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Abstract

The objective of this work is to determine the effef four process variables on the
properties of blends composed of bisphenol-A palyoaate (PC) and poly (butylene
terephthalate) (PBT) polymers which are compoungsag a large scale commercial extruder.
The four variables studied are blend compositipecsic energy consumption, residence time
and shear rate. The last three factors were vased) the extruder screw speed and feed rate.
The PC/PBT blends, commercially known as XENOY,eveompounded using a WP ZSK 58
mm co-rotating twin screw extruder at the facilitfy SABIC Innovative Plastics in Cobourg
Ontario. The extruder was instrumented to measuol@e the die pressure, specific energy

consumption and blend temperature.

The blends were characterized using differentiahaing calorimetry, (DSC), scanning
electron microscopy, (SEM), gel permeation chromaphy, (GPC), and melt volume flow
rate, (MVR). After processing, the blend propestaetermined were melting temperature,
glass transition temperature, crystallinity, amanph phase weight fraction, amorphous phase
composition, phase morphology, PBT-rich-phase silsnd molecular weight distribution, and
MVR. Using principles available in the literatuee)inear regression model was developed to
relate the process variables with the online measproperties and output blend properties.
Fitting this model allowed the relative importarafeeach process variable to be estimated for
each property. An attempt was also made to idetiiég general type of PC/PBT blend studied
and how it compares with published PC/PBT blend.dat

It was found that the blends studied were well it since there was no evidence of
significant co-polymer formation during processinggmall decreases in molecular weight
were attributed to mechanical degradation. Blegdircreased the crystallization and melting
temperatures, as well as blend crystallinity. Nacpcally significant difference in melting
temperatures was observed between the differerdepsing conditions. Analysis of glass
transitions indicated that the blend componentevpartially miscible. The amorphous phase
compositions were unaffected by blend compositionpmcessing; however, the weight
fraction PC-rich-phase present in the blend wamngty influenced by the screw speed. The
phase structure of as-extruded blends could naebelved using the SEM. Therefore, the



blends were annealed to coarsen the phases. Afteahng, a continuous PC-rich-phase and a
discrete PBT-rich-phase were observed. The PBEBeb&e increased with increasing PBT
content. No other statistically significant effecin phase size were observed but this is not
conclusive due to the large scatter in the measeme&sn MVR was primarily influenced by
blend composition and specific energy consumptieth the effects of composition being
dominant.

Further study using higher imaging resolution iguieed if the phase structures of as-
received blend pellets are to be characterizedhtr@xy to current practice, it is recommended
that the Utracki-Jukes equation be used rather tien Fox equation for determining

amorphous phase composition from glass transitaa th PC/PBT blends.
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Nomenclature

Symbol Description Symbol Description
a Mark-Houwink exponent Q Flow rate Through Exgud
A Area Ideal Gas Constant;
As Extruder Screw Free Cross-sectional Area Rheometer Cone Radius
C Polymer Concentration in Solution SEC SpecifieEyy Consumption
Co Specific Heat Capacity T Melting Temperature of Extended
C, Heat Capacity m Chain Crystal
D Extruder Diameter T Equilibrium Melting Temperature
d, SEM Probe Diameter gl Glass Transition Temperature
f Extruder Degree of Fill Y Apparent Melting Temperature
G' Dynamic Storage Modulus UCST] Upper Criticalu®ioin Temperature
G" Dynamic Loss Modulus \Y) Polymer Empty Volume
G°N Plateau Modulus Vv Extra Extruder Conveying Section
H Extruder Channel Depth P Volume Filled due to Back Pressure
i Number of Flights in Extruder Screw sV | Polymer Filled Volume
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1.0INTRODUCTION

