabs have been
performed although with some approximations. These showed a lower pressure at the end
of the plaque, as also expected from the theory, for which the melt pressure increases by

increasing the contact length, as shown in Figure 5.5. Thegidkstransition at the end

of the paque is due to the decreasing pressure profile in the flow direction.

Table 7.20: Average values of and’Y Y at the centre and the end of R&D specimens IR16.

R&D conditions i IR16 i Average values off 1andd 4|, at the centre and at the edge of thé
plague
Tmoa | Flow front Average valueq 1 Average valueq 4,
(°C) speed [um] [um]
(mm/s) centre | S.d edge Sd |centre| Sd edge Sd
100 0.048 | 0.004 | 0.070 | 0.014 | 42.86 | 5.345 | 43.90 | 8.234
30 200 0.034 | 0.005 | 0.044 | 0.005 | 54.84 | 14.23 | 37.08 | 4.227
300 0.030 | 0.000 | 0.044 | 0.005 | 45.34 | 6.794 | 31.94 | 5.871
100 0.036 | 0.005 | 0.054 | 0.009 | 55.62 | 9.817 | 46.18 | 12.345
45 200 0.030 | 0.000 | 0.044 | 0.009 | 68.62 | 17.52 | 33.16 | 5.137
300 0.032 | 0.004 | 0.044 | 0.005 | 76.04 | 40.99 | 33.02 | 5.175
100 0.032 | 0.004 | 0.044 | 0.005 | 59.96 | 14.69 | 31.70 | 4.024
60 200 0.034 | 0.009 | 0.036 | 0.005 | 69.80 | 7.879 | 42.54 | 17.47
300 0.030 | 0.000 | 0.038 | 0.004 | 74.28 | 15.24 | 40.88 | 12.12

Table 7.21: Average values of and'Y "Y at the centre and the end of R&D specimens IR25.

R&D conditions i IR25 i Average values of and 4|, at the centre and at the edge of the
plague
Tmoa | Flow front Average valueq 1 Average valueq 1}
(°C) speed [um] [um]
(mm/s) centre | S.d edge S.d |centre| S.d edge S.d
100 0.042 | 0.004 | 0.052 | 0.004 | 62.20 | 12.15 | 43.32 | 9.881
30 200 0.030 | 0.000 | 0.046 | 0.009 | 67.28 | 13.47 | 36.56 | 8.652
300 0.030 | 0.000 | 0.048 | 0.004 | 70.26 | 8.806 | 37.42 | 13.55
100 0.032 | 0.004 | 0.048 | 0.008 | 68.30 | 11.01 | 43.82 | 4.194
45 200 0.028 | 0.004 | 0.040 | 0.000 | 77.80 | 16.16 | 35.64 | 5.064
300 0.028 | 0.004 | 0.038 | 0.004 | 71.26 | 15.38 | 35.18 | 4.033
100 0.030 | 0.007 | 0.038 | 0.004 | 70.06 | 20.49 | 35.58 | 4.746
60 200 0.030 | 0.007 | 0.040 | 0.000 | 81.96 | 40.80 | 35.28 | 4.493
300 0.024 | 0.005 | 0.042 | 0.004 | 71.06 | 18.36 | 28.78 | 4.765
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Table 7.22: Average values of and’Y Y at the centre and the end of R&D specimens IR34.

R&D conditions i IR34 i Average values of Land4 4|, at the centre and at the edge of the
plague
Tmoa | Flow front Average valued 1 Average valueq |,
(°C) speed [um] [um]
(mm/s) centre | S.d edge S.d |centre| S.d edge S.d
100 0.054 | 0.005 | 0.072 | 0.011 | 36.74 | 4.175 | 33.84 | 3.694
30 200 0.040 | 0.000 | 0.060 | 0.007 | 32.96 | 3.329 | 26.04 | 2.388
300 0.040 | 0.00 | 0.060 | 0.000 | 33.94 | 4.863 | 22.12 | 1.052
100 0.048 | 0.008 | 0.060 | 0.000 | 45.40 | 9.056 | 29.72 | 2.801
45 200 0.032 | 0.004 | 0.058 | 0.004 | 47.94 | 8.908 | 21.22 | 1.291
300 0.030 | 0.000 | 0.056 | 0.005 | 52.98 | 13.24 | 21.02 | 2.190
100 0.034 | 0.005 | 0.054 | 0.009 | 45.82 | 8.801 | 34.52 | 5.943
60 200 0.034 | 0.009 | 0.054 | 0.005 | 57.98 | 11.01 | 24.54 | 4.658
300 0.030 | 0.000 | 0.058 | 0.004 | 62.30 | 18.07 | 21.54 | 0.907

