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1 INTRODUCTION

It is obvious that during the last decades the mamee of plastics has increased. Today
it is not easy to find a product that neither corggplastics nor has been produced by
equipment containing plastics. A large amount @& fhastics used is unfortunately
treated as waste after it has served its main gerpo broken down. Even though a
plastic part is broken, there is usually still metlevalue left in the part but this is sel-
dom utilized. Luckily, there have been developmeémta positive direction. For exam-
ple, the European Union directive 2004/12/EC rezgimember states to have a collec-
tion system for used packages. Different systeme haen applied and especially pol-
yethylene terephthalate (PET) has proven to betipehdo recover. The reason for this
is that PET is the most common bottle material Used¢arbonated beverages and wa-
ter. Bottles are easy to sort and separate frorar gifastics and some countries have
also implemented a refill and deposit system wiceresumers pay a deposit when buy-
ing a bottle which is redeemable when the bottleetarned. This system has a very
high return rate and greatly favours the recycfdET. All of this has led to an in-
creasing abundance of recycled polyethylene telnapdte (rPET) and to advances in
technology and equipment needed for successfubptimh and processing of rPET. As
companies today are interested in sustainable olewveint that can be done economi-
cally, there has also been a steady increase imtdest of using this material in pro-

duction.

K.Hartwall Oy has many customers in the beveragestry that uses PET bottles and
could therefore have good availability to rPET. meake use of this resource, the com-
pany would be interested in making beverage trayobit. The trays are currently be-
ing produced out of high-density-polyethylene (HDREough injection moulding. At
the start of this project it was suspected thatipcing the tray out of rPET with injec-
tion moulding would be problematic because PETihadequate flow properties. How-
ever, the literature reviewed for this work suggebiat PET has good flow properties
but on the other hand can be problematic with gyt for example moisture sensitivi-
ty and crystallization. Nevertheless, one of thémnaams for this thesis was to come up
with a solution to tackle the poor flow properti@sit it was also investigated how PET

and rPET flows in reality and in comparison to HDREorder to determine if it would
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be possible to use injection moulding for this msg An alternative production meth-
od, injection compression moulding, is also presérand reviewed. This production
method combines the applications of injection mmgdind compression moulding and
reduces the needed injection pressure for a sdotessulding.

PET is very sensitive to moisture when processelteMheated to processing tempera-
tures, any moisture present will cause a redudtiothe molecular weight due to hy-
drolysis. While this leads to a decrease in viggogtialso means that every time PET is
re-processed without any modification, mechanicabprties should deteriorate. Fur-
thermore, a study suggests that it is difficultmould amorphous parts out of post-
consumer PET bottle scraps because of the reduokgtufar weight and the presence
of impurities. Impurities can act as nucleatingragevhich promotes crystallization. It
is however possible to modify and extend the mdécchains through different meth-
ods and grades with minimal impurities are avadalbh this thesis unmodified rPET

flakes and chain extended rPET granules were tested

If the tray is to be manufactured out of PET, arogshous part would be preferred.
Amorphous PET offers more toughness and ductiigntsemi-crystalline PET, which
would be desired properties. Because it was suggdisat it might be difficult to mould
amorphous products from bottle scraps, the unmedlifiPET flakes were blended with
virgin PET at a 50/50 weight percentage (wt%). itdtfit was not intended to do any
tests with 100 % rPET flakes but as there was serte material, the material was
tested partially. The modified rPET granules weok blended. As the viscosity of un-
modified rPET should be lower than that of PET nbiag them was viewed as a possi-
ble solution for reaching adequate flow propertfesother attempt for a solution was to
incorporate titanium dioxide (T into a blend of PET and rPET. This was done by
mixing TiO, with the flakes and then extruding them into gsllé& previous investiga-

tion suggests that Tihas positive effects on flow properties when béshdith rPET.

A literature survey was done to gather informatdiout the materials, the production

methods, polymer rheology and testing methods. dimpirical part consists of six

methods. An in-mould rheology test was done withred materials to test the viscosi-

ties at different flow rates. HDPE was used asfereace material in order to see if
12



there is a big difference in viscosity when comgangth the PET and rPET materials.
An injection moulding simulation was done for thrayt with Autodesk Simulation
Moldflow Insight 2013, with HDPE and PET as matksia tensile test was done with
all the materials except for HDPE because the fygwahis test was to compare the me-
chanical properties of the PET and rPET materite effect of mould temperature on
PET was also investigated with the tensile testmeit flow index test was also done to
compare viscosities but because it would be difffimucreate a homogenous mix of ma-
terials inside the melt flow index cylinder, the PEBnd rPET blends were not tested
with this method. In Table 1 the materials usedefach test can be seen. Furthermore,
an interview was done to get expert opinions atibat suitability of the production
methods. Finally cooling time, energy consumption @rice indices were calculated
and compared.

Table 1. The materials used for each testing method

PET PET | PET | PET/rPET | PET/rPET/TiO, rPET

20°C | 30°C | 40°C | (50/50 (49,75/49,75/ | gran- HELGH
wt%)

X

Viscosity Par-

X X X X X
test tially
Melt
flow in- X X X X X

dex
Tensile

X X X X X X X X
test

The research questions for this thesis are:

1. Does PET have too poor flow properties to be usegrfoducing trays through
injection moulding?

2. Do the rPET materials have better flow propertied weaker mechanical prop-
erties than PET? How does Ti@ffect flow properties?
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3. Does rPET have more value than HDPE, in terms dénad performance and
from the economic and ecologic viewpoint?

4. Would injection compression moulding be a moreatié production method?

2 BACKGROUND

K.Hartwall Oy was founded in 1932 in Sipoo and tetdwith producing the wiring and
clamps for the porcelain caps for Finland’'s boitldustry. Today K.Hartwall Oy has
customers in 30 countries and local sales in 18.fidad office is still located in Sipoo.
The company offers solutions and returnable goaasers in five areas: retail, bever-
age, dairy, logistics and lean. Products comeenfoinm of beverage trays, roll contain-
ers, dollies, foldable cages, adaptor pallets andrs Key drivers for the company’s
product development are the following: low weiglayw noise, excellent fit for auto-
mated processes, ergonomic and attractive desnyiroament friendliness and use of

newest materials and technology.

The beverage trays are a part of the Tray-DollyeP&IDP) system and come in differ-

ent sizes depending on how many and what sizeelattis designed to carry. The trays
can be stacked on dollies and the dollies can &deegl on adaptor pallets. During pro-
duction, warehousing and transporting all individparts of the system are connected.
When the bottles reach the markets the dollieseparated from the adaptor pallets and
rolled into the stores’ beverage departments wtiexg will remain until the bottles are

sold. At return, when the bottles have been sblkl empty trays are stacked on the dol-

lies and transported back to production. Figurustrates the system.

e Mrshop —
L — ' A

In production, Iln rgagrn
warehouse and ogistics
transport

Figure 1. The TDP system (K.Hartwall corporate @netmtion 2013)
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In Figure 2, a beverage tray is shown. This trageisigned to carry twenty four 0,5 litre
bottles. The material used is HDPE and it is predutirough injection moulding with a

double cavity mould. Some of the technical speatfans for the tray include:

- It must exhibit sufficient weather resistance fatdwor storage.
- It must remain intact when dropped from a heightrog meter.

- It must withstand washing at 7Q in an alkaline solvent with max 2 % NaCH.

Figure 2. Beverage tray (K.Hartwall)

3 LITERATURE REVIEW

In this chapter the company, materials, recyclihd®BT and the production methods
are presented. The rheology of polymers is alsewed in order to explain what de-
termines the viscosity of a plastic melt. Finallpnathod for generating viscosity curves

with an injection moulding machine is presented.

3.1 Polyethylene terephthalate (PET)

Polyethylene terephthalate (PET) is a thermoplasilgmer that belongs to the polyes-
ter family, as it contains the ester group in iimchain. The monomer is mainly syn-
thesized through the esterification reaction ofykethe glycol and terephthalic acid.

Synthesization is immediately followed by polymatipn through polycondensation

15



which produces the polymer and as a by-productervét Figure 3, the repeating unit
of the polymer chain in PET is shown. (Odian 20649

Figure 3. The repeating unit of polyethylene tetbphate (Klason & Kubat 2001:122)

PET can be both amorphous (APET) and semi-crys&allCPET). By the use of low
mould temperatures and quick cooling, amorphouts gan be produced whereas high
mould temperatures and slow cooling of the meldde® semi-crystalline parts. Amor-
phous polymers solidify in random arrangement whrgstalline polymers align in an
ordered crystal structure. No polymer can crysalll00 % but polyethylene for exam-
ple, can reach 90 %. This means that 90 % of themmahis crystalline and 10 % is
amorphous. Therefore the term semi-crystallinesisdu Figure 4 illustrates the differ-

ence between amorphous and semi-crystalline pol/n(@rane et al. 1997:58 f.)

Amorphous structure

Semi-crystalline structure

== Crystalline region

™ Amorphous region

Figure 4. Amorphous and semi-crystalline struct{@eane et al. 1997:59)

Typical properties for amorphous and semi-crystallpolymers are as following:

16



Amorphous Semi-crystalline

- Broad softening range - Sharp melting point

- Usually transparent - Usually opaque

- Low shrinkage - High shrinkage

- Low chemical resistance - High chemical resistance

- Poor fatigue and wear re- - Good fatigue and wear re-
sistance sistance

(Crawford 1998:4 1.)

PET is used in for example beverage bottles, flexibod packaging, fast food trays,

space blankets, synthetic fibres, gear wheels aadrigs. (Osswald et al. 2006:606)

3.1.1 Processing

PET is a very versatile polymer and can be proceggeugh many methods. The most
common methods include extrusion, thermoforminggwbimoulding and injection
moulding. A combination of injection moulding antblw moulding is the most used
production method for PET today and is done to peedbottles for beverages. (Zeus
Industrial Products, In@010:2)

One very important thing to consider when proces8IRT is moisture. PET is a hygro-
scopic material and is very sensitive to moistunemprocessed. When water and suffi-
cient heat is present hydrolysis occurs, whichdgadde-polymerization and a decrease
in the molecular weight. This means the polymerirchg cut and shortened which re-
sults in a decrease in strength, toughness andsiigcBecause of this it is important to
dry the material thoroughly and minimize the amoahimoisture before processing.
(Giles et al. 2005:217)

PET should be dried at a temperature between E8¥8L60 °C (280-320 °F) using a
drier that reaches a dew point of -28,9 °C (-2008Fpelow. The drying time for virgin
pellets should be at least four hours and thaeojaled flakes at least five to six hours.

PET should be dried to a moisture content of 0,0{®%/C 1998:2)
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According to Giles et al. the moisture limit is B,8, and should not be processed if
this value is exceeded. As can be seen in Taldeet] PET with 0,01 % moisture kept
in room temperature and 50 % relative humidity vaitisorb moisture up to 0,02 %
within 15 minutes. (Giles et al. 2005:217)

Table 2. Rate of moisture absorption of PET resiadito 0,01 % moisture (Giles et al. 2005:217)

Relative humidity % 15 minute exposure 1 hour exposure 24 hour exposure
15 0,015 0,017 0,032

50 0,02 0,03 0,082

100 0,035 0,055 0,3

3.1.2 PET and injection moulding

Other than in bottle production, PET has traditlynaot been used as a material for
injection moulding. In addition to its moisture séivity, it has been difficult to pro-
duce semi-crystalline mouldings because PET exhibilow crystallization rate and is
apt to embrittle upon crystallization. However, raglays there are solutions to encoun-
ter these problems and to enhance the propertid3Edf Nucleating agents can be
mixed with PET to improve the crystallization rated quality and drying equipment
has been developed to meet the requirements of (Sefeirs & Long 2003:495 f.)

The processing temperature window is 260-30Gand mould temperatures depend on
whether the aim is to produce semi-crystallinerangphous parts. Mould temperatures
for semi crystalline parts should be 130-150 °CicWiof course means slower cooling.
By using nucleating agents the mould temperaturehzavever be slightly lower. For
amorphous parts the mould temperature should berdiog to Osswald et al. 20°C.
According to Scheirs & Long (Scheirs & Long 200338nmodified PET can be injec-
tion moulded without difficulty only with mould teperatures of 15-40 °C. Shrinkage is
notably smaller for APET (0,2 %) than for CPET ¢2,D %). (Osswald et al. 2006:718)
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Other than nucleating agents, PET can be modifjethé use of a number of different
additives in order to overcome problems and to owprcertain properties. Plasticizers
can also promote crystallization as well as agtrasessing aids by reducing the inter-
molecular forces between the PET chains (Sheir®8gL2003:521). This has the effect
of a lubricant and allows the chains to slip past @another easier. In Table 3 some
problems that one might encounter when procesdigde listed, as well as additives

that can be used as solutions for the problemi(S& Long 2003:496)

Table 3. PET deficiencies and suggested solutihsi(s & Long 2003:496)

Property deficiency Remedy
Hygroscopicitly Internal desiccanls

Slow to crystallize Nucleating agents, plasticizers
Uneven crystal size Nucleating agents

Low glass transition temperature Glass fibres

Brittle fracture behaviour Impact modifiers

Notch sensitivity Impact modifiers

Drop in IV during extrusion Chain extenders

Oxidation during extrusion Stabilizers

Hydrolysis Hydrolysis repair additives
Autocalalylic acid-catalyzed hydrolysis Carboxyl scavengers
Warpage Mineral fillers

3.1.3 Properties

As for most plastics, the properties will dependeayhighly on the degree of crystallini-

ty and molecular weight. Higher molecular weigtas Ibnger polymer chains) enhance
mechanical properties such as strength and st#fi&se Figure 5). PET is available
with different molecular weights and as earlier trmred can be used to produce both
amorphous and semi-crystalline parts. Generallyewver, PET is considered to be a
hard, strong and stiff material with good weathgramd UV resistance, good electrical
properties, low coefficient of friction. Campo satthat PET has high melt flow-

properties (Campo 2008:28) and, likewise, Zeus strihl Products Inc. mentions that
PET has a low viscosity which allows it to fill cpiex and thin sections easily (Zeus
Industrial Products, InQ010:5) Furthermore, PET is not susceptible to stresskarg.

It has good chemical resistance and is not harrgetidak acids, weak alkali solutions,

oils, fats, aliphatic and aromatic hydrocarbons aarbon tetrachloride. On the other

hand it can be harmed by strong acids, strongiakélitions, phenol and long term use
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in water above 70 °C. When exposed to hot waterdiysis can occur. But according
to Tammela (Tammela 1989:140) it is possible tolste PET in boiling water or hot

steam multiple times because sterilization can beedfast enough(Osswald et al.
2006:606 f.)

Properties which depend upon |
intermolecular attraction

(e.g. strength) f,,,-—f-'—'.

O

R B o W
Molecular weight

Figure 5. Effect of molecular weight on mechanalperties (Malloy 1994:6)

Semi-crystalline PET (CPET) usually has a degreerystallinity of 30-40 % and has
the following specific properties:

- High stiffness and strength below 80 °C

- Low creep under static load

- Good slip and wear properties

- Low impact resistance
Amorphous PET (APET) has the following specific gpedies:

- High toughness

- Excellent slip and wear properties

- Low shrinkage

- High dimensional stability

- High transparency

- At temperatures above 80 °C, Young's Modulus desliconsiderably
(Osswald et al. 2006:606 f.)