1.1 Motivation for Work

Bisphenol-A-Polycarbonate (PC) is a widely usedimegying thermoplastic known for
its high temperature stiffness and impact resiganklowever, its high melt viscosity, poor
hydrocarbon resistance and lack of low temperatorgghness prevent its use in some
applications [1,2]. PC is increasingly being bleddvith other thermoplastics to modify its
properties. A schematic of one of the more comnidends is shown in Figure 1.
Poly(butylene terephthalate), (PBT), is a semitedline polyester with low melt viscosity and
good hydrocarbon resistance but poor high temperaitiffness [2,3]. Blends of the two
polymers inherit the properties of both. Their maipplication is the manufacturing of
automotive parts as the blend offers high impact swivent resistance as well as stiffness at
elevated temperatures [1]. Although they candiered to most hot forming techniques,
PC/PBT blends are primarily formed by injection radiog where the viscosity lowering effect
of PBT is useful [3]. Careful control over prodesgsconditions is necessary in producing
good PC/PBT blends [4].

The blend compounding operation requires accuraigtures of both polymer
components and thorough blending to ensure consigten the final blend resin pellets.
Compounding requires a significant effort in setamgl process control. It is not uncommon to
generate large amounts of scrap in the initialetag the compounding process until optimum

conditions are achieved. When large volumes acegssed, high scrap rates are more

PC (30 to 70%) PBT (20 to 60%)

|

Core-shell Acrylic latex,
e.g. MBS (10%)
L—

Y
High Impact
Strength Alloy

Figure 1. Schematic of PC/PBT Blend Formulation [4]




acceptable. On small production runs, howevemasy blend pellets may be wasted as are
sold. Attempts to predict the optimum equipmettirsgs so far have not been well established
due to a poor understanding of process dynamics.th& best of the author's knowledge,
commercial scale compounding of this blend ancefitsct on blend properties have not been
studied anywhere in the open literature. This wakpart of a wider study aimed at
characterizing the compounding process of a laogdesextruding operation to improve the
consistency in blend resin properties. The studyoirsducted in parallel with the investigation
by Noeei [5].



1.2 Objective and Scope of research

A wider experimental study of a PC/PBT compoundingcess in a large scale extrusion
facility is currently being undertaken [5]. The manvestigation involves online property
measurement prediction and control to allow bdtett detection and faster optimization of
processing conditions. The objective of this sjieavork is to determine the relationship
between online measurements and the final blengepties. Results on this work will provide
a better understanding of the relative importarfdeur extrusion process conditions studied.

A flow chart outlining the organization of this vkors provided in Figure 2. Figure 3
provides a schematic of the interrelated factoflsi@mcing properties in polymer blends. A
general background on these factors is providedaakground in sections 1.3 to 1.7 below.
For the PC/PBT blend, characteristics such as nobogly, co-polymer content, molecular
weight, and crystallinity have been widely studiad,have their relationships with the desired
properties of solvent resistance, impact toughrass$ high temperature stiffness. These
relationships are also described in this chapterChapter 2, the current knowledge on the
relationship between processing conditions anddlgmaracteristics is reviewed. It will be
shown that there is a void in the current literatwith regard to understanding how extrusion

conditions in a large scale commercial processcaf/PBT blend properties. The present

Background Extruder Experiment
(Chapter 1) (Noeei) (Chapter 3.1)

‘ ., Material

i . Material Charicterization )
LItE'l'al'UI'E REVIEW (GPC. DSC. SEM) SEC Die Pressure

(Chapter 2) (Chapter 3.2-3.4) Processing Temperature
Model Development .| Regression Analysis
(Chapter 4.1) (Chapter 4.1)

—

Properties Inherent
to the Blend
(Chapters 4.2, 5.1)

Effects of Processing
(Chapters 4.3-4.4, 5.2)

Figure 2: Thesis Organization Flow Chart
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investigation intends to fill the gap by characdeny the thermophysical properties and
morphology of PC/PBT blends for a set of processmgditions.

The morphology of the PC/PBT blend is analyzedngisdifferential scanning
calorimetry (DSC) and by direct observation usiogming electron microscopy (SEM). This
allows estimation of crystallinity and phase conmpos. Inferences about co-polymer content
can be drawn through its effects on interphase etitmpzation and crystallinity. To allow
comparison with results from the literature the esolar weights of the blend components
studied have been determined.