As it is possible to sedoth’Y and’Y “Y vary from the centre to the edge, in particular

Y increases an® "Y decreases. This is a first clue that what seen with the naked eye

reflectsthe nature of the surface at microscopic level. In tdhe edggheopaque area

is justified with a more wrinkled surface (higher and closer pedlkts.same measures

have been donen QC standardspecimens. Thiollowing tables shows the results

Table 7.23: Average values of and’Y Y at the centre and the end of the standard QC speciRdb.

QC standard conditionsi IR16 i Average values of Landd 1|

Average valueq 1 [um] Average valueq 4, [um
centre S.d. edge S.d. centre S.d. edge S.d.
0.040 0.007 0.050 0.007 38.50 5.663 36.20 3.89

Table 7.24: Average values of and’Y Y at the centre and the end of the standard QC speciRab.

QC standard conditionsi IR25 i Average values of Landd 4|

Average valueq L [m]

Average valued {; [um]

centre

S.d.

edge

S.d.

centre

S.d.

edge

0.060

0.007

0.060

0.007

30.20

2,045

29.00

4.391

Table 7.25: Average values of and’Y Y at the centre and the end of the standard QC speciiRa4.

QC standard conditionsi IR34 i Average values of Land{ 4|

Average values + [um]

Average valueq 4 [um]

centre

S.d.

edge

S.d.

centre

S.d.

edge

S.d.

0.090

0.007

0.100

0.005

24.70

2.518

24.20

4.489
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In QC specimensY and’Y Y vary less thaiR&D, this is probablypecaus€)C standard
conditions are nofavorable for glossenhancemenand so thegglosstransition is less
evident However QC specimensre roughenn terms of highety and lowerY ™Y, also
justifying the lower gloss Successively, it was decided to studty more detail the
correlation betweeglossand roughnessSpecimeas molded atR&D lab at 30°Cand
specimens, reproducing the same conditionslded at QC labhave been used to
evaluateghese parameterSi nce t he Sisigygeststhetimedoptmenn stjuate
roughnesss correlated withgloss it wasconsidered th&y' valuesat the centref the

plaque where is measured algposs The following tables reportsthe resuls obtained.

The measuring unit is pm.

Table 7.26: Values ofY of sample IR16 oided at R&D lab.

R&D i IR167 Values ofq ,
T mold Flow front Specimen Av. value | S.d.
(°C) | speed (mm/s) 1 2 3 4 5 [um]
100 0.06 0.05 0.07 0.06 0.06 0.06 0.007
30 200 0.04 0.05 0.04 0.06 0.04 0.05 0.009
300 0.04 0.04 0.04 0.05 0.04 0.04 0.004
Table 7.27: Values ofY of sample IR25 pided at R&D lab.
R&D i IR25 i Values off ,
Tmold Flow front Specimen Av. value | S.d.
(°C) | speed (mm/s) 1 2 3 4 5 [um]
100 0.04 0.05 0.05 0.07 0.05 0.05 0.011
30 200 0.04 0.04 0.04 0.04 0.05 0.04 0.004
300 0.04 0.03 0.04 0.04 0.03 0.04 0.005
Table 7.28: Values ofY of sample IR34 pided at R&D lab.
R&D i IR34 i Values of ,
Tmold Flow front Specimen Av. value | S.d.
(°C) | speed (mm/s) 1 2 3 4 5 [um]]
100 0.07 0.07 0.05 0.08 0.07 0.07 0.011
30 200 0.03 0.05 0.05 0.06 0.05 0.05 0.011
300 0.04 0.05 0.05 0.05 0.03 0.04 0.009
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Table 7.29: Values ofY of sample IR16 oided at QC lab.
QCi IR16 7 Values of ,
Tmott=30°C Specimen
Imp.vol. Av. S.d.
flow rate 1 2 3 4 5 6 7 8 value
(ccm/s) [um]
24 0.14 | 005 | 0.08 | 0.12 | 0.07 | 0.07 | 0.07 | 0.07 0.08 0.030
52 0.05 | 005 | 005 | 0.05 | 0.05 | 0.06 | 0.05 | 0.05 0.05 0.004
77 0.05 | 005 | 005 | 005 | 0.05 | 0.04 | 0.05 | 0.05 0.05 0.004

Table 7.30: Values ofY of sample IR25 oided at R&D lab.