Table 4 shows some properties for amorphous anda@gstalline PET.
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Table 4. CPET and APET physical properties

g/cm? 1,37 (Tammela 1989:142) 1,33 (Tammela 1989:142)
°C 73-79 (Tammela 1989:142) 68-77 (Tammela 1989:142)
°C 255-258 (Tammela 1989:142)

°C 188 (Tammela 1989:142) 80 (Tammela 1989:142)
kJ/kgK 1,05 (Osswald et al. 2006:733)

W/mK 0,24 (Osswald et al. 2006:733)

ki/kg 137 (Osswald & Menges 2003:123)

Temperature m °C 200 (Tammela 1989:142) 180 (Tammela 1989:142)
resistance °C 100 (Tammela 1989:142) 100 (Tammela 1989:142)

Tensile strength MPa 74 (Tammela 1989:142) 55 (Tammela 1989:142)

Strain at break % 50-300 (Tammela 1989:142)  150-300 (Tammela 1989:142)

<10 (Torres et al. 2000:2079) >100 (Torres et al. 2000:2079)

Tensile modulus MPa 2850 (Tammela 1989:142) 2500 (Tammela 1989:142)

Notched impact strength f4J/i5 4 (Tammela 1989:142) 5 (Tammela 1989:142)

(Charpy)

Low temperature toughness °C Between -40 and -60 (Zeus Industrial Products, Inc. 2010:4)

3.2 Recycled polyethylene terephthalate (rPET)

Recycled polyethylene terephthalate (rPET) is nmteterived from products made
originally out of PET. The quality of rPET will depd on things like:

- Thermal history

- The conditions in which previous processing haslweeried out

- Amount of contamination

- Molecular weight

Recyclates are available as flakes and pelletdiffierent qualities. Clean and high qual-
ity recyclates can compete with virgin PET in mamgas. For example, rPET can be

used in the production of packaging for both nooef@nd food items. These include
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bottles, boxes, trays, shallow pots, and cups. Wieducing food packaging, the quali-
ty of the recyclate has to be very high. (Plastiospe 2013)

According to Petcore, the largest amount of rPER loa found in fibres. In Figure 6
rPET applications are divided into four categoaes their share in the total amount of
rPET used is shown. (Petcore 2012:1)

RPET areas of use, 2011
M Plastic strapping tape
' B Sheet and thermoformed
containers
26 % ’

Figure 6. RPET areas of use, 2011 (Petcore 2012:1)

Bottles and jars

H Fibre for filling, textiles
and non-wovens

Flakes can in theory directly be placed into aedtipn machine but there is a risk that
bridging will occur. This means that a blockageles feed throat, which connects the
feed hopper with the barrel (see chapter 3.5)used by clumps that are formed out of
flakes because of the following reasons: the simkthe low bulk density of flakes and
their tendency to curl and mechanically interlockew dried. Therefore it is common

that flakes are pelletized before injection mould@&tandau 2011:190)

PET recycling offers the following environmentahleéits:
- Qil is conserved. When a ton of rPET replaces PES barrels of petroleum is
saved. (Benefits of recycling 2013)
- Saving space on landfills. (Benefits of recyclirif2)
- Energy consumption, in comparison to PET, is redune84 % and a reduction

in greenhouse gas emission of 71 %. (Napcor 2013)
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According to Franklin Associates, the energy constion for producing PET resin is
31,9 Btu/1000 pounds (1 Btu = 1,055 Joule) and ¢haPET flakes is 5,1 Btu/1000
Pounds. (Franklin Associates 2010:39)

3.2.1 Collection

The European Union Packaging and Packaging wastetidie 2004/12/EC, stipulates
that member countries must have a collection sy$temecovering used packages and
that the collection rate should be above 22,5 %cofding to Petcore, European post-
sorting PET collection reached 1,59 million tonime&011. This is an increase of 9,4 %
since 2010. The overall collection rate of all PEdttles in the market reached 51 %
within Europe, in 2011. The mechanical reclamatiapacity within the 27 EU member
states plus Iceland, Norway, Switzerland and Tunk@g estimated to be 1,9 million
tonnes which means the recyclers are able to alestatge increase in the PET collec-

tion rate.

The first step in recovering PET material is cdilee. This can be done in many ways
but if we take the European Union as an exampleetklifferent procedures are used
for collecting plastics: drop off locations, kertbsicollection and refill and deposit.

Drop off locations mean that the recyclables ardected by citizens who then take

them to specific locations. The plastic recover@dugh this procedure contains a level
of contamination up to 10-30 %. The kerbside ctibecsystem is done through waste
separation in households. Citizens put recyclaldéenals in specific waste bags, which
are then collected the same way as regular refifss. is convenient for citizens and

offers low contamination levels. The refill and defp method works by selling bottles

with a refundable deposit, which is redeemable wihenbottles are returned. Both re-
fillable and single use bottles can be involvedhils system. Return vending machines
that are placed at locations where bottles area@ften used for this purpose. There-
fore the bottles can be returned whenever peopleugong groceries or beverages and
no separate trip to a drop off location is needrenthermore return rates up to 90 % and

a very low degree of contamination is achievedtqéte 2013)
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Collected bottles are then compacted into balesrder to reduce volume and make
transportation more efficient. After this the bates sold to reclaimers which can pro-
ceed through three different methods, dependinthemuality and the level of contam-
ination of the collected material. If the contantioa level is low, new raw material can
be produced through mechanical recycling. With aioma contamination level chemi-

cal recycling can be utilized to break down theypwrs into the starting monomers,
terephthalic acid and ethylene glycol. These aem thurified and used to polymerize
new PET resins. This is not as widely used as nmcalarecycling at the moment, be-
cause cost efficiency is achieved only if very kl@gycling lines are used. The third al-
ternative is to use the material as an energy sdoydurning it. This method is used if
the material has high contamination levels. PET dra#trinsic energy content that is
comparable to soft coal, 23 MJ/kg, which makes goad fuel. Furthermore, PET is
safe to recover by combustion as it only produ@@ban dioxide and water with con-

trolled burning. (Plasticseurope 2013)

3.2.2 Mechanical recycling

Reclaimers can utilize different processes to ptedilakes or granules, but typically
the procedure would look more or less as followMdtnen the bales reach the recycling
plant, the first step is sorting de-baling whicldane by a bale breaker. Metals and tins
that still are present will be removed by a higlergy magnetic drum separator. After
this the material will be checked for any coarsefagous metals. This is done with
sensors that emit a high frequency electromagseéital. If any metal pass the sensors
the signal amplitude will change which is noticgdéreceiver coil inside the sensor
and the metals will be separated by blasts of die sensor can be adjusted so that
small metal particles attached to bottles are igdan order to avoid unnecessary loss
of whole bottles. These small particles are remdaést on. Next, foreign plastics that
are different in composition to PET are removedti#ese plastics might be quite simi-
lar optically, they are identified using infraregestroscopy. Finally the bottles are sort-
ed according to colour by using a high speed chiaggriple device camera system.
(Garmson & Gardiner 2010 82 f.)
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After sorting, the bottles are ground through a gi@nulation process or a wet shred-
ding process. Next the flakes go through a hot viasinder to remove labels and glues.
Polyolefin caps are removed by feeding the flakés & flotation tank where PET mate-
rial will sink to the bottom and the polyolefin neatls will remain floating due to their
lower densities. After this the small metal padglthat were ignored before are now
removed. The flakes are inspected with a segmemtgdfrequency detector that can
detect very small metal pieces. Any metal deteetdidoe removed by a blast of air. If
the material is to be further treated in order todpice food grade material, two main
methods are used:

1. URRC (American United Research Recovery Corporatfpocess: the flakes
are heated and their outer surfaces are peelebydffiction using a chemical
dissolver. This way any substances that have neidratto the plastic will be
removed. After this the flakes are colour-sortedusing a true colour camera
that recognizes 256 million colours. Discoloureakés, flakes with remaining
glue and polyolefin parts are rejected. Light bflaées will remain with clear
flakes in order to brighten the colour. As a residilheating the flakes, plastics
like polyvinyl chloride (PVC) or polyamide (PA) chge colour and can easily
be removed. Finally, contaminants that cannot parsgéed by colour are detect-
ed by a polymer type separator that uses infrgsedtsoscopy.

2. SSP (Solid State Polycondensation) process: fudbeontamination is done by
re-pelletizing the flakes but unlike the URRC pregethis takes place after the
colour and polymer type separation. This process special reactors and ex-
truders. The flakes are melted and volatile comates residing in the flakes
and by-products of the process are removed by pgfication system. This is
followed by extrusion and pelletizing. After thifhe intrinsic viscosity (see
chapter 3.2.3) of the pellets is increased by hre#te absence of oxygen and
water.

(Garmson & Gardiner 2010 84 ff.)

3.2.3 Intrinsic viscosity

One important factor concerning price and qualityRET is molecular weight. When

dealing with rPET, molecular weight is most comnyogkpressed in terms of intrinsic
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viscosity. Te value for intrinsic viscosity is olstead by first measuring the viscosity of
a polymer solution. The time taken for the polymselution to pass between two marks
is compared to the time it takes for a pure soleemnt the ratio between these is the vis-
cosity. Successive dilutions give a range of cotraéipns and times which are then
used to calculate the intrinsic viscosity. The tietsship between molecular weight and
intrinsic viscosity can be seen in the Mark-Houwaguation:
Intrinsic viscosity = KM*
Where: K and X = Constants for the particular solvent being used,
referred to as the Mark — Houwink parameters
M = Molecular weight
(Forrest 2002:14)

For PET, there are certain demands for the intringcosity depending on in which
product area the material is used. Table 5 conthmsanges of the intrinsic viscosities
used within certain areas.

Table 5. Intrinsic viscosity range of PET (Wikipe@D13a)

- Lintrinsicuiscosity (di/g)

Fibre grade Textile 0,40-0,70

Film grade

Technical, tire cord 0,72-0,98

BoPET (biaxially oriented 0,60-0,70
PET f|Im)

Sheet for thermoformmg 0,70-1,00

Bottle grade Still water bottles 0,70-0,78
Carbonated soft drink bot- 0,78-0,85
tles

Monofilament, engineering plastic 1,00-2,00

To increase the quality of the recyclate, differgratys of increasing the molecular
weight and intrinsic viscosity are utilized. As lear mentioned this can be done when
the material is in solid state (SSP) but it camw &l done in the melt state through reac-
tive extrusion. This is a faster process and caapgpdied during the ordinary melt pro-
cessing. One problem with reactive extrusion i$ ithean be difficult to control the ex-
tent of chain lengthening. (Tajan et al. n.d.:1)
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Tajan et al. studied the effect of hexamethylensodyanate (HMDI) when used as a
chain extender, in reactive extrusion, to increasemolecular weight of rPET. Experi-

ments were done with bottle grade PET and colosirfsst-consumer bottle rPET.

Their respective intrinsic viscosities were 0,7 dind 0,59 dl/g. The reaction was per-
formed in a BETOL 2525SP single screw extruderfdbént weight percentages of
HMDI mixed with PET and rPET was tested and 0,9 wiféved to be suitable for

these experiments. Both the virgin and recycled REfie dried for 2 hours at 17Q in

an ordinary oven before the HMDI was added. Melvfindex was done according to
ASTM D1238, method A. The load weight was 2,16 tke, temperature was not men-
tioned. Intrinsic viscosity measurements were daeording to ASTM D4603 by using

a capillary viscometer. Rheological characterizatisas performed with a capillary

rheometer. (Tajan et al. n.d.:1 ff.)

When the modified PET (PETm) was extruded with eespof 10 rpm, the MFI de-
creased from 35,08 g/dl to 11,50 dl/g. When uspeesls higher than 10 rpm the MFI
did not decrease as much, indicating that the eesel time was too short and the reac-
tions were uncompleted. For modified rPET (rPETnouever, the minimum MFI was
obtained when using a speed of 20 rpm. Furthermevas found that amount of react-
ed HMDI in rPETm was higher than that of PETm, @,%land 0,310 g respectively. It
was suspected that the reason for this was that virEs subjected to a higher degree of
thermal and hydrolytic degradation and thus pragyonore hydroxyl and carboxyl end
groups which increased the amount of reactions detwHMDI and rPET. In Table 6,

the melt flow indices and the intrinsic viscosit@s be seen. (Tajan et al. n.d.:1 ff.)

Table 6. MFI and intrinsic viscosity before andeafteactive extrusion (Tajan et al. n.d.:2)

35,08 0,75
10 11,50 1,25
81,12 0,59
20 31,40 0,90
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3.2.4 Earlier research concerning the technical pro  perties of rPET

It is difficult to find specific information abouhe properties of rPET because the quali-
ty can be so varying, but a fair amount of studilesut this subject have been done. In

this chapter one study will be reviewed.

Torres et al. compared the thermal, rheological medhanical properties between two
rPET flake types and virgin PET. One of the rPEpety (rPETb) was produced from
homogenous deposits of blue bottles, containing tean 20 ppm of PVC. The other
type (rPETc) was produced from heterogeneous disposimixed colours, containing
6000 ppm of PVC. The virgin PET pellets were dried5 hours at 160 °C, the rPET
flakes 2 hours at 120 °C and 4 hours at 140 °Cdalaumidifying drier. Test specimens
were prepared through injection moulding with arblatemperature of 250-280 °C and
a mould temperature of 8 °C. The test specimens wenditioned at 20 °C for a mini-
mum of three days. Thermograms were produced wiifferential scanning calorime-
ter and the viscosity measurements were done witliseosimeter. The molecular
weight was calculated with the Mark Houwink equatpresented in the previous chap-
ter. Crystallinity was calculated with the enthalpfy crystallization and enthalpy of
melting. Table 7 shows the results for intrinsiscasity and molecular weight and Ta-
ble 8 contains results for the glass transitionpierature (), crystallinity and mechan-
ical properties. (Torres et al. 1999:2075 ff.)