Due to differences between thermal and geometradirgy; the process conditions
between research laboratory and commercial scaipmgnt are not similar. For this reason,
representative resin samples have to be taken émmmercial size compounding equipment.
The current research investigation has receive@mahsamples from a commercial scale co-
rotating twin screw extruder at SABIC plastics hagiin Coburg Ontario. Section 2.5.1
compares the advantages and disadvantages of saguipment types and will demonstrate
that co-rotating twin screw extruders represent ohthe best options for commercial scale
compounding. The scope of this work is focusedstudying four main parameters in the
extrusion process, namely, shear rate, specificggneonsumption (SEC), blend composition

and residence time.



1.3 Chemical Characteristics

1.3.1 Syntheses and Structure

PC and PBT which are both synthesized through giteywth condensation reactions [3]

to form the chemical structures seen in Figuresdt @ Several different reactions can take
place between PC and PBT to form co-polymers. d&meactions and their implications will
be discussed later in this section. PC does ngdtallize under commercial processing
conditions while PBT is semi-crystalline. Crystadtion from the melt produces the’*
crystal form characterized by a gauche-trans-gaugtg, conformation of the aliphatic chain.
Deformation produces the ™ crystal form. This form is more difficult to dédrentiate
chemically from the amorphous fraction as bothcuwaracterized by a t-t-t conformation [7,8].
The importance of these conformational differencesdiscussed in Appendix A: FTIR
characterization of PC/PBT blends.

1.3.2 Molecular Weight / Molecular Weight Distribution
Blend miscibility [9], glass transitions, crystabition [10], and mechanical properties

[11], are affected by molecular weight. Unlike lomolecular weight substances polymers can
not be characterized by a single molecular weidfttis is a result of the random nature of a
polymerization reaction which produces a rangehdfic lengths. In step growth polymers a
“most probable” molecular weight distribution cae Iheoretically determined using the
kinetics of the reaction. Tablelists different molecular weight averages usedummarize
polymer molecular weight. Figure 6 plots the “mepsbbable” distribution and provides an
illustration of the relationship between the diffiet averages. It is noted that the dependence
on the high molecular weight tail increases wita dnder of the average. For this reason, the
weight average molecular weight is always gredtan the number average molecular weight.
This fact can be used to provide an estimate ofiibigibution width called the polydispersity
index, Equation 1. Using the “most probable” disittion, it can be shown that in

condensation polymers the molecular weight averaged polydispersity index are all

+o- OO0~ el Ol oend
CHj n n

Figure 4: Polycarbonate Repeat Unit [3] Figure 5: Poly(butylene terephthalate)[3]



functions of the reaction conversion fraction, [p2] Useful polymers are only produced by
conversions approaching one, resulting in a popgtisity index slightly less than two for step

growth polymers such as PC and PBT.

PDI = % =1+ p£2 [12] Equation 1

n

There are several methods for determining moleawaght. Number average molecular
weight can be determined by end group analysis,csntbtic pressure, while light scattering

provides weight average molecular weight [13].rilsic viscosity by it self is only a relative

Table 1: Molecular Weight Averagesl3[14]

Symbol | Name andSignificance Formula
Number Average Molecular Weight estimates| - _ NM; _ 1
M, . ST = =M,——
the mean of the chain frequency distribution N, 1-p
Viscosity Average Molecular Weight estimate N M V2 ' va
M, based on the random coil size distribution for &, = NM =M, (p-1)*> n*p"*
specific solvent/ temperature pair i ”:1
M Weight Average Molecular Weightestimates the — _ N M? . P
w mean of the chain mass distribution " N, M, °1-p
M “Z" Average Molecular Weight -estimates extent W = NM? - p’ +4p+1
z of high molecular weight tail z NM2 % @- p)a+p)
Z + 1. Ay_erage Molepular Weight —DFOYIdeS o UNMZ pie11p? +11pel
Y/ more significance to high molecular weight taiM, = =M,
[15] N;M; (p* +4p+1)1- p)

M; molecular weight of the ith fraction
number molecules of the ith molecular weight

N;

p

a Mark-Houwink exponent for solvent/temperature pair

reaction extent, condensation polymers
M, molecular weight of repeat unit

Weight Fraction

Log(Molecular Weight)