QCi IR257 Values off ,
Tmold=30°C Specimen
Imp.vol. Av. S.d.
flow rate 1 2 3 4 5 6 7 8 value
(ccmls) [um]
24 008 | 009 | 010 | 059 | 0.09 | 0.08 | 0.08 | 0.08 0.15 | 0.178
52 0.10 | 007 | 007 | 0.07 | 0.07 | 0.07 | 0.08 | 0.07 0.08 | 0.011
77 0.07 | 0.06 | 0.07 | 0.06 | 0.06 | 0.06 | 0.06 | 0.06 0.06 | 0.005
Table 7.31: Values ofY of sample IR34 pided at R&D lab.
QCi IR347 Values off ,
Tmoii=30°C Specimen
Imp.vol. Av. S.d.
flow rate 1 2 3 4 5 6 7 8 value
(ccm/s) [um]
24 016 | 057 | 017 | 018 | 015 | 047 | 016 | 0.16 0.22 | 0.144
52 013 | 012 | 022 | 012 | 012 | 0.09 | 021 | * 0.13 | 0.042
77 015 | 014 | 012 | 0412 | 0412 | 0415 | 045 | 011 0.13 | 0.017
** specimen excludedecause not evaluable

Data shows higher valuesdf for QC specimens. Furthermof@C labproduces a wider
range of roughness.

7.9 Correlation between gloss and roughness

As mentionedbeforg the'Y valueis correlatedo surfacegloss To obtain thefitting

functions;t he Si monsenods

n\s glosdneteh waselemgi ¢hea valuesoé d .
550 nmwas consideredecause ik is tre middle value of the visible wavelengths. The
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detectorcollection angle was 2.5°. In this wapah parameter, except the correlation
length, required for the model wasailable The correlation length wassedleft asfree
parameter for fitting the experimeni@ta Figure 7.32 reports the glossvaluesversus
roughnesgor QC specimensThe threecontinuouscurves have been obtained by fitting
experimental poistandtheyrepresent the three angles of evaluagtags(20°,60° and
85°). A correlation length equal to 1600 nm proved effective in fitting eatcbfgmints.
Three observations are worth mentran
1 sample IR16 shows higher valueggtidssjustified bylower roughness, as well as

a lower span ifiy values;

1 considering a single curve, sample IR34 produces a wider range of royghness
maintaining an almost unchanggidssfor different nolding conditions;

1 theplotshows the reason wigyossy materials are evaluated at 20° rather than 60°
or 85°. In fact, increasing the evaluating angtessrapidly increases andig no

longer possible to appreciate the differencdsigi glosssamples.

80+

® |[R25 24 cc/

® |R2552 cclp

60 - @ |R25 77 cclp

® |R34 24 ccl$

@ |R34 52 ccl/$
®

404 IR34 77 ccl$

Gloss (%)

® |R16 24 ccls
204 ® |R1652ccls
® |R16 77 ccls

Corr lenght=1600 nm
0 T T I

0 50 100 150 200
Rq (nm)

Figure 7.32 Glossvs.roughness correlationY is the rootmeansquare roughnes&ach point
represents thglossand the'Y evaluatedor eachsample.The three curves represent the thes@luating

glossangles(20°, 60° and 85°). The correlation length has been used as fitting parameter for the
experimental points.
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Considering Figur&.28, representing the trend gfosswith increasing volumetric flow

rate and the Figure 7223the following consideratiacan be made. The flow injection
speed acts in opposite ways: the one hand byncreasinghis speedthe pressure, and

then the replication factor, increasen the other hand liéads to a higher orientation on

the surfaceProbably a balance between the two contributidmat could explain the
differences, under the same molding conditions, between the samples. Looking at the
roughnes values of sample IR34,i& possible to say that points of intermediate flow rate
(52 an’/s), are on average more shifted toward lower roughness values compared to the
high flow rate (77 m?s). The reasomould bedueto the fact that witincreasing the flow

rate the pressuracreasedutwith thatalso the surface orientation, whose raltonleads

to a more wrinkled morphologyn fact, for sample IR34, which have more deformable
andconsequentlynore oriented particles, the increase in flow rate does not result in an
increase ofjloss For sampleIR25 and IR16, the same principle applies, but since they
have lower deformability afhe particles the increase in flow rate causes an increase in
pressure rather than a higher orientatiarthis way they show highejlossjustified by

lower roughness values.