Table 7. Intrinsic viscosity and average moleculaeight before and after injection moulding (Torret al.
1999:2078)

0,76 44000
0,74 42200
0,77 44900
0,69 37900
0,80 47600
0,61 31300
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Table 8. Glass transition temperature, crystallréind mechanical properties (Torres et al. 19997220377 ff.)
T, (°C) 80 81 80

Crystallinity before injection moulding 3 31 31

Crystallinity after injection moulding (%) ) 13 16
O T A B T 2140 (+206) 2170 (+184) 1996 (£210)
Strain (%) 1ISO 527, 50 mm/min 270 (£57) 5,4 (£0,6) 3,0 (x0,4)

Charpy impact strength (notched, 20 °C, [EXoNE: 03] 2,4 (£0,5) 1,8 (x0,3)
k) m?)1SO 179

Appearance of test bars Transparent  Opaque Opaque

The intrinsic viscosity reduces significantly féretrPETb and rPETc when processed,
especially rPETc. Torres et al. states that ondribotion for this could be that the
amount of retained moisture coming from the flaisegreater than that of the PET pel-
lets and. Simultaneously the contaminants, sudP\Vd3 and adhesives, that are present
in the flakes generate acid compounds during peicgsvhich catalyze the hydrolytic
scission. (Torres et al. 1999:2078)

The results show that the crystallinity was higfeerrPETb and rPETc, than for PET.
The authors explain that the crystallization of TR& facilitated by two main things: the
presence of contaminants that act as nucleatingtea@ad the decrease in molecular
weight after processing. The rPET test bars aldobérd crystalline behaviour both
from the aspect of mechanical properties and appear The Young's Modulus was
quite similar for all materials but strain was sty reduced and impact strength was
lower for the recycled materials. This brittlen@dsng with the opaque appearance is
evidence of semi-crystalline behaviour. The ressitsw that the amount of contami-

nants is an important parameter for rPET.
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3.3 High density polyethylene (HDPE)

Polyethylene is available in many different typaghwdifferent properties. As a homo-
polymer, PE can be categorized according to deriSgysity depends on the degree of
crystallinity which, in turn, will depend on moldan weight and what type of structure
and branching the polymer has. PE can be dividiedfour different groups when clas-
sified by density:

1. Density: 0,910 - 0,925. Low-density polyethyleneDRE) and linear low-

density polyethylene (LLDPE).

2. Density: 0,926 - 0,940. Medium-density polyethyl¢NDPE).

3. Density: 0,941 - higher. High-density polyethylRHDPE)

4. Density: 0,930 — 0,940. Ultra-high-molecular-weigbtyethylene (UHMWPE).
The molecular weights are as following in respextetich other: LDPE/LLDPE<
MDPE< HDPE< UHMWPE. For UHMWPE, the molecular weigh so high that the
packing of the long chains into the crystallinaistare cannot happen as densely as for
HDPE. Therefore HDPE has a higher density. Theeaieof crystallinity for HDPE is
typically 60-80 % (Osswald et al. 2006:515). Theeating unit of polyethylene can be
seen in Figure 7. (Tammela 1989:31)

Figure 7. The repeating unit of polyethylene (KlagoKubat 2001:108)

HDPE is the most used polyethylene type and caprbeessed through, for example,
injection moulding, extrusion, blow moulding, thexfarming and rotational moulding.
It offers both strength and processability whicé desired properties, especially for in-
jection moulding. HDPE is harder and more rigidntiihe lower density polyethylene
types. Generally it is considered as a materiah Waw density, relatively low strength
and stiffness (although a large strength to weigtiv), high toughness, high elongation
at break, good friction and wear behaviour and \gogd electrical and dielectrical

properties. On the negative side it is prone tessticracking, has high mould shrinkage
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and is UV-sensitive. Some of the properties carsdrn in Table 9. (Vasile & Pascu
2005:16 f.)

When processing HDPE through injection moulding mhelt temperature window is
wide, 180-250 °C. Mould temperatures should be betwl0 °C and 60 °C and mould
shrinkage can be expected to be 1,5-3,0 %. (Ossstad 2006:718)

Table 9. HDPE physical properties

Density g/cm? 20,941 (Tammela 1989:31)

Glass transition temperature °C -110 (Vasile & Pascu 2005:31 ff.)
Melting temperature °C 120-130 (Vasile & Pascu 2005:31 ff.)
Vicat softening temperature °C 112-132 (Vasile & Pascu 2005:48)
Specific heat kJ/kgK 2,1-2,7 (Osswald et al. 2006:733)
Thermal conductivity W/mK 0,38-0,51 (Osswald et al. 2006:733)
Heat of fusion ki/kg 245 (Ineos 2009)

Continuous °C 100-120 (Vasile & Pascu 2005:31 ff.)
service tem- °C -70 (Vasile & Pascu 2005:31 ff.)

perature

Tensile strength MPa 20-35 (Vasile & Pascu 2005:31 ff.)
Strain at break % 150

100-1000 (Osswald et al. 2006:731)
Tensile modulus MPa 413-1241 (Vasile & Pascu 2005:31 ff.)
Notched impact  strength |4/dis 2-12 (Vasile & Pascu 2005:60)
(Charpy)

The energy consumption for producing HDPE resigcisording to Franklin Associates,
35,8 Btu/1000 pounds. (Franklin Associates 2010:39)
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3.4 Titanium Dioxide (TiO »,)

Many of the most durable pigments consist of mietabkides, such as titanium dioxide.
These offer properties such as heat stability t Igghbility, chemical inertness, lack of
bleeding and migration, desired electrical charaties and low absorption. The most
common crystal forms of titanium dioxide are anatasd rutile. Both of these crystal
forms are tetragonal and in an octahedral patfesrcan be seen in Figure 8 each octa-
hedron in anatase shares four of the twelve edgbswighbouring octahedral whereas

in rutile, two of twelve edges are shared. (Lut&8ssman 2001:43 f.)

@ TiTANIUM ® riraNgw
O OXYGEN O oxreen

¢ oxis

Figure 8. Crystal structure of anatase (left) andile (right) titanium dioxide (Lutz & Grossman 2084 f.)

When incorporated, titanium dioxide offers whitemdthe whitest pigments known),
brightness and opacity. The rutile form has théhégy refractive index of white pig-
ments and resists chalking better than the and¢ase Anatase have a slightly bluer
shade and thus will appear whiter, it has a lowéractive index and is easier to dis-
perse. Rutile pigments can exhibit higher brighsnesd opacity and have better weath-
ering properties. Because of this, rutile pigmdnatge largely replaced anatase pigments
in polymer systems. Some properties of anataseratild can be found in Table 10,
where they are compared with zinc oxide. Zinc ox&lalso used as white pigment, but

its use is very small in comparison to titaniumxalie. (Lutz & Grossman 2001:44)
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Table 10.Typical properties of titanium dioxide aridc oxide (Lutz & Grossman 2001:141)

Titanium dioxide

Property Anarase Rutile Zinc oxide
Average particle size (pm) 0.3 0.2-0.3 0.2
Density (gfem?) 3.9 4.1 5.6
Refractive index 2.35 276 2.01
Tinting strength 1200 1600 210

il absorption (1b/100 [b) 1830 16—48 10-25
Hardness (Mohs) 5—6 6-7 44

3.4.1 Earlier similar studies with Titanium dioxide

An investigation was done in Industrial Researcstitute Swinburne by Mark Kegel

about how some commonly used additives affect thegssability and physical proper-

ties of rPET. The additives were: TiQlioxide A-HR organically coated anatase), Car-
bon Black, Linear-low-density-polyethylene and mihylene wax. These additives
were blended with rPET so that four blends conthioee of the additives separately
and one blend was made containing all of the additiTable 11 shows the weight per-
centage of each additive used in the blends. Thiesels were then analyzed for shifts
in thermal transition points, degree of crystatiinphysical properties and processabil-
ity. The blends were first dried, then pre compaddith an extruder, then dried again
and finally injection moulded. Impact testing wamd according to ASTM D 256 and

tensile testing was done according to AS 1145. mhétesting was performed through
differential scanning calorimetry (DSC) at heatangl cooling rates of 15°C per minute.
Processability was determined by looking at paramsetuch as throughput in kg/h and
amperage in %. The standard deviations were takem the tensile and impact test and
were assessed in order to determine how much mariat physical properties, from

shot to shot, the blends exhibited. The smallersta@dard deviation, the higher score

for reproducibility was given to the blenddgel et al. 2002:1-5)
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Table 11. Levels of addition of the additives (e al. 2002:6)

Additive Rate (weight %)

TiOa 0.5

LLDPE 0.9

Wax 0.2

CB 0.06

All All additives at respective mtes of
addition

Table 12 shows the results for rPET without addgiand Table 13 shows the results
for rPET containing Ti@ In Table 14 the relative reproducibility of thieeids can be
seen. The results showed that the mechanical prepeemained practically unaltered
for all the blends. However, notable changes irtg@ssability, glass transition tempera-
ture and degree of crystallinity could be seen. Ti@, blend proved to be better than
the other blends and significantly better than udified rPET, in terms of processing
and reproducibility. This blend also produced tighlst degree of crystallinity. (Kegel
et al. 2002:4-6)

Table 12. Properties of unmodified re-extruded rRE&gel et al. 2002:6)

Processability Poor

Impact Strength (J/m) 29.8
Tensile Strength at Yield (MPa) 574
Elongation at Yield (%) 53

Modulus (MPa) 1804
Crystallinity (%) 32.3

T, (°C) 81.6

Table 13. Properties of rPET/Tilend (Kegel et al. 2002:6)

Processability Very Good
Impact Strength (J/m) 29
Tensile Strength at Yield (MPa) 56.7
Elongation at Yield (%) 5.2
Modulus (MPa) 1805
Crystallinity (%) 34.7
T, (°C) 79.9

Table 14. The relative reproducibility of resulkegel et al. 2002:6)

RPET re extruded
TiO,

CB
LLDPE
WAX
All additives

el R B LNV LV R 1 o)
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3.5 Injection moulding and injection compression mo ulding

Injection moulding is one of the most important andst used production methods in
the plastics industry. This method allows the poidun of parts with very complex
shapes in an economical manner. Parts made wihmththod can be found just about
in every building and vehicle. There are many défe types of injection moulding pro-
cesses, but in this chapter only the traditionpétwill be presented. Some examples of
injection moulded parts: cell phone shells, varibuskets and lids, television housings
and fascia panels. (Crawford 1998:278 1.)

There are two main parts in a traditional injectinaulding machine: the injection unit
and the clamping unit. The task of the injectioit imto melt the polymer and to inject
it into the mould. Typically this unit consists afgranulate hopper, cylinder, screw,
nozzle, heating bands and hydraulic drives. (Riastfiki 2010b)

The main parts for the clamping unit are usualitishary platen, movable platen,
mould, tie rods and hydraulic drives. This unitvesrthe purpose of opening and clos-
ing the mould, providing the clamping force in arde keep the mould closed and
ejecting the finished part. In Figure 9 the parftsuo injection moulding machine are
shown. (Plastics Wiki 2010a)

Feed hopper —, Healers —; — Barrel ~— Staticnary platen
\ f . f — Movable platen
Cylindar far scraw-ram ' Reciprocating scrow ! Mold !
& ) f fy f
\ | { i i oA — T rods (4) Clamping
i i ) f .
W e !l { Mozzie — Vo y ylinder
w | & r J \ A
Fmm AN = =T, Cos 5 I i m— -
] == o —d | ]
= “ HH
1 =i u - FE [}
TUF T, DN, AN b 4 F . : ~
Y
FEhEd . Motorand gears  MNomretum — - Hyerautic
z 7 for scraw rotal valve -t =
; A r b aton -[ . cylinder
- i i i e 7
|"' — Injection nif — "I""_"' —— Clamgeng urit ----—!-|
|

Figure 9. The various parts of a typical injectioroulding machine (Plastics Wiki 2010b)
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The quality of the moulding will be determined Hyetprocessing conditions where
pressure, flow rate, time and temperature are dnables. These will greatly affect the
outcome when considering strength, dimensionalilgtaland surface properties. By
changing the parameters it is possible to varyef@mple internal stresses, orientation,
crystallinity and to prevent thermal- and mechanisgradation. Some plastics can be
processed within wide ranges of these parametefstas relatively easy to make the
production robust for these. But some plastics haarg narrow processing windows
and therefore it is important to find the approf@iparameters in order to have a pro-
duction with repeatable quality. (Klason & Kuba02®22 f.)

3.5.1 Process cycle

Injection moulding is, simply put, about meltingetipolymer, injecting it into a cold
mould where the melt will start to solidify, appig hold pressure as it solidifies in or-
der to compensate for shrinkage, cooling the patttinvthe mould until it is cool
enough to finally be ejected without deforming.g&bn & Kubéat 2001: 232)

For normal injection moulding, a cycle would prodeses following: The mould closes
and the screw acts as a plunger and injects theimelthe mould. The air inside will
be pushed out through small vents as the melt fiotesthe mould. When the injection
is completed and sufficient melt has been pushgd holding pressure will be applied.
This will squeeze more melt into the cavity andstiikompensate for shrinkage that oc-
curs when the polymer cools. This will continueiluthte gate(s) freezes after which the
screw will start to rotate, hence conveying in maelt for the next shot. As the material
is being conveyed to the front of the screw wherannot escape, pressure will build
up and the screw will be pushed backward untildbeect shot size is prepared. The
material melts partly because of the friction tdt arise from the conveying and part-
ly of the heat added by the heating bands. The dn@rhains closed until the moulded
parts temperature has decreased to the extent fhatolid enough to retain its shape.
After this the mould opens and the part is ejeckedally the mould closes again and
the cycle is repeated. (Crawford 1998:282 f.)
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The cycle time will mostly be defined by the coglitime as it adds up to more than two

thirds of the whole cycle time, as illustrated iguFe 10.

Injection
Ejection

Cooling

Figure 10. Typical injection moulding cycle (Shod&ea2006:153)

Cooling time can be calculated with the followirggrhulas:

For the centreline to reach ejection temperatueepiate:
= —In|—(————

¢ amn? \mn\Tz—Ty

Equation 1. Cooling time for a plate (Malloy 1998)8

For the centreline to reach ejection temperatugedglinder:

r? Ty — T,
t. =0,173—In| 1,6023 (u)
a TE - TW

Equation 2. Cooling time for a cylinder (Malloy ¥286)
Where: t. = cooling time
h = wall thickness, thickest section
r = radius
a =thermal diffusivity
Ty = melt temperature
Ty = wall temperature

Ty = ejection temperature

(Malloy 1994:86)
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Thermal diffusivity is calculated the following way
_k
oGy
Where: k = thermal conductivity
p = density
C, = specific heat

(Malloy 1994:86)

3.5.2 Injection Compression Moulding

Injection compression moulding is a combinationméction moulding and compres-
sion moulding. In this process the volume of theitgas slightly larger at the start of
injection, which allows the melt reach the extréasitof the mould with a relatively low
pressure. During or after filling, the wall thiclsgeof the mould cavity reduces into its
final shape thus compressing the melt and compj¢kia filling. The advantages of this
method is that relatively stress free parts witmbgenous properties and dimensional
stability can be produced using lower pressure @achp tonnage in comparison to
conventional injection moulding. Material and cytitee can also be saved. (Osswald et
al. 2006:335f.)

According to Poétsch & Michaeli injection compressimoulding is suitable for very

thin-walled parts as the pressure need can be edcaswell as the risk of solidification

during filling. The main disadvantage for this pees is that expensive telescoping
moulds that are subjected to high wear must be. Bedventional injection moulding

machines can be used for the process, but an @ualittontrol module is necessary for
the mould compression stage. Figure 11 illustrabesprocess. (Pbétsch & Michaeli

1995:171 f.)