Figure 6: Molecular Weight Distribution (Theoretical Condensation Polymers)




estimate of molecular weight because it is dependanthe conditions under which it was
determined. It is found by measuring the viscositya dilute polymer solution at a variety of
concentrations, ;¢ The viscosity is then extrapolated to zero cotre¢ion according to

Equation 2, where is the viscosity of the solutionyg is the viscosity of the pure solvent
[15,16, 17]. Both the temperature and choice dfest affect the final value and therefore
should be sighed if intrinsic viscosity is to haaey meaning [15]. If these conditions are
known the viscosity average molecular weight cafcutated using the Mark-Houwink

equation, Equation 3 [15,16,18]. Reference [16lkates the Mark-Houwink constants for PC

in several solvents.

7=lim =N 151617 Equation 2
Ce0 2''0
[Al = KM [15,16,18] Equation 3

If the entire molecular weight distribution is desi the simplest method is gel
permeation chromatography, (GPC) [15]. GPC separatolecules by their hydrodynamic
volume. It does this by using a column packed \p#hets containing pores similar to the size
of the polymer molecules. When the solution i€éar through the column small molecules fit
into many pores resulting in a circuitous path tiglo the column. Large molecules pass
through more directly. Calibration using standaofisknown molecular weight allows the
resulting concentration vs. exit time curve to baewverted into a molecular weight distribution.
Often standards are not available for the polynengdptested. Two options are available in
this situation. The best option is the use of aensal calibration based on a known
relationship between retention time, hydrodynamitume and intrinsic viscosity. (For a
complete description of this technique see refexdt®]). As universal calibration requires a
more sophisticated instrument, calibration is comippreformed with the available standards
and the resulting molecular weights quoted asiveldhat of the standard polymer. Similar to
intrinsic viscosity, relative molecular weight ialg directly comparable if measured using the

same standard, solvent and operating conditions [19



1.3.3Hydrolysis
Both PBT and PC can be degraded by the presengatef [28,29,30]. The water splits

the chain generating carboxylic acid and alcohal groups in PBT [29]. In PC the reaction
splits the chain at the carbonate linkage resulitinghenol end groups and the generation of
CO,, see Table 2. PC initial degradation of 2.54 ¥ ¥ chain scissions followed by a steady
rate of 6.92 x 10 % scissions/h was reported in samples expose@iQ# Xelative humidity at
90°C. The reaction rate was observed to incredetemperature requiring that PC be dried
before melt processing [30]. Some hydrolytic ddgteon is expected during the drying
process as evidenced by the measured degradatiBBTofsheet of varying thicknesses aged
and dried identically. PBT pellets of approximgt8lmm diameter and PBT sheet of similar
thickness evidenced 1.20 x 1@% scissions/h while only 0.92 x 10% scissions/h was
calculated for 0.77 mm sheet. As the reverse twodld be expected if the increase in
degradation were due to poor water penetrationhef golymer during ageing, it can be
concluded that 23% of the total degradation is wudrying. Ageing conditions were 95%
R.H. 85°C. Drying conditions were 3 hours at 150AGracuum [30]. As can be seen from

Table 3this drying temperature is higher than any of thesmrded in the literature for PC /

Table 2: Chain End Groups

Alcoholic Carboxylic Phenol

(0]
~~CH,);OH I ----OOH
----- C—OH

Table 3: Drying Conditions Reported in the Literature

Temperature Environment Sample Type Time Source
60°C Air Pellets 1 week [20]
60°C Vacuum Pellets 1 week [21]
80°C Air Pellets 4h [1,22]
115°C Air Plaques >2h [9]

115+5°C Air Pellets 4-5h [23]
120°C Air Pellets 2h [24]
120°C Vacuum Particulate 4h [2,22]
120°C Air Pellets 5h [25]
120°C Air Pellets 18h [1]
120°C Vacuum Pellets 24h [26]
120°C Air Pellets 48h [27]
125°C Air Pellets >3h [9]




PBT blends. GE Plastics recommended drying canditiare 3 to 6 hours in air at no more
than 120°C [31,32].