100

e QC I
R&D
80-

Corr lenght=1600 nm

-

Gloss 20°
D
?

20

T
0 20 40 60 80 100 120 140 160 180 200
Rq(nm)

Figure 7.33: Correlationbetweerglossat 20° andY for both R&D and QC specimens. R&D prodsice
lower and narrow range of roughness compared to QC.



-116- Chapter?7

100
. m
80
704
L
__ 604
S
o 50+
8
O 404
304 -
20 ¢ 20°QC
1 & 60°QC
104 € 85°QC
* 20°R&D L J
0 T T T T T T T I
0 20 40 60 80 100 120 140 160 180

RO| (nm)

Figure 7. 34: Glossroughness correlation. In this case each point represents the average values for each
condition for each sample.

Figure 7.33 shows the correlation betweerglbssvalue measured at 20° and roughness,

for both R&D and QC specimens. For practical reasons, onlgltissevaluation at 20°

for R&D specimens has been done. This graph has the aim of highlighting the differences
between the two labs. It is evident that, although the saofting conditions were set as
similar as possible, the two labs produce specimens with different roughness and
consequently with differengloss QC produces rougher specimens than R&D. la
Furthermore, samplesatded at QC lab show a wider range of roughness compared with

R&D. The average values gfossversus roughness are shown in FiguBs.7.

7.10 The rubber modification during injection molding

Given the differences of resuli®m the two laboratories, the doubt arose that the
molding processouldsomehow affect the cro$isking degree of the rubbery phase. To
investigate if this washe case thewelling index on ralded specimensas measured
The condition of T=30°C and flow injection speed of 200 mm/s for the R&D lab and the
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standard condition for Q@b were chosenThe following table reports the IR values

obtainedusing the standard internal method

Table 7.32 Measure of thewelling index on wided specimens.

Sample Real IR IR of R&D specimen IR of star_wdard QC specimen
(T=30°C, v=200mm/s) (T=35°C, increasing flow rate)
IR16 18 15 18
IR25 285 205 215
IR34 325 24 27

The results confirmed that the processimjéction nolding alteredthe crosdinking

degree of the rubber. Moreover, although the conditions are not properly the same, R&D

change moreheavilythe swelling index. This isot surprisingsinceR&D lab, using an
old injection nolding machine with a less precise parameters cootiniparedo the

newerelectricmachine othe QC laboratory leads toa greatepolymer degradation. In

any case, special attention, from a production point of view, should be paid to this aspect,

especially withmediumhigh IR values.

7.11 Alternative measures of the swe Iling index

The traditional determinationf the swelling index (IRpresents some problems.
First of all, the long time and the high amount of solvent required foratiadysis In
addition for salamilike particles also part of the matrix inside theibbery phase
contribute to the swelling, so the result is not calgonsequence of tlwwntributon of
the rubberalone Finally, smallest andhighly-crosslinked particles tend to remain
suspededandthust hey donodt c o nt rSinbeuthie swiéhgoindex s e
strongly correlated with the capillary elastic numlaerd therefore withhe elongational
viscosity, an alternative methodhas been used to try to correlate seetwo parameters.
Since itwas demonstratethat injectioamolded specimenpossess reduced IR value
compared tathe initial granules, it was decided tgerform EVF testsat 150°Con
specimens obtaindcom the compression afding at 190°C opieces of thelates Three

elongational strain rates equal to 1s?, 0.1s*and 0.01s up toHenckystrain equal to

me as u
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3.4 have beeninvestigated Figures 7.35, 7.36 and 7.3Bhow the comparison of
elongational viscosities for ABS granules, R&db (T=30°C, v=200 mm/s) and QC lab
standard specimens, for each sample. It is possible to see that for sample IR16 the
elongational viscosity is similar to that of the granules, R&D and QC plaques. By
increasing the swelling index, the differences betwgramules and oided specimens

beginning to appear.

Figure 7. 35: Elongational viscosity and strain hardening index of sample IR16 measured at 150°C by

EVF tests. EVF specimens have been obtained from granules, QR8&hdpecimens.

Figure 7. 36: Elongational viscosity and strain hardening index of sample IR25 measured at 150°C by
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EVF tests. EVF specimens have been obtained from granules, QC and R&D specimens.
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Figure 7.37: Elongational viscosity and strain hardening index of sample IR34 measured at 150°C by
EVF tests. EVF specimens have been obtained from granules, QC and R&D specimens.