38



Preset gap injection Compression
| |- - | -

=1

= |

Figure 11. Stages of injection compression moul@irgry 1998:133)

Although this process is mainly used for produiits bptical lenses and compact discs
(Potsch & Michaeli 1995:19 f.), Remaplan Anlageni@mabH has used this method to
produce transport pallets out of a blend with 75P&T, 20 % post-consumer polyole-
fins and 5 % additives. (Doba 2000)

3.6 Polymer rheology

One way of characterizing fluids is to look howithé@scosities respond to shearing.
Viscosity can be seen as the fluids inner resistaodlow. From this aspect a fluid can
be Newtonian or non-Newtonian. The viscosity of M@vian remains constant with
changing flow rate, or shear rate. The viscositiNoh-Newtonian fluids on the other
hand, will vary depending on the shear rate. Shgartcurs because the melt adheres to
the adjacent surfaces. This can be understood agimmg the flow between a moving
plate and a stationary plate (see Figure 12). fesalt of the relative movement of the
plates, the liquid layers within the fluid will hawdifferent velocities which lead to
shearing. Figure 13 shows how a volume elemertterfluid will deform due to shear
stress. The shear rate is calculated by dividirgdifference in velocity between the
upper and lower face of the volume element by hiiskhess. (Pétsch & Michaeli
1995:19f.)
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Figure 12. Two plate model of laminar shear flovdgh & Michaeli 1995:20)
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Figure 13. Volume element in shear stress (Potsdhighaeli 1995:20)

At very low shear rates plastics will behave maréess like a Newtonian fluid but at as
the shear rate increases they will begin to exhibit-Newtonian behaviour and viscosi-
ty will start to decrease as shear rate increddas.behaviour is called pseudo plastic,
or shear thinning. The reason for this behaviouh#& polymers consist of long mole-
cules that entangle each other and thus resist Mmawvie At low shear rates the chains
remain entangled and so the resistance remairsathe. It is not until the flow reaches
higher shear rates that the polymer chains willh&aly disentangle, aligning them-
selves to the direction of the flow leading to duetion in viscosity. Due to this charac-
teristic, higher injection rates in injection mowlg lead to lower viscosities. Therefore,
shorter fill times can potentially reduce the pteesdrop and thereby decrease the pres-

sure needed to fill a mould. It can also be mewrtibthat for some non-Newtonian flu-
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ids viscosity will increase as shear rate risebehaviour called dilatant. Figure 14
shows the effect of shear rate on viscosity ongaldg graph and Figure 15 illustrates
the effect without the use of a log scale. (Beaur2007:10 f.)

LOG VISCOSITY —=—

LOG SHEAR RATE —=

Figure 14. Viscosity vs. shear rate, log-log sq@eaumont 2007:10)

Non- Newtonian Flow

f
g

Shear Rale —=

Figure 15. Viscosity vs. shear rate, non log-logls¢Beaumont 2007:11)

In addition to shear rate, viscosity will also degeon temperature and molecular
weight. Pressure also somewhat affects viscosity\ail restrict the free movement of

the molecules, but is normally neglected. An inseem temperature will lead to a re-
duction in viscosity, but too high temperatured Veibd to degradation of the material.
Molecular weight has effects on both mechanical dr@blogical properties. High mo-

lecular weights mean, as earlier mentioned, tonggo mechanical properties but this
also leads to higher viscosities as longer chaitientangle easier (see Figure 16). Be-

cause the individual polymer chains within a polymédl seldom have the same length
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there will be a molecular weight distribution. Het distribution is wide it means that
there are some chains that are significantly shdh@n the largest ones. These short
chains can act as lubricants and improve the flovperties. If the distribution is nar-
row the flow properties will be worse because r@irsenough chains will be present.
Narrow weight distribution also means that a higloece is needed to disentangle the

chains, therefore higher shear rates are needadén to reach the shear thinning area.
(Potsch & Michaeli 1995:27 f.)

Properties which depend upon |
molecular disentanglement

(e.g. melt viscosity)

R ]
Molecular weight

Figure 16. The effect of molecular weight on viggadalloy 1994:6)

3.6.1 Mathematical models

For a Newtonian fluid the shear stress is propodiido shear rate and the viscosity
serves as the proportionality constant:

T=1ny
Equation 3. Shear stress, Newtonian fluids (Pé&ahichaeli 1995:20)
Where: T = shear stress
1 = viscosity
y = shear rate
(Potsch & Michaeli 1995:20)
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For non-Newtonian fluids different mathematical ratsdhave been developed to ap-
proximate and compare the rheological propertieditdérent materials. The simplest

formula for this is the power law;

T = oy"
Equation 4. Shear stress, non-Newtonian fluidsg&tv& Michaeli 1995:29)
Where: n = viscosity

T = shear stress

@ = fluidity

y = shear rate

n = degree of shear thinning

(Potsch & Michaeli 1995:29)

Viscosity is represented by;

n=oy" " = Kory™
Equation 5. Viscosity, non-Newtonian fluids (P6t&cMichaeli 1995:29)
Where: n = viscosity
@ = fluidity
y = shear rate
n = degree of shear thinning
Kor = proportionality factor
m=n-1

(Po6tsch & Michaeli 1995:29)

Note that the power law is limited because the ipatars kt and m are valid only at
certain shear rates. There are other models thiagiwe a more precise approximation
such as the Carreau law and the law of VinogradoavMalkin. But the power law is
still the most used model because of its simpli¢@ptsch & Michaeli 1995:29)

The maximum shear rate will be at the wall of tleevfchannel and can be calculated

with the following formulas:
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For a round channel:

)
y_nR3

Equation 6. Shear rate for a round channel (Crawf®98:376 f.)

For a rectangular channel:

_ 60
Y = The

Equation 7. Shear rate for a rectangular channelaiéford 1998:376 f.)

Where: y = shear rate

Q = volume flow rate
R = Radius

T = width

H = wall thickness

(Crawford 1998:376 f.)

Pressure loss for a constant for a pipe with congtigss section and flow rate, can be
solved from the following equation:
__mPR* PR p— 2Lyn 2Lt

= =——>
8LO 2Ly R R

n

Equation 8. Pressure loss (Crawford 1998:371)
Where: 1 = viscosity

P = pressure loss

R = Radius

L =length

Q = volume flow rate

y = shear rate

T = shear stress

(Crawford 1998:371)
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3.7 In-mould rheology test

When injection moulding, it is possible that thewil rates throughout the mould cavity
can vary from shot to shot due to natural variagigks the viscosity of polymers vary in
terms of shear rate and hence flow rate, thesati@rs can notably effect how the pol-
ymer will flow inside the mould and therefore theadity of the moulded parts can also
vary from shot to shot. However, at high enoughashiates the viscosity will remain
fairly constant regardless of small variationsha flow rates. In order to maintain a ro-
bust production it is therefore important to knowieh injection rates that produce high
enough shear rates. Figure 17 demonstrates thiésrean in-mould rheology test. For
this mould and for this machine an injection spéedexample, of 70 % would insure a

production with repeatable quality.
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Figure 17. Viscosity curve created through the ioufd rheology test (Fimmtech 2007)

According to Fimmtech the test should be done aliogly:

1. Set the melt temperatures to those recommendeldebmanufacturer. If there is a range, set
the temperatures to the center of the range.

2. Set all the holding phase parameters to zero. Migians that there will not be any holding
phase and only injection.

3. Set the injection pressure to the maximum available

4. Set the cooling time to a safe value such thaptre will be cool and has reached the ejec-
tion temperature before mould opening.
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10.

11.

Set the injection speed to ‘slow’ and make a peine part should be short. If not adjust the
transfer position to make the part such thatfitlesd only about 50%.

Increase the speed in steps and make sure thgiatte are still short. Mould a part with
close to the maximum injection speed and make thateit is still short. If it is full, then ad-
just the transfer position, such that it is abduty® full part. If it is less than 95 % full, then
also adjust such that the part is 95% full. Thissngethat at close to the maximum injection
speed you have a 95% full part with no holding tion@ressure.

Make another shot and record the fill time andpbak hydraulic pressure required to fill the

part. Note: The peak hydraulic pressure will begressure required to move the screw at the
set injection speed. This is taken from the avéglgoessure from the machine. For example,
the machine is set to 2200 psi but may require @850 psi to move the screw at the maxi-

mum speed of 5 in/sec.

Next, lower the speed by a small amount, for exanfm 5 in/sec to 4.5 in/sec or from
90% to 80%. Note the fill time and the peak injestpressure.

Repeat the above step all the way till you gethtlbwest injection speed possible. Divide
the available injection speed range into about 1@ speeds so that you get as many data
points.

Find the Intensification Ratio of the screw frone timachine manufacturer. If this number is
not available, pick it to be 10. It does not reathatter since this is a constant used in the
equation and will factor the viscosity proporticelgt

To get the viscosity, use the following formula:sbasity = Peak Injection Pressure X Fill
Time X Screw Intensification Ratio. Plot the gragtviscosity vs injection speed.

(Fimmtech 2007)

4 METHOD

The empirical part of this thesis was done throtighfollowing methods:

1.
2.

o gk~ w

Viscosity measurements using the in-mould rheoltegy method.

Injection moulding simulations using the Autodeskn@ation Moldflow soft-

ware.

Tensile test.

Melt flow index measurement.

Expert interview.

Cooling time, energy need for melting and shear catculations.

The material used for the tests were the following:
1. HDPE HMA 025, High Density Polyethylene. Produdexxon Mobil.
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2. PET Lighter C 88. Virgin PET. Producer: Equipolyselntrinsic viscosity 0,76
+ 0,02 dl/g.

3. CleanPET Non-Food Light blue Flakes. Recycled PlaKefs. Producer: Veolia
Umweltservice. No technical specifications wereilabde at the time as this
was a new grade. It was assumed that these flalesegsed similar properties
as the CleanPET coloured WF as they have been geddsimilarly. CleanPET
coloured WF intrinsic viscosity 0,74 + 0,03 dl/g.

4. Recycled PET granules. Produced by Preformia, whmoi longer in business.
Intrinsic viscosity 0,75 dl/g.

5. Tioxide A-HR. Anatase titanium dioxide. Producer: Huntsman.

The flakes were extruded, with a KFM Eco Ex Extmidend pelletized to make the
feeding into the injection moulding machine easferother reason was that this way a
more homogenous mixing of the rPET flakes and,Tiquld be done. Drying was done
with a Labotek FMD MM 25 40 v flexible modular dng unit with a dew point of -35
°C.

The flakes were dried before pelletized. RPET ai@, Tvere mixed manually before
dried and pelletized. 1 % of TiQvas mixed with 99 % flakes in order to get a 0,5 %
content of TiQ in the final PET/rPET/Ti@mix. The blends of the produced pellets and
the PET pellets were mixed manually and dried afaiiore injection moulded. Like-
wise, all the PET and rPET materials were driecbitgeinjection moulded. Table 15
summarizes the preparations done for each matemdlblend. No preparations were
needed for HDPE, which was taken straight frombihg.
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Table 15.Preparation steps for the in-mould rhegltest

4 h 140
°C
6 h 140

6 h140°C Yes rPET & PET
°C

rPET flakes rPET/TiO, 6 h 140
6 h 140 °C Yes
& TiO, & PET °C
6 h 140
°C
6 h 140

6 h140°C Yes
°C

4.1 Viscosity test

In-mould rheology tests (see chapter 3.7) were donall the materials with a test
specimen mould. A 3D drawing of the mould can bensa Figure 18. The materials
were tested at three different injection tempeestun order to compare the viscosities.
For each speed and temperature, two shots wereatwhfom these an average appar-
ent viscosity was calculated. Although the testruttions given by Fimmtech state that
the mould should be filled 95 %, it was only fill8@ % in order to slightly reduce the
overall pressure need. The machine used was an ENESE200/50HL CC90 injection
moulding machine. The maximum injection speed @nrtfachine is 130 mm/s and the
maximum hydraulic pressure is 200 bar. The higimgsttion speed used in the tests
was, however, 42 mm/s and the maximum hydraulisquee was set at 140 bar. The
reason for this was that some technical problente wacountered when using hydrau-
lic pressures above 140 bar. If the set maximumdwtt pressure is reached, the pro-
cess will become pressure limited. This means #etinjection speeds cannot be
reached completely. In order to gain optimal ressuthe tests should not be pressure

limited. Higher injection speeds usually leads tbigher pressure need and 42 mm/s
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proved to be the best top speed for this purposéortiinately, the pressure limit was
still reached at certain temperatures for somé@fmbaterials. 12 mm/s was selected as
the lowest injection speed because it proved tdiffieult to fill the mould before freez-
ing occurred, with slower speeds. The range 42 mnfl& mm/s was divided into 11
different speeds, with a difference of 3 mm/s befweach speed. The injection speed
can be defined so that it changes throughout tfeetion, but in this test the speeds
were set to be constant. For each speed, twovestsdone and the fill time and peak
pressure was recorded. The apparent viscosities wktained by multiplying peak
pressure with fill time and then multiplying theoduct with 11, which was the intensi-

fication factor for the machine.

Figure 18. 3D drawing of the test specimen mouitt®hen 2011)

The temperature could be controlled at the nozztead three different zones of the bar-
rel. According to Meinander the temperature ofribezle represents the melt tempera-
ture and should be at the lowest temperature dfetlieur zones (Meinander 2004:2).
The zone next to the nozzle should be at leas€CWarmer than the nozzle (Meinander
2004:2). In this test the all the barrel zones wsstat 10°C higher than the nozzle

temperature, for example 265(nozzle)/275/275/225 The PET and rPET materials
were tested within the melt temperature range B%*2 whereas HDPE was tested in

the range 200-24TC because of the materials wide processing range.

Even though the temperatures and injection speedspecified, the actual values of

these will vary. Temperatures will vary dependimgtbe amount of heat created from
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shearing and injection speed will vary, for exampige to acceleration and deceleration

of the screw. Nevertheless, the conditions remasimadar for all the materials.

4.2 Moldflow

Autodesk Simulation Moldflow Insight 2013 is anenfion moulding computer aided
engineering (CAE) software that can be used tadas#i and optimize the design and
process parameters for injection moulding. Witls thoftware, simulations were done
for a tray (see Figure 19) with both HDPE and PEDiider to compare the materials.
The objective was to find out the how the moulling would differ between the mate-
rials. The values that were compared were: filltimpressure need, temperature at flow
front, shear rate, shear stress and clamp forcealBe only these values were relevant,
a fill and pack analysis was sufficient. Other gmak, such as cooling and warpage,
were excluded. The values obtained for the HDPEukition were compared with a
previous simulation done for the same tray, in ptdevalidate that the simulations pro-

duced realistic results.