1.3.4 Direct Ester-Carbonate Exchange (Transesterificatia)
PC/PBT blends are known to react under certain itond. Devaux et al. have

determined that direct ester-carbonate exchangeansesterification is the dominant reaction
taking place in these blends [25]. Residual qtiastiof organometallic Ti compounds from
the manufacture of PBT have been detected in @thRBT [33] and in PC/PBT blends [2].
These compounds have been found to also catalgzeathsesterification between PC and PBT
[7,9,34] with a reaction rate proportional to thatatyst content [7]. Transesterification
stabilizers for this blend typically operate by dtimating the catalyst; however complete
suppression can not be proven. The reaction hasdizserved to occur at temperatures as low
as 200°C [3] and has been predicted to proceedatatyzed at 250°C with an initial rate of
3.11x10" mol/(g min). The catalyzed reaction rate is as Imas two orders of magnitude
higher [25] in one experiment producing 100% coypwr in 5min at 240°C [21]. Several
authors agree that in melt blending operations Isindlsignificant copolymer concentrations
are achieved prior to catalyst inactivation [3,%5%,3To produce blends unaffected by the
presence of a catalyst, it should be neutralize@thgr solvent [35] or melt [9] blending the
PBT with a stabilizer prior to compounding with PC.

As seen in the reaction scheme outlined in Figunansesterification initially produces

A-B type block co-polymers. As the reaction conéa the number of blocks in each chain
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Figure 7: Transesterification Reaction — Initial AB Block Polymers [21, 25]




increase while the block length decreases. Tha fesult is a random statistical co-polymer
[25,36]. Transesterification is believed to be Byfueversible reaction and do not result in the
evolution of carbon dioxide [25]. Carbon dioxideokition observed during reactive
processing is attributed to ether acidolysis of BBCPBT terminated with carboxylic groups
[25], see section 1.3.5, or the thermal decomposivf less stable aliphatic carbonates formed
by the reaction [9], Figure 7a. In addition to thkphatic aromatic carbonate [25], and
aromatic ester [25,37], formed by the initial tresierification, the reaction products can react
further to produce fully aliphatic carbonates [Bee Table 4 for new structures formed by the
reactions.

The presence of co-polymers in the blend affeasdImiscibility [35], phase structure
[38,39], thermal properties [35], mechanical praojsr[39] and solvent resistance [25,36].
Low reaction extent blends exhibit the phase séparstructure and thermal properties of a
low miscibility blend [36] combined with increasetechanical properties. The one exception
to this is impact resistance which is immediategcréased [39]. This is one reason
commercial blends typically try to keep co-polyncentent as low as possible [3,9]. Increased
solvent resistance occurs in blends containingelasgmponents of A-B block co-polymers
[25,36], while nearly all properties are severa@guced if the reaction is allowed to progress to
the formation of statistical co-polymers [3,9]. eTspecific effects of co-polymers summarized
here are discussed in more detail in the sectionsxechanical properties, thermal properties
and phase structure. Other co-polymer forming treas exist besides transesterification.

These are discussed in the following sections.

1.3.5End group Attack (Alcoholysis, Acidolysis)
Alcoholic and carboxylic end groups on PBT reaeidiy with PC. In an un-catalyzed

melt mixing experiment the reaction went to complein approximately 5min at 240°C. The
co-polymer content was significant at approximatwt% for 50/50mol% blend [21]. The

PC phenol end groups formed were found to be uckkeato 270°C which was the maximum

Table 4: New Linkages formed by Transesterification
Aromatic Aliphatic Carbonate [25] | Fully Aliphatic Carbonate [7] Aromatic Ester [25,37]

O 0 (0]
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temperature studied [25]. For this reason at loigerperatures the reaction stops when all
reactive PBT end groups are consumed and a blogolyoner and low molecular weight PC
are formed rather than a statistical copolymer42p, To prevent this reaction PBT ends can
be capped [21]. No carbon dioxide is formed bydlwholysis reaction however it is formed

by acidolysis [25, 21]. This can result in destivefoaming during extrusion [9].