Figure 7.38 shows the elongational viscosity linear values obtained for elongational strain

rate equal to 0.1%sa n d

Hencky
as a function of the ideal elongational viscosity linear trend obtained using the values of
the granules (an ideal bisector line). The deviation from the original elongational viscosity
value of the corresponding granules is thus immediately eviflbatviscosity values of

the granules obviously lie on the bisector of thegravhile nolded specimens lie below

due to their lowewiscosity valuesThe fact that mlded specimengxhibit a lower

elongational viscosity confirethe results obtained with the measure of IR on plaques.

strain

of

3.28 (npeak

As mentioned previously discussing the elongational viscosity of soft partibiess

lower for lower IR particles becauseof ther lower deformability. In view of tis
promising results obtained with EVF tests, an attempt was made to see if this technique
could somehow be able to indirectly meastire degree of crosslinking of the rubber

particles ando prove a valuable alternativettee swelling indexnethod

of
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Figure 7. 38: Elongational viscosity vs elongational viscosity for granules, R&D and QC specimens.

T
1,4x10

R&D specimens have a lower elongational viscosity in support of lower IR.

By plotting the values of elongational viscosity versus the correspgneblues of

swelling index Figure7.39 was obtained.A clear excellentcorrelation between the

elongational viscosity and the swelling indexsts whichcanbe expressefbr samples

in objectand strain conditionthe following relation:

- aBteIPp nm VP 0 ¢(Pp OY

(7.9)

It must be stressed thats relationholdsonly for samples with #gasamenolecular weight

andthe sameoarticle morphology.
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Figure 7.39: Correlation between the elongational viscosity #mel swelling index IR. The linear fitting
of experimental data shows a good correlation between the two properties.

For completeness the following graphs showing the differences in terms of strain

hardening index are also reported.

2,8
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T T
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Figure 7.40: Strain hardening index vs strain hardening index for granules, R&D and QC specimens.
R&D specimens have a lower SHI in support of lower IR.
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Figure 740 shows the strain hardening indekthe granules, that obviously lie on the
bisector of the graph, while slded specimens lie belodue to theilower valuesThe

Figure 741 shows the strain hardening index versus IR.

3,0
2,8 Hencky strain rate=0.1s
2,64 Hencky strain=3.28

2,44 T=150°C
2,2
2,0
1,84
1,64
1,44
1,24
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0,84

strain hardening index

SHI= -0,5425+0,09586IR]
0,6+ R=0,98
0,4

T
10 12 14 16 18 20 22 24 26 28 30 32 34 36
IR

Figure 7.41: Strain hardening index vs the swelling index. The linear interpolation of experimental data
gives an optimum correlation between the SHI and IR.

As for the elongational viscosity, a linear relationship between the strain hardening index
and the swelling indeis highlighted and can be expressed as follows

YOO T8 T ¢ uBt wu PA@Y
(7.10)

An in-depth future study could lead to the creation of a rheological métraetermire
the swelling index. This would lead to the elimination of the problems of the traditional

technique mentioned before.
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7.12 Micrograph y SEM

To obtain a complete view ofhe surface morphologpf the molded plates
micrographs were taken with a Scanning Electron Microscope (SEMbllaboration
with the Microscopy laboratory of the research cerfach image has been collected at
the center of the plate, which was previously coated with gold to make the surface
conductive. Figures 7.42, 7.43 and 7.44 show the surface morphology, obtained with
secondary electrons, of QC lab standard specimens. ffaeedces ofjlossand surface
roughness between the three samples ifiroeed also by the micrographSample IR16
shows more particles on the surface, although the surface appears less rough compared to
sample IR25 and IR34.

IR16 QC STANDARD 10um

Figure 7.42: Micrography SENMbf sampldR16 QC standard specimen.
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IR25 QC STANDARD 10um

versalis

Figure 7.43: Micrography SENMbf sampldR25 QC standard specimen.

IR34 QC STANDARD 10um

Figure 7.44: Micrography SEMbf sampldR34 QC standard specimen.
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Figure 7.45 shows theicrographs obtained on sampleslded in the condition of
Tmoi=30°C and shear rate of 43Q$oth for R&D and QC labs

Figure 7.45: Micrography SEMbbtained with secondary electroos R&D and QQab specimens
molded in the same conditionsy{J=30°C, shear rate 4309.





































