Figure 19. 3D-drawing of a tray (K.Hartwall Oy 2009

4.2.1 Mesh

Before doing simulations, a mesh needs to be adatethe 3D model. A mesh is a
web of small elements, where each element has e atoevery corner. The shape of the
part is represented by the mesh and the mouldioypgepties are analyzed and calculated
at every node. With the software, it is possibleneate three different kinds of meshes:
midplane analysis, dual domain analysis and 3Dyaisal The midplane and dual do-

main analyses are appropriate when the part iswhited. Both of these are built with
50



triangular elements that form one-dimensional repngations. A midplane mesh has
one one-dimensional representation that goes thrtlug centre, where as a dual do-
main mesh has representations on each surfaces gfattt. Therefore the dual domain
analysis will give a more accurate result. Thekhass is determined by the distance
between opposing faces and can be visualized asl@vhshell. If the part contains
many thick regions, the 3D analysis is more appat@r This analysis contains four-
node tetrahedral elements which will give a true r@presentation and produce the
most accurate results. However, as the tray maesthsists of thin walls the dual do-
main analysis was used. This mesh is less comgtician the 3D, and it was already
very challenging to generate the dual domain mestailse of the complexity of the
part. (Autodesk Simulation Moldflow Insight 2013)

There are a number of things that are importantwgenerating a mesh for a successful
analysis. The most important things for a dual donamalysis are the aspect ratio and
the match percentage. The aspect ratio is the ohtibe largest side of the element to
the height perpendicular to that side and shouldbddew 8:1. The match percentage
represents the amount of elements that has matethémgents on the other side of the
part. This value should be above 85 %. (Autodeskugition Moldflow Insight 2013)

4.2.2 Simulation conditions and materials

The tray has been produced with a double cavityldhaith hot runners. The runner
and gate dimensions used in the simulations arexeuttly the same as in reality or in
the previous simulation, but similar. Figure 20 a&ngure 21 shows the runner system

created in Moldflow.
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/ Hot runner @ 16 mm

Hot runner
28 mm

Figure 20. The runner system used in the simulation

Figure 21. The tray and the runner system
The materials used in the simulations were: HDPE502 Dow Chemical USA and

Skypet BL:SK Chemicals Ltd.. Figure 22 and FiguBedisplays the materials viscosity

curves respectively.
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Figure 22. Viscosity curve, HDPE 12450: Dow Chemid8A (Moldflow material database)
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Figure 23.Viscosity curve, Skypet BL:SK Chemictds (Moldflow material database)

For each material, simulations were done with t¥i@ent injection times. The process
settings and shear properties can be seen in Téble
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Table 16. Process settings and shear propertiethimaterials (Moldflow material database)

HDPE 12450: Dow | Skypet BL:SK
Chemical USA Chemicals Ltd.
20 20

Mould temperature (°C)

| Mould temperature (°C) |

sands  3andd

Automatic Automatic
over

Automatic Automatic
Pack/holding pressure (% of 70 70
injection pressure)

Maximum shear stress (MPa) 0,2 0,5
Maximum shear rate (1/s) 40000 50000

4.3 Tensile test

The mechanical properties of all PET and rPET netewere tested through a tensile
test. The machine used was a Testometric M 350-3@%t specimens were prepared
with the same injection moulding machine that wasduin the in-mould rheology test.
The materials were dried in the same manner agh&vwiscosity test. The mould tem-
perature used was 2C, but PET test specimens produced with mould teatpes 30
and 40°C were also tested to see if any difference intallysity or other properties
would be seen. The moulding parameters can beiseEable 17. The tests were con-
ducted at a load speed of 50 mm/min and accordin§STM D638, except that the
Young's Modulus measurements were not done at Smmribad speed nor was an ex-
tensometer used. The test specimens were condit@neom temperature for a mini-

mum of one week, before the tests.

Table 17. Moulding parameters

Parameter Value

Melt temperature (°C) 275

Mould temperature (°C) 20 (PET also tested with 30 and 40)
Injection speed (mm/s) 42

Hold pressure (bar/MPa) 15-35 bar



4.4 Melt flow index (MFI)

According to Malloy, the melt flow index can proeié rough indication of the molecu-
lar weight when comparing polymers that are witlire same family (Malloy
1994:173).

The tests were conducted according to the ISO ab@3procedure A. When searching
for standard test temperature and load weight ESF, Rlifferent values were found. The
most common found was 28C and 2,16 kg, therefore this was used. HDPE wsisde

with the same load weight at two different tempamred: 190°C, which is the standard,

and 230°C to see how different the MFI is at the higher ehthe processing range. A
minimum of three tests for each material and testition was done. When the results
were varying, six tests were conducted. Again,RES and rPET materials were dried

in the same manner as for the viscosity test.

4.5 Interviews

An interview with Markku Hirn, CEO of EM-Kone Oy walone in order to get an ex-
pert opinion about whether injection compressionitiog would be a feasible alterna-
tive. EM-Kone Oy represents Arburg in Finland, whjgroduces injection compression

moulding machines. The interview was done over phaomd by e-mail.

4.6 Calculations

Calculations were done for shear rates as weklasive cooling time, energy consump-

tion and prices.

Shear rate: The shear rates within the cavity were calculatedte runners, gates and
the broad and narrow sections of the test specinigingensions can be seen in Figure
24. The flow rate was obtained by multiplying timgection speed with the area of the

screw, which had a diameter of 30 mm. Calculativage done for all injection speeds.
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Figure 24. Dimensions of the test specimen moudn®delling by Vithonen (Vithonen 2011)

Equation 7 was used for the rectangular crossosecti

320
y_nD3

An approximate shear rate for the half round shapeders was calculated by simplify-
ing the shear rate equation for a round cross@e¢Equation 6) and then substituting

the radius with the maximum distance from the ce@dtr

_ 320 4Q 4AV 4V
Yround = D3 - -

3 w3 r

. 4V
Vhaif round = 3 0 imum distance from centroid
Where: Q = flow rate

D = diameter

r = radius

A = area

V = velocity

Cooling time: In order to see how different the cooling time RET in relation to

HDPE is, a cooling time index was calculated witju&tion 1:
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Where t. = cooling time
h = thickness
a = thermal dif fusivity
Ty = melt temperature
Ty = wall temperature

T = ejection temperature
(Malloy 1994:86)

Thermal diffusivity was obtained by dividing therhm@onductivity with density and
specific heat (see Table 18). The values for these taken from Table 4 and Table 9.
The vicat softening temperatures, also taken fitoese tables, were used as the ejection
temperatures. For those HDPE values that were givarrange in Table 9, the average
was used. The density used for HDPE was that obEobil HMA 025: 0,964 g/crh
The melt and wall temperatures used in the calomatwere the same that were used in
the Moldflow simulations (see Table 19). Becausedbal was to compare the materi-
als and not to calculate the actual cooling tilvadiies for cooling time divided by the
thickness squared were calculated instead. The\abtained for PET was divided by

the value for HDPE to get a cooling time index.

Table 18. Thermal diffusivities

W/mK 0,445 0,24
J/kgk 2400 1050
kg/m> 964 1330

m?/s 1,92 *107 1,72 *10”
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Table 19. Temperatures used in the calculations

230 30 122
290 20 80

Energy consumption: The energy needed for melting HDPE and PET wasuledéd

the following way:

Qtotar = Q1 + Q2

Q1 = mC,AT

Q, = mAHy,

Equation 9. Energy needed to raise temperatureraeld plastics

Where: Q¢otar = total energy needed to melt the polymer
Q, = energy needed to change the temperature
Q, = energy needed for the phase transitionof the
crystalline regions
m = mass
C, = specific heat
AT = change in temperature
AH = heat of fusion
Xc = degree of crystallinity, weight percentage

Values for heat of fusion were taken from Tablend &able 9. The degree of crystallin-
ity values for PET and rPET flakes were taken frbable 8. As mentioned in chapter
3.3, the degree of crystallinity for HDPE is 60-8) therefore 70 % was used in the
calculations. Again, because the goal is to comgiaenaterials no mass was used in
the calculations. Instead the joule per kilograns walculated. This value for PET was
divided by the value for HDPE to get an energy nedéx. The change in temperature
used in the calculations was the temperature éffieg between the melt temperatures,

the same as used in the mould flow simulations,ZzneC (room temperature).
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Prices: Two kinds of price indices were calculated by uginige information obtained
from various sources. One index was the price pkrme unit of the material because
if the tray would be manufactured out of some PETRET material and the design of
the tray would not be changed, more material whalcheeded for these materials. The
other index was solely based on the price per veigh. The use of TiQwas ignored

in these calculations.

5 RESULTS

In this chapter the results from each method agsgmted in separate chapters.

5.1 Viscosity test

The PET and rPET materials were slightly unstahléerms of viscosity. The peak

pressures could vary so that sometimes a few aotasshots needed slightly higher or
slightly lower pressure. Therefore, large variasiamere ignored and only the results
that represented the main threads level of presseee were documented. But some

variations still show in the results. The resulis be seen in appendix 6.

The pressure limit was reached at 2€5 for all speeds for the following materials:
PET, PET/rPET and PET/rPET/TiOThis means that the actual injection speeds were
bit lower for these materials at these conditio@snsequently the shear rates were
slightly lower and therefore the viscosities shouldtheory, be slightly higher. This
would mean that the curves that were pressureddnitould have been shifted slightly
down, if higher pressure would have been availabhe. fill time for HDPE was higher
than for the other materials, except for the tédsts were pressure limited. One reason
for higher fill times is most likely due to the fdifence in shrinkage. As earlier men-
tioned amorphous PET has a shrinkage percent oafi2that of HDPE is 1,5-3,0,
which would mean that a bigger volume of HDPE wounded to be injected. This dif-
ference in shrinkage does, however, not complaetyount for the difference in fill

time.
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Figure 25 shows the results for HDPE. Even tholdghtémperature range is twice as
wide, the difference in viscosity due to tempemtigra lot smaller than for other mate-
rials. Figure 26 displays the results for PET aimgufe 27 for PET/PET and rPET
flakes. Figure 28 and Figure 29 contain the redolt$*ET/rPET/TiQ and rPET gran-
ules respectively. The PET and rPET materials deaget very viscous at lower speeds
especially when injected at 265 °C. One possitdsar for this is that the melt had time
to cool to the extent that it got very thick. Itingeresting that the rPET flakes curve at
275 °C is almost exactly on top of the PET/rPETveuat 285 °C.

Viscosity curve

385

335

285

935 ——HDPE 200 °C

e HDPE 220 °C

N
185 \ HDPE 240 °C
135 \\\
85

35 T T T T T T T T T T 1
12 15 18 21 24 27 30 33 36 39 42

mm/s

MPa- s

Figure 25. Viscosity curve, HDPE

60



. Viscosity curve
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Figure 26. Viscosity curve, PET
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Figure 27. Viscosity curve, PET/FPET and rPET fleke
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Viscosity curve
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Figure 28. Viscosity curve, PET/PET/TiO
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Figure 29. Viscosity curve, rPET granules

As seen in Figure 30, the viscosity of PET/rPETATI® slightly lower than that of
PET/rPET.
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Viscosity curve, PET/rPET and PET/rPET/TiO,
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Figure 30. Viscosity curve comparison of PET/rPET #ET/rPET/TIQ

In Figure 31, the average apparent viscositieslaogn. In order to get a fair compari-
son the HDPE curve is based on the temperature2£20C, making the temperature
range as wide as for the rest of the materials.rPlE flakes curve was also placed in
this figure although limited data was availablespiee that, it can be seen in Figure 32
that the mid-temperature viscosity curve lookslyagimilar to the average viscosity
curve. Therefore, the mid temperature viscosity amghly represent the average vis-
cosity. So even though the data for rPET flakes due give very accurate results, cer-

tain guidelines can be drawn.
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Viscosity curve, average for 20 °C range
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Figure 31. Viscosity curve, average for 20 °C range

Viscosity curve, mid-temperature

300

250 \\

200 HDPE 220 °C

\ ——PET 275 °C

150 A = PET/rPET 275 °C
\ \ — PET/PET/TiO; 275 °C

100

\\ ——rPET granules 275 °C

rPET flakes 275 °C

12 15 18 21 24 27 30 33 36 39 42
mm/s

MPa-s

50

Figure 32. Viscosity curve, mid-temperature
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In Figure 33 the curves for the average hydraufiesgure can be seen. Again, the
HDPE curve only represents the results for the 28D:C range. Here, the curves for
PET, PET/rPET and PET/rPET/Ti@vould be higher if the tests would not have been
pressure limited. The rPET flakes curve is onceragmong the average curves and in
Figure 34, where the mid-temperature hydraulic gures curves are shown, it can be
seen that the mid temperature curves can représeraverage curves well enough to
work as guidelines. It remains uncertain if the THEakes tests for 265C would have
been pressure limited or not. The pressures nead2d5°C were clearly lower than
that of PET, rPET/PET and PET/rPET/EIO

Hydraulic pressure curve, average for 20 °C
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Figure 33. Hydraulic pressure curve, average for’@0range
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Hydraulic pressure curve, mid-temperature
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Figure 34. Hydraulic pressure curve, mid-temperatur

In Table 20 the average apparent viscosities, geengdraulic pressures as well the re-
sults for rPET flakes are shown in numbers. Theage apparent viscosities and aver-
age hydraulic pressures of each PET and rPET rabtegre divided with that of HDPE
for each injection speed, to get a viscosity am$gure index (the viscosity and pressure
relationship to HDPE). All the indices for each eré&l were summed together and di-
vided by the number of injection speeds to getarage index. The purpose for this
was to get an overall picture of how different thgcosities and pressure needs within
all tested shear rates and temperatures are. Tieesncan be seen in Table 21. If all
speeds would have been tested with rPET flakesatkeage index would most likely

have been slightly higher for both apparent visgamnd hydraulic pressure.
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Table 20. Average apparent viscosities and hydcguiessures

HDPE, 220-240 rPET flakes
PET, average PET/rPET, aver- | PET/rPET/TiO,, rPET granules,
°C average val- values for 275
values age values average values | average values

°C

161,5 85,5 2350 1250 160,9 94,0 2644 1280 2496 1243
1259 885 1756 1255 1146 912 1854 1288 1788 1228
1057 91,5 1382 122,8 93,1 92,8 1473 1280 1413 1217

91,1 93,3 1146 1215 78,6 92,7 129,1 1320 1185 121,0 1044 106,0
81,9 96,8 101,0 122,7 67,2 91,3 113,0 1333 102,6 122,2 90,1 108,55
76,3 100,5 87,5 120,7 61,1 93,2 101,6 1350 93,9 1252 83,4 1115
69,5 1015 80,5 121,7 57,1 96,2 92,7 1355 854  126,5 75,9 1150
64,0 102,5 76,0 125,0 52,5 97,2 85,3 1355 79,0  125,8 71,4 117,0
60,2  105,3 71,7 1282 51,7 102,0 78,2  136,3 72,4  125,0 66,1  119,0
55,2 104,55 69,0 1310 49,9  104,7 74,4 138,0 71,3 1330 60,0 116,0

55,2 112,0 64,7 131,5 47,4  105,5 68,8  138,0 64,9 131,7 61,9 125,0
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Table 21. Apparent viscosity and hydraulic pressodex

HDPE, 220-240

. PET/rPET/TiO, rPET granules

Hydr. Hydr. : Hydr.

pres- pres- pres-

sure sure sure
H 1,45 1,00 1,10
H 1 1 1,40 1,42 1,47 1,46 1,42 1,39 091 1,03
H 1 1 131 1,34 1,39 1,40 1,34 1,33 0,88 1,01
H 1 1 1,26 1,30 1,42 1,42 1,30 1,30 0,86 0,99
n 1 1 1,23 1,27 1,38 1,38 1,25 1,26 0,82 0,94
1 1 1,15 1,20 1,33 1,34 1,23 1,25 0,80 0,93
H 1 1 1,16 1,20 1,33 1,33 1,23 1,25 0,82 0,95
H 1 1 1,19 1,22 1,33 1,32 1,24 1,23 0,82 0,95
E 1 1 1,19 1,22 1,30 1,30 1,20 1,19 0,86 0,97
H 1 1 1,25 1,25 1,35 1,32 1,29 1,27 0,90 1,00
1 1 117 1,17 1,25 1,23 1,18 1,18 0,86 0,94

5.2 Moldflow

rPET flakes

275 °C

1,15

1,10

1,09

1,09

1,12

1,10

1,09

1,12

1,14

1,12

1,11

1,13

1,14

1,13

1,11

1,12

It proved to be quite challenging to produce resulith Moldflow. The reason for this

was that the tray is such a complex part with maetgils. It was very time consuming

to generate the meshes and to perform the simntatlbwas attempted to reach the re-

quired aspect ratio and match percentage but theesult was quite far from them. It

was possible to reach the required match percettpgeeating very fine meshes with

small elements. But by generating very fine mestiesr problems arose, such as unor-

iented elements, and this prevented the simulatibhese problems were not success-
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fully solved after many trials and errors. Therefar mesh with lower quality was re-
paired as much as was managed, and then used simtbktions. Figure 35 shows the

appearance of the mesh and Figure 36 shows the stagiics.