1.3.6 Thermal Degradation
Though its degradation onset has been measured kEtwaas 266°C [37], pure PC

exhibits negligible degradation to 300°C. The REQradation onset temperature is known to
be below 240°C with an initial rate of thermal dagation of 9.1x18 mol/(g min) at 250°C
[25]. PBT samples with caped ends did not geneabteholic or carboxylic end groups by
thermal decomposition when heated to 290°C for This degradation was detected at 310°C
and has been reported in the literature in sigaificquantities at 300°C [21]. Blends of PBT
and PC have lower degradation onset temperatuges tthere parent polymers suggesting
transesterification produces less stable struct{28s 37]. Aliphatic carbonates have been
implicated [9, 20], while completely aromatic estevere found to be more stable than the

parent polymers [20]. See Figure 8 for TGA datatlie two parent polymers and there blends.
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Figure 8: Decomposition Rate vs. Temperature by TGAL10°C/min heating [20]
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1.3.7 Mechanical Degradation
Polymers can be degraded by excessive shear slueisgy processing. This has the

effect of breaking polymer chains and reducing mualer weight. Data from polymer
solutions suggests that entanglements between slatenuate the stress and reduce the
chance of chain failure as initial molecular weight¢reases [40]. At a given shear stress

polymer molecular weight is found to eventuallybdiae after long processing intervals [41].

1.3.8 Additives
Santos and Guthrie, [3], provided a good summaigdaiitives typically used in PC/PBT

blends. According to them, blends typically contdb-20 wt% MBS rubber as an impact
modifier. Inorganic pigments typically make betwe®1 and 2.0 wt% of the blend. Though
pigments are only intended to affect appearancey thave been shown to affect
transesterification [3], UV stabilization [42], anther properties. Heat stabilizers added to the
blend are free radical quenchants and as suchpatgect against free radicals produced by
UV-light, exposure to oxygen and mechanical dedgradeof the polymer. Phosphates and
phosphorous containing acids are often used asesgarification inhibitors. As mentioned
previously these “inhibitors” primary role is toaictivate the residual catalyst found in the

PBT, slowing, but not stopping the transesterifaateaction [3].

1.3.9 Solvent Resistance
Chemical resistance of blends is directly propowi to PBT content. PBT chemical

resistances is attributed to its crystallinity whis as high as 40% when blended with PC [3],
but which is reduced by high reaction extent tratesdication [3,9]. The A-B type block co-
polymers formed by initial transesterification haugh solvent resistance, as evidenced by the
minimum in solubility data published by Devaux &t dowever the random co-polymer is
fully soluble in most solvents for either polym@5]. The total loss of crystallinity observed
in fully reacted blends [3,9] is likely a contrilng factor, as is the fact that in a random co-
polymer there will be many sites which exhibit favable interaction with solvents for ether of

its constituents.

1.3.10 Tests of Blend Stability
Given the importance of characterizing or estintatine co-polymer content and its

rate of change in PC / PBT blends, many testsatfilgly have been developed. To quantify

12



the exact co-polymer concentration the best methavdsFourier transfer infrared (FTIR)

[7,25,26, 37] and nuclear magnetic resonance (NMR5,26]. Both of these detect the new
chemical groups formed. NMR can detect co-polyatezoncentrations of less than 0.5mol%.
FTIR is limited to aromatic ester concentrationeager than 3.5mol% with aliphatic

carbonates not being detectable at concentratieltsvbi23mol% due to overlap with existing

PC and PBT bands [7]. Appendix A provides morerimfation.

If only verification of blend stabilization and ehabsence of significant co-polymer
concentrations are necessary several other teadsifave been attempted. Hamilton and
Gallucci, [9], have outlined a procedure they €albusive DSC” which exploits the negative
effect on PBT crystallinity of high transesterifican reaction extent, see Table 5. Poor
stabilization is indicated by drops in melting teemgture and crystallinity during the final scan.
As will be seen in the thermal properties sectitwe, AB type co-polymers produced by end
group attack or at the early stages of transesiatidn do not greatly affect melting and
crystallization behaviour. Because of this abu§h&C mainly verifies that little or no random
copolymer is present [9]. Other authors have udshges in solvent resistance [1,27,26].
Solubility of the blend is measured in methylen®gte, a good PC but poor PBT solvent. If
the dissolved fraction matches the original PCtioacit is assumed no reaction occurred.
However blends declared un-reacted by this methowed decreased PBT crystallinity [27],
a sign of reaction according to Hamilton and Galiy®]. For this reason solvent extraction is
probably best used to improve the resolution ofRFiH the manner of Birley and Chen [1],
rather than a stand alone method. Evaluationericdleaction extent may also be possible by
observing morphological changes. Blend phaseisikaown to decrease with increasing co-

polymer concentration [36]. More details are preddn the section on blend morphology.

Table 5: Abusive DSC Procedure [9]

Description Cycle Parameters

First Scan Heat 40-290°C at 20°C/min
Hold at 290°C for 15 min
Cool 290-40°C at 80°C/min
Second Scan Heat 40-290°C at 20°C/min
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1.4 Thermal Properties
1.4.1Idealized Thermal Model for Polymer Blends

In thermal analysis, semi-crystalline polymers #&ypically modeled as two phase
mixtures consisting of completely amorphous and metely crystalline phases [43].
Similarly un-reacted PC/PBT blend behaviour, igngrimpact modifier, can be modeled as a
three-phase mixture. Leaving the morphologicaluargnts on this model for later, and
assuming in the most general case partial misgipiihe phases consist of a crystalline PBT
phase and two amorphous phases, one rich in PGhandther in PBT [3]. Under such a
model full thermal characterization of the polynidend consists of characterizing each of the
phases in terms of its characteristic temperatamed behaviour as well as the relative
proportions of these phases. The behaviour oiMi@e is described by the superposition of
all phase behaviours using the rule of mixturesydEiqn 4 [44]. A summary of typical thermal
properties for both PC and PBT is listed in Table Biscussion regarding key properties

follows.

Cp= (vvi mp’i) [44] Equation 4

1.4.2 Polymer Crystallization / Melting Theory
The polymer melting temperature is not as sharg@finéd as that of metals or low

molecular weight compounds. Even so polymer mgltian be classified as a first order phase

Table 6: Thermal Properties of Pure PC and PBT

Description Symbol Material Value
. : 140+1.5 J/g, 144 J/d\p]
Latent Heat of Fusion Hs Crystalline PBT 142 J/g 6]
Crystal Surface Energy R PBT 57-75 x 10 J/cnt [47)
_ . X o 236-260°C [47]
Equilibrium Melting Temperature T°j, PBT 244°C 4§
Apparent Melting Temperature T PBT Multiple Peaks [4819]
(Dependent on Processing) m 215°C [1] - 230°C [48]
Maximum Crystallinity % PBT 38-40% [750]
. PC 0.24 J/(gK) b1]
?reazﬁSiggr?acny Change at Glass GCo Semi-crystalline PBT 0.35 J/(gK) [48]
Amorphous PBT 0.49 J/(gK) [48]
PC < 155°C b2
Glass Transition Temperature g T Semi-crystalline PBT 22-80°C [48]
Amorphous PBT -25°C [48]
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transformation thermodynamically [53]. An ideaisti order phase transition is characterized
by a change in the slope of the Gibbs free enemggus temperature curve resulting from a
discontinuity in one of its derivatives, Figure 9dne crystal represents a much more ordered
state than the melt resulting in a step changentropy. Theory predicts a sharp “infinity
point” in the second derivative of free energy, dnhdrefore the heat capacity curve, but in
practice “a broad melting peak” is observed [5Zhis deviation from theory is due to kinetic
factors. The area under this peak, taking therdtisal heat capacity curve as a base line,
represents the enthalpy difference between thetatrysd the liquid [55], witch when
normalized with respect to mass is customarilyechthe latent heat of fusionH;.