Figure 35. The mesh

Entity counts:
Triangles: 275798
Connected Hodes: 138711
Gonnectivity regions 1

firea:
Surface Area: 9868.88 cm"2

Uolume:
Triangle: 984.392 cm™3

Aspect Ratio:

Max Average Min
184.3 3.97 1.16
Edge details:
Free edges 3996
Manifold edges 411699
Non-manifold edges a
Orientation details:
Elements not oriented a
Intersection details:
Element intersections 23

Fully overlapping elements 8

Hatch percentage:
Match percentage 68.0%
Reciprocal percentage 55.2%

Figure 36.Mesh statistics

The simulation results were compared with the mnevisimulation and although they
only had a few similarities, it was decided that tesults are sufficiently accurate to be
used for comparing the materials. Possible reaforte results being different are the
difference in mesh quality, different process paetars and different dimensions for the

runners and gates.

Results for shear rate and shear stress are displtya point of time just before the

cavity is filled because the values remain fairpnstant until this point and then go
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down when the filling is completed. As the values similar at the bottom of the part
and no cutting plane shows any different valuey one view was necessary for dis-
playing the results. The values that are on thewoscale bars should represent the
range of values that the test produces. Howevenesaf the values that the bars show
for temperature at flow front, shear rate and sB&asss could not be found. The reason
for this could be that some very small areas oividdal elements within the mesh
could be giving a completely false representatibthe part. Therefore these results
were manually inspected. The lowest values for eraipire at flow front as well as the
highest values for shear rate and shear stressvidrat found are displayed separately.
Each material and injection time is referred tdadlewing: HDPE4, HDPE3, PET4 and

PET3 (the numbers represent the injection time).

Figure 37 displays how the melt progresses witte imtil the filling is completed. Alt-

hough the injection times were set at 3 and 4 sisctme fill times were slightly higher
and different for the materials. For HDPE4 the tiithe was 4,462 s and for HDPES it
was 3,339 s. For PET4 and PETS3 they were 4,614 813 s respectively. The nomi-

nal flow rates can be seen in Table 22.

Table 22. Nominal flow rate

235,68 314,24 235,68 314,23
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Figure 37. Fill time

The pressure throughout the cavity as well as #ak pressure can be seen in Figure
38. V/P (velocity/pressure) switchover is when dtijgn stops and holding pressure is
applied. For HDPE4 the peak pressure reached 6MF# and for HDPES3 it rose to
68,95 MPa. It is interesting that in contrast te tasults for HDPE the peak pressure for
PET4, 81,65 MPa, was lower than for PET3, 78,66 MB®e reason could be, as it was
mentioned in chapter 3.6, that shorter fill timeighh lead to a lower pressure loss due
to shear thinning. Another reason could be thatntledt has more time to cool at the
slower injection rate and hence becomes more viscbhe temperature of the flow
front can be seen in Figure 39. The melt tempesatange found for PET4 is 48;C
whereas it is only 32,2C for PET3. For PET4 the melt temperature had dedpmder
the melting point of PET. This indicates that ituh be important to fill the mould as
quickly as possible. The range found for HDPE4 wad °C and for HDPE3 25,6C,

with temperatures inside the processing rangedtr imjection speeds.
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Figure 38. Pressure at V/P switchover
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The results for shear rate can be seen in Figurd & maximum shear rate for HDPE
is 40 000 1/s and for PET it is 50 000 1/s, meanivad the materials can withstand
shear rates this high. The shear rates for theseitmns are much lower. The highest
for HDPE4 and PET4 is about 3 000 1/s and thatPH3 and PET3 is around 4 000
1/s. The results for shear stress (see Figure £t¢ \wore alarming. The maximum
shear stress for HDPE and PET is 0,2 MPa and ®& Mspectively. Values above the
maximum shear stress were found in every simulataximum for HDPE3 was 0,44
MPa but generally shear stress was below 0,30 M&aHDPE4 it was slightly lower,
generally below 0,26 MPa and the maximum found @&3. For the PET simulations,
both had shear stress values generally below 0,&. NIRe values were slightly lower
for PET4 with a maximum shear stress of 0,77 MPe maximum for PET3 was 0,81
MPa. According to the results, significant materigdgradation due to shear stress
would occur for HPDE at both injection times whexdar PET it would only occur

minimally at both fill times.
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Figure 40. Shear rate
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HDPE 4 s PET4s
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Figure 41. Shear stress

The results for clamping force are quite inconalesaind might not be very reliable. For
all simulations back flow occurs at the V/P switebowhich can be seen in Figure 42,
by the drop in the curves. It is interesting tha¢ tmaximum clamp force for both
HDPE4 and HDPE3 is reached after the V/P switchoFer PET4 and PET3 it is
reached before the switchover. For these reasanggiit be better to ignore the results
beyond the V/P switchover point. The maximum claimqges during filling were the
following: HDPE4 221 tons, HDPE3 214 tons, PET4 #dris and PET3 369 tons.
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HDPE 4 s PET4s
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Figure 42. Clamp force

5.3 Tensile test

The injection moulded test specimens were not cetaly filled; there was a small sink
groove along the narrow part of the specimen. Tas most likely caused by rapid
freezing of the gate, as the gate was very thinthegrocessing temperature window of
PET is so narrow. This prevented extra plasticegbshed in for shrinkage compensa-
tion. Higher hold pressure could have been a plessitdution for this problem. But as
this was the case for all the tested materialsangbst specimens looked the same, it
did not change the relative results between themnads. And because the main goal for
the tensile test was to compare the materials,whis ignored. Consequently the cross
sections used in the calculations for stress anthye Modulus were in reality smaller.
This would mean that the actual values for strésseédd and Young's Modulus would

be slightly higher. Table 23 contains the resudtsthe tensile test. As can be seen, the
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mechanical properties were fairly similar for atht@rials. No notable change in proper-

ty or appearance due to higher mould temperatusese@an.

Table 23. Tensile test results

(MPa) (MPa) break (%)
PET 52,0 1059 244
PET 30 °C 50,5 1041 250
PET 40 °C 50,6 1088 248
PET/rPET 54,5 1089 243
PET/rPET/TiO, 53,1 1045 255
rPET granules 53,5 1075 264
rPET flakes 54,0 1025 254

Figure 43, Figure 44 and Figure 45 displays theltesand standard deviations for

stress at yield, nominal strain at break and Yosivgodulus respectively.

Stress at yield (MPa)

097 Standard
andar
u deviation

20,0

100

0,0 -
PET PET 30°C PET 40°C PET/rPET  PET/rPET/TIO; rPET granules  rPET flakes.

1,4 1,1 16 1,1 0,9 0,8 06

Figure 43. Stress at yield

Nominal strain at break (%)

300

250 +

200

150
Standard

deviation
100

50

PET PET30°C PET 40°C PET/rPET  PET/rPET/TiO, rPET granules  rPET flakes

2,7 23 51 3,7 31 1,8 31

Figure 44. Nominal strain at break
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Young's Modulus (MPa)

1200

1000 -

= Standard
deviation

PET PET30°C  PET40°C PET/rPET  PET/rPET/TIO: rPET granules rPET flakes

40 47 28 26 29 33 22

Figure 45. Young’'s Modulus

5.4 Melt flow index (MFI)

Table 24 contains the results and test conditiGigure 46 also displays the results

along with the standard deviations.

Table 24. Melt flow index conditions and averagsutts

Weight (kg)/ | Melt flow in-
temperature dex, average
(o) (g/10 min)

2,16/280 4
rPET flakes 2,16/280 48

AdApariel BETADE 2,16/280 51

rPET granules 2,16/280 36

The PET and rPET materials have significantly higmelt flow indices than HDPE.
RPET/TIG has a slightly higher MFI value than rPET flakbst also has a higher
standard deviation. Likewise, the MFI of rPET grasuis slightly lower than that of
PET but the standard deviation is quite big forTRfanules. PET and rPET granules
have values clearly lower than rPET flakes and vPEX;. The results indicate roughly
that PET and rPET granules have a molecular wetigat is higher than that of
PET/rPET and PET/rPET/TiO

77



60

50

30

20

10

Melt flow index (g/10 min)

_J T I T I T I T I T E
HDPE HDFPE PET

rPET flakes rPET/TiO:z rPETgranules

Figure 46. Melt flow index results and standardidé@ons

5.5 Interviews

According to Markku Hirn, injection compression niing would not be a suitable

production method for this purpose. He statesdhewing reasons as hinders:

He thinks that injection moulding would be the bewthod, but explains that the ma-

"1. The product contains shapes that are done thihuse of side action. The force that is needed
cannot be developed. 2. The flow lengths and thethiakness will lead to quick cooling of the raw

material. The force needed would be unreasonaptedmd as high as the clamping force required by
the projected area. In practice, the injection eachpression would have to be done simultaneously

and still no advantages would be gained.”

Standard
deviation

chine should have a very effective and dynamicciiga unit. (Hirn 2013)

5.6 Calculations

The shear rates for the test specimen mould fanjttion speeds used in the test can

be seen in Table 25. Because of the small sizeeofates, very high shear rates occurs

there. The range of all the shear rates is 3355D817s.
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Table 25. Shear rates for the viscosity test

(mm/s)

Injection Shear rate (1/s)
speed B N
Runner/2 ro.a . arr.ow
section | section

] s 1288 18750 1172 3711
| 39 PELE 1196 17411 1088 3446
BT 2209 1104 16072 1004 3181
| 33l 1012 14732 921 2916
L 1840 920 13393 837 2651
1656 828 12054 753 2386
L 736 10714 670 2121
A0 1288 644 9375 586 1856
. 1104 552 8036 502 1590
| 15l 460 6697 419 1325
| 12 T 368 5357 335 1060

The results for cooling time and energy consumptiem be seen in Table 26. The cool-
ing time index for PET was 1,92 (HDPE=1) which nmeé#mat according to the equation
used, the cooling time for PET can be expectedet@d % higher than that of HDPE.
When heating from room temperature, the energykip@gram needed to raise the tem-
perature of PET to 290 °C is 51,3 % of the energgded to raise the temperature of
HDPE to 230 °C. For rPET flakes, heated to 290th€,energy needed is 48,3 % of
the energy need of HDPE. The value is slightly lofee rPET flakes than for PET, be-
cause of the lower degree of crystallinity withie flakes.

Table 26. Cooling time index and energy consumption

PET rPET
flakes
Coollng time index 1,92 1,92

Total TR ] Bl kl/kg 675,5 346,5 326,0
reaching target temperature (230°C) (290°C) (290 °C)

Energy consumption/kg index 1 0,513 0,483
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The results for the price and density indices dateans can be seen in Table 27. As can
be seen, even though the prices for rPET is santly lower than for HDPE its densi-

ty will bring the material costs up.

Table 27. Price and density indices

1,000 0,986 0,774 0,561 0,790
1,000 1,380 1,380 1,380 1,380
1,000 1,360 1,067 0,774 1,090

6 DISCUSSION

In this chapter the research methods and theitdtions are discussed.

The viscosity test was unique in the sense thattadies that have been using the in-
mould rheology test this way could be found. Itas, previously mentioned, primarily
used to determine the optimal injection speed fepecific mould. While this made the
test interesting it also leaves room for some unag#ies whether this is a good way to
do comparable viscosity measurements or not. Onjeofvéboking at this test is that it
is similar to pushing melt through a pipe with dams$ cross section and measuring the
pressure loss. In this mould the cross sectiomisanstant and the shape of the chan-
nels changes, of course, but the principle remti@same. And as the geometry of the
mould and the machine parameters (except for testyress) were the same for all ma-
terials the only thing that should, in theory, €ifis the viscosity. There were however,
some practical things that affected the qualityhef results. The variations in viscosity
for PET and rPET were slightly problematic and etlesugh most of the extreme val-

ues were excluded from the results this still, naréess, increased the margin of error.
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On the other hand, this could just be the natur@BT and what should be expected
when processing this material. Another unforturthiag was that some of the tests
were limited by pressure. Furthermore the diffeeemcfill time is not a good thing ei-
ther. It would be better to make sure that the saoh@me of melt is injected rather than
the weight percentage and thus having a more sirilildime. Still, the difference in

fill time could have been accounted for other titigan shrinkage. Perhaps the screw
was just able to move and accelerate faster for &M for HDPE as PET is signifi-
cantly less viscous at low shear rates, which wasgn by the melt flow index test.
Nonetheless, the viscosity curves should accuratebyv the amount of resistance ex-
hibited by the materials even if the injected voaswere different. After all, whatever
the reason for shorter fill times for PET is thissdd most likely be the case for any
mould. And the pressure curves still show the diffiee in pressure need and thus com-
pensate the viscosity curves, in the case of aspenception. It was also a shame that
rPET flakes were only tested partially as it seetodde one of the better materials. Be-
cause the theory suggested that the quality o4@dkes would be poor, it was there-
fore decided to mix the flakes with virgin materiblevertheless it was good that the
remaining material was used and that 100 % flakas wcluded in the tests as the re-

sults obtained were sufficient to draw guidelines.

It should be remembered, that by doing this tet @different moulds the results would
probably be quite varying because different shatesrwould be in use. Therefore if
someone would wish to compare results obtained diffierent moulds, it should be
done with caution. This is the reason the shear tedile was done, which contains 55
different shear rates, so that the results coulbghly correlated to moulds with simi-
lar shear rates. In addition to these shear ratge is also a big range of different shear
rates at the area between the broad and narrowrs@dtthe test specimen that are not
included in the table. These shear rates are sosrewdetween the shear rates of the
broad and narrow sections. So by taking the aveveggmsities and pressure needs,
overall values that represent a very wide rangehefir rates as well as a wide tempera-
ture range are obtained. In fact the°20injection temperature range and whatever the
lowest flow front temperature is for the slowestegs at the lowest injection tempera-
ture, offers a temperature range not too far awam fthat of the Moldflow results. At
least for the simulations with faster fill time. & hiscosity test shear rates are also most-
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ly within the same range as the Moldflow simulagipexcept for the shear rates at the
gates. But the gates only represent a very smdibpoof the mould. Considering all of
this, it should be possible to correlate the resaolitained from the Moldflow simula-

tions with the results from the viscosity test.

As for Moldflow, it is obvious that the mesh qughvas not optimal. The results proba-
bly offer a reliable comparison of the materialg kelating them to reality should be

done with caution, especially in the case of cldanpe.

One drawback for the tensile test would, of coubgethat the test specimens were not
completely filled. Another would be that the Yousig/lodulus measurements were not
done according to the standard. But as earlier i@ this should not greatly affect
the relative results as the conditions were theeston all materials. The results were
quite interesting; there was virtually no differenon the mechanical properties of the
PET and rPET materials. It was suspected that Bl rmaterials would have had

weaker mechanical properties, especially the flakashad been re-melted twice.

The shear rate calculations only offer approximeieies due to the fact that the cross
sections of the channels within the cavity willrsta decrease as soon as plastic enters
the cavity and gradually starts to freeze alongwb#s. But be that as it may, this is the
case for all moulds and therefore it should be iptesgo correlate results to other
moulds. Furthermore, it was not sure if the shatg for a half round cross section was

calculated with the proper equation. But it shailtl be a good approximation.

7 CONCLUSION

In this chapter the results are analyzed and teareh questions are answered.

7.1 Does PET have too poor flow properties to be us ed for

producing trays through injection moulding?

According to the results it should be possible todpce the tray out of PET or rPET,

through injection moulding. There could be one praing factor though: premature
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freezing of the melt. A warning for this was givieynthe uncompleted filling of the test
specimens. On the other hand, the gates only hhidkness of 0,5 mm and according
to the Moldflow results it would be possible td file mould with both fill times 4,614 s
and 3,413 s. But with the latter, the melt tempermtvould stay within a safe range and
the pressure needed would be lower. This impliasithwould beneficial to inject PET
or rPET rather faster than slower.

According to the results for the viscosity test avididflow simulations PET is more
viscous than HDPE when injection moulded, at Idastthese moulds. At low shear

rates HDPE is significantly more viscous than P& proven with the MFI test.

According to the mould flow results PET needs Z&, higher pressure than HDPE for
the slower fill time. For the faster fill time, PETeeds 14,1 % higher pressure. If the
tray is now produced with a fill time similar to4$2 s and trays out of PET would be
produced with a fill time of 3,413, PET would ne2t5 % higher pressure. According
to the viscosity test results, the overall pressgred for all temperatures and shear rates
tested would be 28 % higher for PET. It is alsadeni that the difference in pressure
need is smaller at the fast end of injection spekeals for the slow end. In conclusion,
the pressure needed to produce a tray out of PEldh injection moulding would be
10-30 % higher than that of HDPE, depending orfithéme.

7.2 Do the rPET materials have better flow properti es and
weaker mechanical properties than PET? How does TiIO  , af-

fect flow properties?

When using 100 % rPET, both the granules and flakee better flow properties than
PET. It is very interesting that the rPET granuias so much lower viscosity than the
rest of the PET and rPET materials, especially whéad the lowest MFI of these ma-
terials. The flow properties were even slightlyteethan that of HDPE. Although the
flakes (100%) were less viscous than PET, the FHEITrmix was the most viscous ma-
terial. Adding TiQ did have a positive effect on flow properties adowy to both the

viscosity and MFI test, although the effect wasteumarginal. The conclusion is that

rPET has better flow properties than PET, but there point in mixing PET and rPET
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in order to improve flow properties or mechanicabperties. TiQ will improve the
flow a little and could be used if the product ddobe white, but otherwise it is not

very beneficial to use.

7.3 Would rPET be a more suitable material than HDP E, in
terms of material performance and from the economic and

ecologic viewpoint?

It is difficult to give any absolute answers abatiich material would be the most suit-
able. This thesis has not gone through every siagpect concerning the material selec-
tion. The areas that can be assessed based othélis, however, are: Mechanical
properties, material price, ecological benefitewflproperties, weathering resistance
and cooling times. In Table 28 and Table 29 retatigores have been given for these
areas. Every area has also been given a scortsfionportance, according to my own
opinion on what is important in order to produceugcessful product. The first table
contains scores for the materials, assuming tleadlésign would be the same for all ma-
terials. The second table shows how the scoresdnmilif the tray design for the PET
and rPET materials would be changed and therehyceethe weight of the tray. This
could maybe not be done by making the overall wWatikness thinner, which would
make the filling of the mould even more difficliijt as PET is a remarkably stiffer ma-
terial some wall supports could for example perHag@semoved. The amount of mate-
rial that could be removed remains uncertain thodgthough it was mentioned in the
theory part that the flakes are usually pelletibetbre injection moulding it could still
be possible to insert them directly into the in@ectmoulding machine. Because this
remained uncertain it is was not taken into comsitien when giving scores. If the
flakes would need to be pelletized prior to injestmoulding, the score for this material

would be lower in both tables.

The scores given in Table 28 are motivated thefohg way:
1. Mechanical properties: PET has about twice as tégkile strength and is a lot
stiffer. Although HDPE has higher impact strengthhich is one of the most
important mechanical properties for the tray, PHIT is a quite tough material

and therefore receives a higher overall score.
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2. Material price: The price per volume unit indexuged as a base for the scores.
The cost of TiQis ignored as the amount added to the matergd Emall.

3. Ecological: Energy needed for melting is a lot lofa the PET and rPET mate-
rials. Drying is needed for the PET and rPET materiThe energy used for
producing the raw material is similar for HDPE &ET but significantly lower
for the rPET materials. More energy is needed twipce rPET granules than
flakes. If the design remains the same, more natenuld be used for the PET
and rPET materials. Still by using rPET materisgsources are saved.

4. Flow properties: Scores are given based on theagednydraulic pressures.

5. Weathering resistance: All materials should remairgh at cold outdoor tem-
peratures. HDPE is UV-sensitive and PET has gooeré$istance.

6. Cooling time: The cooling time for the PET and rP@Baterials is almost twice
as high as for HDPE.

Table 28. Score table, same design

Score (1-10)

resistance

Property Importance (1- PET PET

10) : r r

Mechanical 8 10 10 10 10 10

properties 7

Material 10 6 1 5 5 4,5 9

costs

Ecological — 5 3 5 5 6

Flow 10 10 2 1 2 10

properties

_ 5 ’ ” ” ” ”

Cooling time 10 10 3 3 3 3 3
s || ||

773 413 500 521 690 746

The scores given for mechanical properties, materiee and ecological is different for
the PET and rPET materials in Table 29 and arevauetil the following way:
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1. Mechanical properties: With the new design for BT or rPET tray would
perform at the same level as the HDPE tray.

2. Material price: New design reduces the amount ofeneal used and therefore
brings the material costs down.

3. Ecological: New design reduces the amount of matarsed and therefore
makes the tray more ecological.

Table 29. Score table, new design

Score (1-5)

Importance (1-

resistance

Cooling time 10

3 3 3 3 3
I S N S

percentage of maximumscore} | | | | | |

Top 5:

Property rPET rPET
5) i

Mechanical 8 8 8 8 8 8
properties 7
Material 6 3 7 7 6,5 10
costs
Ecological “ 5 5 8 8 9 10
Flow 10 2 1 2 10 7
properties
Weathering _ 5 10 10 10 10 10

HDPE: 77,3 %

rPET flakes, new design: 76,3 %
rPET flakes, same design: 74,6 %
rPET granules, new design: 74 %

a r w b PE

rPET granules, same design: 69 %

According to these scores, HDPE is the most sudtafterial, even if the design is
changed. Still the score for rPET flakes comes etrge to HDPE, both for the old and

new design, and could be as good as HDPE if imeathoulding could be done with
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flakes directly. The rPET granules also come qelitse with a lighter design but have a

slightly lower score if the same design is used.

7.4 Would injection compression moulding be a more suitable

production method?

It seemed clear after the interview that this woutd be a suitable method. Maybe it
could be possible if no side action would be uged,probably there would be nothing

to gain from it.

8 SUGGESTIONS FOR FURTHER WORK

Another way to do the viscosity test would be te asmould cavity with constant cross
section. This way the shear rates could be quiterately calculated and by recording
the peak pressure and then using the pressuredpsgion, the viscosity could be ob-
tained. Thereby viscosity versus shear rate cuceesd be created with an injection
moulding machine. It could prove useful for comganihat want to test and compare
materials themselves. The results obtained thiseeayd be compared with results pro-
duced with a rheometer to check the reliabilityakd Nyroth, lab engineer at Arcada,
suggested a mould cavity shown in Figure 47 thatlvbe suitable for this purpose.

The challenges in this would be the following:

- The cross section starts to decrease during injechue to that the melt freezes
along the walls. Therefore the shear rates woudshgl during injection.

- It would be important to control the temperaturgeecisely as possible.

- It would be important to control the injected voleias precisely as possible.

- Injection speed should remain as constant as pgessib

Some research on how to solve or get around tHesdkenges would have to be done in

order to make the tests as reliable as possible.
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Figure 47. Spiral cavity mould (Erland Nyroth, 2013

Another interesting area that could be researchaddisture absorbing additives. By
mixing these with PET it could maybe be possibl@toid hydrolysis to a greater ex-
tent and even reduce the drying requirements.
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APPENDIX 1/1 (6)

Material: HDPE Excon Mobil HMA 025
1 2 3 4{ Melt MNold
Temperature *C} 200 210 210 210 200 30
Test# 1 2
Average
Peak Peak Average peak
hydraulic | Apparent hydraulic | Apparent | Apparent | hydraulic
Injection Fillime | pressure | wiscosity | Fill ime | pressure | viscosity | wiscosity | pressure
speed {mmjs) s} {bar} {MPa x s} s} {bar) {MPa x s} | (MPa xs) {bar)
12 1,20 96,00 190,08 1,79 97,00 190,99 190,54 96,5
15 1,37 100,00 150,70 1,36 101,30 151,10 150,90 100,5
18| 1,09 99,00 118,70 1,10 104,00 125,84 122,27 101,5
21 0,91 106,00 106,11 0,91 105,00 105,11 105,61 105,5
24 0,78 107,040 92,98 0,78 104,00 80,38 91,68 105,5
27 0,70 108,00 23,16 0, 70| 111,30 85,47 8432 109.5
30 0,63 107,00 74,15 0,63 108,00 7484 74,50 107,5
33 0,58 111,00 70,82 0,58 114,030 72,73 7178 1125
36 0,52 109,0:0 62,35 0,52 113,30 64,64 63,49 111
35 0,49 119,00 54,14 0,49 118,00 53,60 63,87 1185
42 0,46 120,00 60,72 0,45 121,00 59,90 60,31 1205
Intensification ratio 11
Material: HDPE Exxon Mobil HMA 025
1 2 3 4| Melt Maold
Temperature [°C} 220 220 220 220 220 30|
Test & 1 2
Average
Peak Peak Average peak
hydraulic | Apparent hydraulic | Apparent | Apparent | hydraulic
Injection Fillime | pressure | wiscosity | Fill ime | pressure | viscosity | viscosity | pressure
speed [mmys) s} {bar} {MPa x s} =} {bar} {MPa x s} | (MPa xs) {bar)
12 1,70 22,00 164,56 1,73 23,00 163,37 166,96 885
15 1,20 92,00 131,56 1,31 92,00 132,57 132,07 92
18| 1,06 95,00 110,77 1,06 95,00 110,77 110,77 95
21 0,39 97 .00 94,96 0,90 97,00 96,03 95,50 g7
24 0,76 99,00 82,76 0,77 98,00 23,01 82,89 98,5
27 0,68 102,00 76,30 0,68 103,00 77,04 76,67 102,5
30| 0,61 10:3,00 69,78 0,62 104,00 70,93 70,36 104
33 0,57 101,00 63,33 0,56 105,00 64,63 64,00 108
36| 0,52 109,00 62,35 0,52 105,00 60,06 61,20 107
35 0,48 107,00 56,50 0,48 107,00 56,50 56,50 107
432 0,496 111,040 56,17 0,45 115,00 56,93 56,55 113
Intensification ratio 11
Material: HIDPE Exxcon Mobil HMA 025
1 2 3 4| Melt Mald
Temperature [*C} 240 250 250 250 240 20
Test & 1 2
Average
Peak Peak Average peak
hydraulic | Apparent hydraulic | Apparent | Apparent | hydraulic
Injection Fillime | pressure | viscosity | Fill ime | pressure | viscosity | viscosity | pressure
speed [mm,fs) {s} {bar) [MPa x s) {s} {bar) {MPa x s} | [MPa xs) {bar)
1z 1,70 22,00 153,34 1,74 23,00 158,85 156,10 82,5
15 1,28 84,00 118,27 1,28 36,00 121,09 119,68 85
18 1,04 28,00 100,67 1,04 28,00 100,67 100,67 22
21 088 89,00 86,15 0,828 90,00 87,12 86,64 29.5
24 078 94,00 80,65 0,77 96,00 81,31 80,98 95
27 0,70 99,00 76,23 0,70 98,00 75,46 7585 98,5
30 063 98,00 67,91 0,63 100, 00 69,30 68,61 99
33 057 102 00 63,95 0,57 102,00 £3,35 63,95 102
3& 052 10:4.00 59,49 0,52 103,00 5892 59,20 1025
EE 048 99,00 52,27 0,48 105,00 55,49 53.86 102
42 045 114,00 56,43 0,43 108,00 51,08 53,76 111
Intensification ratio 11
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Material: PET Lighter C 38
1 4| Melt Mold
Temperature [*C) 265 275 275 275 265 20
Test&# 1 2
Average
Peak Peak Average peak
hydraulic | Apparent hydraulic | Apparent | Apparent | hydraulic
Injection Fillime | pressure | viscosity | Fill ime | pressure | wviscosity | wiscosity | pressure
= pead {mm,s) =} {bar} {MPa x s} =} {bar} {MPa x s} | [MPa xs) {bar}
12 1,86 144 294,62 1,86 144 294,62 294,62 144
15 1,38 145 220,11 1,4 144 221,76 220,94, 1445
18| 1,1 144 174,24 1,12 144 177,41 175,82 144
21 0,53 144 147,31 0,52 144 145,73 146,52 144
24| 0,81 144 128,30 0,81 144 128,30 128,30 144
27 0,73 144 115,63 0,73 144 115,63 115,63 144
30 0,66 144 104,54 0,65 144 102,96 103,75 144
23 0.6 144 95,04 0,61 144 9E,62 95,83 144
36 0,56 144 28,70 0,56 144 28,70 88,70 144
EE] 0,55 144 87,12 0,53 144 53,95 85,54 144
43 0,52 145 52,94 0,43 145 78,16 80,55 145
Intensification ratio 11
Material: PET Lighter C 38
1 2 3 4| Melt Mold
Temperature [*C} 275 285 285 285 275 20
Test# 1 2
Average
Peak Peak Average peak
hydraulic | Apparent hydraulic | Apparent | Apparent | hydraulic
Injection Fill ime | pressure | viscosity | Fill ime | pressure | viscosity | wiscosity | pressure
speed [mm,s) (] {bar} {MPa x s} {s} {bar} {MPa x s} | [MPa xs) {bar}
12 17 131 24497 1,67 123 225,95 235,46/ 127
15 1,22 120 161,04 1,23 120 162,36 161,70 120
18 1 123 135,30 1,00 123 136,65 135,58 123
21 0,84 123 113,65 0,824 119 108,96 111,50 121
24 0,72 119 94,75 0,73 124 99,57 96,91 1215
27 0,63 122 24,55 0,64 1138 83,07 83,81 120
30 0,59 123 79,83 0,59 130 84,37 32,10 126,5
33 0,54 134 79,60 0,54 125 76,63 78,11 131,5
36 0,5 133 73,15 0,5 134 73,70 73,43 1335
35 0,46 134 67,20 0,46 135 &8,31 68,06 1345
42 0,43 134 63,38 0,44 135 65,34 64,36 1345
Intensification ratio 11
Material: PET Lighter C 33
1 2 3 4| Melt Mold
Temperature [*C} 285 295 295 295 285 20
Test# 1 2
Average
Peak Peak Average peak
hydraulic | Apparent ydraulic | Apparent | Apparent | hydraulic
Injection Fill ime | pressure | viscosity | Fill ime | pressure | viscosity | wiscosity | pressure
speed [mm,s} s} {bar) {MIPa x s} s} {bar} {MPa x s} | [MPa xs) {bar)
12 1,54 105 177,87 1,52 103 172,22 175,04 104
15 1,17 113 145,43 1,17 111 142 B6 144 14 112
18 093 102 104,35 0,91 101 101,10 102,72 10,5
21 0,72 93 24594 0,78 100 25,30 8537 99,5
4 0,69 102 77,42 0,69 103 78,18 77,80 102,5
27 0,59 99 54,25 0,58 97 &1,29 63,07 58
30 0,53 91 53,05 0,54 38 58,21 55,63 945
33 0,5 101 55,55 0,49 38 52,82 54,19 99,5
36 0,45 101 50,00 0,45 113 55,54 52,97 107
35 0,43 116 54,87 0,42 113 52,21 53,54 1145
42 0,39 115 45 34 0,39 115 45 34 43 34 115
Intensification ratio 11
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Material: PET/rPET
1 2 3 A Melt Mold
Temperature [*C} 2E65 275 275 275 265 20
Test & 1 2
Average
Peak Peak Average peak
hydraulic | Apparent hydraulic | Apparent | Apparent | hydraulic
Injection Fillime | pressure | viscosity | Fill ime | pressure | viscosity | viscosity | pressure
speed (mmys) s} {bar) {MPa x s} s} {bar) {MIPa x s} | [(MIPa xs) [bar}
12 2,04 145 325,38 2,48 145 395,56 360,47 145
15 1,45 145 231,28 1,43 145 228,09 229,68 145
18] 1,13 144 178,99 1,13 144 178,99 178,99 144
21 0,96 145 153,12 0,97 145 154,72 153,92 145
24 0,83 145 132,39 0,81 144 128,30 130,34 1445
27 0,73 144 115,63 0,73 144 115,63 115,63 144
30| 0,66 144 104,54 0,66 145 105,27 104,91 1445
33 0,62 145 938,85 0,62 144 98,21 98,55 1445
36| 0,56 144 28,70 0,56 144 28,70 88,70 144
359 0,53 145 34,54 0,55 145 37,73 86,13 145
42 0,5 144 79,20 05 145 79,75 79,48 1445
Intensification ratio 11
Material: PET/rPET
2 3 4| Melt Maold
Temperature [*C} 275 285 285 285 275 20
Test# 1 2
Average
Peak Peak Average peak
hydraulic | Apparent hydraulic | Apparent | Apparent | hydraulic
Injection Fill ime | pressure | viscosity | Fill ime | pressure | viscosity | viscosity | pressure
speed [mm,s} s} {bar) {MIPa x s} s} {bar} {MPa x s} | [MPa xs) {bar)
12 1,72 134 253,53 1,74 133 264,13 258,83 136
15 1,28 137 192,90 1,28 135 195,71 194,30 128
18| 1,038 135 152,96 1,08 128 145,02 148,599 131,5
21 0,87 135 129,20 0,87 138 132,07 130,63 136,5
24 0,77 138 116,85 0,76 135 116,20 116,55 1285
27 0,68 140 104,72 0,68 141 105,47 105,09 140,5
30| 0,62 125 94,80 0,62 125 94,80 94 80 139
33 0,55 138 83,45 0,57 137 85,90 24,69 137,5
35| 0,51 140 78,54 0,51 135 77,98 78,26 1385
39 0,497 135 71,86 0,48 142 74,98 7342 140,5
42 0,45 142 70,29 0,44 140 67,76 &9.03 141
Intensification ratio 11
Material: PET/rPET
1 2 3 4| Melt Maold
Temperature {*C} 285 295 295 295 285 20
Test# 1 2
Average
Peak Peak Average peak
hydraulic | Apparent hydraulic | Apparent | Apparent | hydraulic
Injection Fill ime | pressure | viscosity | Fill ime | pressure | viscosity | wiscosity | pressure
speed [mmyfs) s} {bar} {MPa x s} {s} {bar} {MPa x s} | (MPa xs) {bar}
12 1,52 102 172,22 1,55 103 175,62 173,92 102
15 1,17 106 136,42 1,15 101 137,77 132,09 102,5
18| 0,96 108 114,05 0,95 109 113,51 113,58 108,5
21 0,82 115 103,73 0,81 114 101,57 102,65/ 1145
24 0,71 116 90,60 0,72 118 93,45 92,03 117
27 0,64 120 24,43 0,63 121 823,85 24,17 1205
30| 0,58 122 77,84 0,58 124 79,11 7847 123
33 0,53 122 71,13 0,53 127 74,04 72,58 1245
3E| 0,49 122 65,76 0,49 129 £9,53 &7 .64 1255
35 0,45 126 62,37 0,45 1231 4,85 63,61 128,5
42 0,41 128 57,73 0,41 129 58,18 57,95 1285
Intensification ratio 11
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Material: PET/rPET fTiD,
1 4 Melt Maold
Temperature [*C} 265 275 275 275 265 20
Test# 1 2
Average
Peak Peak Average peak
hydraulic | Apparent hydraulic | Apparent | Apparent | hydraulic
Injection Fill ime | pressure | wiscosity | Fill ime | pressure | viscosity | viscosity | pressure
speed [mm,s) =} {bar} {MPa x s} {s} {bar} {MPa x =} | (MPa xs) {bar)
12 2,24 144 354,82 1,88 144 297,79 326,30 144
15 1,45 144 229,68 1,42 144 224,53 227,30 144
18| 1,13 144 17899 1,16 144 183,74 18137 144
21 0,95 144 150,48 0,95 144 150,48 150,48 144
24 0,83 144 131,47 0,83 144 131,47 13147 144
27 0,74 145 118,03 0,74 144 117,22 117 62 1445
30| 0,66 144 104,54 0,66 144 104,54 104,54 144
33 0,62 144 98,21 0,61 144 96,62 97,42 144
3E| 0,57 144 90,29 0,57 144 90,29 90,29/ 144
35 0,52 144 82,37 0,54 145 86,13 84,25 1445
432 0,45 142 70,29 0,49 144 77,62 73,95 143
Intensification ratio 11
Material: PET/rPET/Ti0,
1 2 3 4| Melt Maold
Temperature (*C} 275 285 285 285 275 20
Test & 1 2
Average
Peak Peak Average peak
hydraulic | Apparent hydraulic | Apparent | Apparent | hydraulic
Injection Fill ime | pressure | wiscosity | Fill ime | pressure | viscosity | viscosity | pressure
spead (mm,s) [E3] {bar} {MIPa x s} s} [bar} {MPa x s} | (MPa xs) {bar)
12 1,77 128 249 22 1,73 122 232,17 240,69 125
15 1,31 118 170,04 1,33 126 184,34 177,19 122
18| 1,05 117 135,14 1,0 117 133,85 134,49 117
21 0,89 116 113,56 0,89 119 116,50 115,03 117,5
24 0,76 122 101,99 0,75 116 95,70 98,85 119
27 0,68 124 92,75 0,67 126 92,86 92,81 125
30 0,62 130 28,66 0,61 129 26,56 27,61 1295
33 0,56 123 75,77 0,56 128 78,85 77,31 135,5
35| 0,51 124 69,56 0,52 129 73,79 71,68 126,5
=9 0,47 134 69,28 0,47 133 68,76 89,02 1335
42 0,44 134 64,86 0,45 123 5,84 &5,35 1335
Intensification ratio 11
Material: PET/rPET fTiD;
1 2 3 4| Melt Maold
Temperature [*C} 285 295 295 295 285 20
Test# 1 2
Average
Peak Peak Average peak
hydraulic | Apparent hydraulic | Apparent | Apparent | hydraulic
Injection Fill ime | pressure | viscosity | Fill ime | pressure | viscosity | wiscosity | pressure
speed [mm,s) [E3] {bar} {MPa x s} s} {bar} {MPa x s} | (MPa xs) {bar)
12 1,61 103 182,41 1,57 105 181,34 181,57 104
15 1,17 103 132,56 1,17 102 131,27 131,592 1025
18] 0,94 105 108,57 0,95 103 107,64 108,10 104
21 0,81 101 558,99 o8 102 29,76 29,88 1015
24 0,62 103 77,04 0,68 104 77,79 7742 108,5
27 0,61 104 69,78 0,61 108 72,497 71,13 106
30 0,55 107 54,74 0,55 105 E3,53 64,13 106
33 0,53 107 62,38 0,52 109 62,35 62,36 108
35| 0,48 103 54,33 0,48 106 55,97 55,18 1045
35 0,46 125 63,25 0,45 117 57,92 60,58 121
42 0,43 123 58,18 0,42 114 52,67 5542 1185
Intensification ratio 11
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Material: rPET flakes
1 2 3 4| Melt Maold
Temperature [*C} 275 285 285 285 275 20
Test# 1 2
Average
Peak Peak Average peak
hydraulic | Apparent ydraulic | Apparent | Apparent | hydraulic
Injection Fill ime | pressure | viscosity | Fill ime | pressure | viscosity | viscosity | pressure
speed [mmys} (3] [bar} [MPa x s} (] [bar) [{MPa x s} | (MPa x s} [bar)
12
15
138
21 0,9 105 103,595 0,39 107 104,75 1044 106,0
24 0,76 107 825,45 0,75 110 90,75 90,1 108,5
27 0,68 111 23,05 0,68 112 83,78 83,4 1115
30 oel 118 79,18 0,58 112 72,69 759 1150
33 0,55 116 70,18 0,56 118 72,69 714 1170
3E| 0,51 121 &7,82 05 117 54,35 66,1 1190
35 0,47 113 58,42 0,47 115 61,52 &0,0| 1160
42 0,45 125 gl,82 0,45 125 &1,82 61,9 1250
Intensification ratio 11
Material: rPET granules
1 4 Melt Mold
Temperature [*C} 2E5 275 275 275 265 20
Test# 1 2
Average
Peak Peak Average peak
hydraulic | Apparent hydraulic | Apparent | Apparent | hydraulic
Injection Fill ime | pressure | wiscosity | Fill ime | pressure | viscosity | wiscosity | pressure
speed (mm,s) [E3] {bar} {MPa x s} [E3] {bar) {MPa x s} | (MPa xs) [bar}
12 1,72 130 245596 1,73 128 243,58 24477 129
15 1,28 119 167,55 1,28 121 170,37 168,96 120
13 1,01 118 131,10 1,02 118 132,40 131,75 118
21 0,86 117 110,68 0,86 120 113,52 112,10 1185
24 0,73 114 91,54 0,74 118 96,05 93,80 116
27 0,65 121 8g,52 0,65 118 24,37 85,44 1195
30 0,59 115 77,23 0,58 121 77,20 77,21 120
33 0,52 1159 68,07 0,53 117 68,21 68,14 118
35 05 125 68,75 0,49 118 53,60 66,18 1215
359 0,46 125 63,25 0,46 126 63,76 63,50 1255
42 0,44 125 &0,50 0,43 128 60,54 60,52 1265
Intensification ratio 11
Material: rPET granules
1 2 3 4| Melt Maold
Temperature [*C} 275 285 285 285 275 20
Test# 1 2
Average
Peak Peak Average peak
hydraulic | Apparent hydraulic | Apparent | Apparent | hydraulic
Injection Fill ime | pressure | viscosity | Fill ime | pressure | viscosity | viscosity | pressure
speed [mm,s) (] {bar} {MPa x s} {s} {bar} {MPa x s} | [MPa xs) {bar}
12 1,47 a5 137,45 1,48 22 143,26 140,35 86,5
15 1,05 26| 99,33 1,06 85 99,11 99,22 85,5
18| 0,85 a7 81,35 0,87 28| 24,22 82,78 87,5
21 0,72 23 65,74 0,71 23 54,82 65,28 23
24 0,63 a2 5E,83 0,63 BE| 59,60 58,21 24
27 0,57 24 52,67 0,57 87 54,55 53,61 85,5
30| 0,5 a7 47,85 0,53 92 53,64 50,74 29,5
33 0,97 28 45,01 0,49 94 50,67 48,34 91,5
3E| 0,44 93 45,01 0,45 o9& 47,52 46,27 5945
35 0,42 7 44 81 0,42 102 47,12 4597 99.5
42 04 102 4488 0,39 9t 40,76 42,82 935
Intensification ratio 11
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Material: rPET granules
1 2 3 4| Melt Maold
Temperature [*C} 285 295 295 295 285 20
Test# 1 2
Average
Peak Peak Average peak
hydraulic | Apparent hydraulic | Apparent | Apparent | hydraulic
Injection Fill ime | pressure | viscosity | Fill ime | pressure | wviscosity | viscosity | pressure
speed [mm,fs) s} {bar} {MPa x s} s} {bar) {MPa x s} | (MPa xs) {bar)
1z 1,36 =3 98,74 1,31 &7 96,55 97,64 66,5
15 1 == 75,90 1,02 &7 75,17 75,54 &2
18| 0,81 74 65,93 0.8 72 E53,36 64,65 73
21 0,7 77 59,29 0,89 7E| 57,62 58,49 76,5
24 0,61 73 48,98 0,61 75 50,23 49 65 74
27 0,54 73 43,36 0,54 76| 45,14 44 25 745
30| 0,5 21 44 55 0.5 77 42,35 43,45 79
33 0,45 23 41,09 0,45 21 40,99 41,04 a2
3E| 0,43 25 42,10 0,43 91 43,04 42,57 o0
38 0,41 22 359,69 0,41 90| 40,59 40,14 29
42 0,39 =2 40,33 0,28 29 37,20 38,76 915
Intensification ratio 11