The kinetics of polymer crystallization at constérnperature are well described by the
Avrami equation, Equation 5, where s the crystal fraction at time t, k is the cryBtation
rate constant and n is the Avrami exponent [5687,9he Avrami exponent is related to the
“primary nucleation and growth geometry” of the stgls [56,58]. Table 7 summarizes the
Avrami exponents expected. Polymer crystals off@w in large spherical super structures
called “spherulites”, with all crystals radiatingofn a common center. For this growth
geometry an Avrami exponent of 3 is expected. #&sloe seen, the Avrami exponent by itself
is not a definitive indicator of crystal growth nedut merely an indicator, eliminating some
options [59]. Small angle light scattering andestimorphological characterization methods
can be used to narrow the field further [58].
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Figure 9: Ideal Thermodynamic Transitions; First order (a), Second order (b), Third order (c). [54]
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Table 7: Avrami exponent summary [59]

Homogenous Nucleation _
Heterogeneous Nucleation

Linear Growth Diffusion Controlled Growth Linear
Growth Habit Steady State t=0* Steady State t=0* Growth
Sheaf-like 6 5 3.5 2.5 5n 6
Three-dimensional 4 3 2.5 1.5 h 4
Two-dimensional 3 2 2 1 2n 3
One-dimensional 2 1 1.5 0.5 In 2

*All nuclei are activated att =0

X
©_=1- exp(kt") [58] Equation 5
Xc,t=¥

In polymers, crystallization kinetics favour therwation of relatively small metastable
crystals rather than the large crystals favouredeqyilibrium [60]. The ideal equilibrium
crystal must have the lowest free energy possibblieis is obtained by creating a crystal with
the largest volume to surface area ratio. Relgtigtow growth along the chain direction,
compared perpendicular to it results in polymerstalg that are plate-like regardless of their
size [61]. Due to this constraint the ideal eduilim crystal is one in which all polymer
chains are extended linearly, maximizing thickn@$g maximum crystal thickness obtainable
is therefore dependent on molecular weight [62]ciS& crystal can only form at the
equilibrium melting temperature, as the kinetictéaanentioned above favours the growth of
thinner crystal lamella in which the chain snakexkoand forth. This growth pattern
maximizes growth perpendicular to the chain axis mmimizes it along the axis. The lamella
thickness therefore decreases with crystallizattemperature, a fact that has been
experimentally verified [63].

Similar to crystallization, the melting temperatisanfluenced by molecular weight and
crystallite thickness. For polymers, such as P®llpwing the “most probable” molecular
weight distribution, the dependence of the melt@gperature of an extended chain crystal,
T*mn, on molecular weight is provided by Equation 6. this case Ty represents the
equilibrium melting temperature of an infinite moldar weight extended chain crystaHll, is

the latent heat of fusion of a single chain repent, R is the ideal gas constant, axdis the

number-average degree of polymerization [64]. Tifeceof lamella thickness, L, on apparent

melting temperature is described by Equation 7, i$°now the melting temperature of an
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equilibrium extended chain crystal of finite mol&uwveight [56] similar to T} above As at
useful values for polymers the effect of moleculaight is small [44], this second definition is
what is typically quoted in the literature as tlggiébrium melting temperature [45,46].Hs is
the latent heat of fusion of the bulk polymer aat$ the interfacial energy for the lamella ends
[56].

1 1 _ R 2 .
T — [64] Equation 6
T, T, DH, X

2n
T =T9 1- e [56] Equation 7

As PC and PBT can react to form block and randonrpatgmers, the melting and
crystallization of co-polymers is relevant to thisnd. Equation 8, provides the dependence of
melting temperature on, p, the “probability thatrystallisable unit in the co-polymer is
succeeded by another such unit”. T8 again the melting temperature of an equilibrium
extended chain crystal of finite molecular weigfithe other terms in the equation are similar
to those in Equations 6 and 7 above. For an Agg tylock co-polymer p approaches unity,
and very little decrease in melting temperaturexpected. As the block length decreases p
also decreases to the limiting case of a randomotymer, for which p is equal to the mol
fraction of crystallisable units [65]. In the casiea PC / PBT blend this will be equal to the
mol fraction PBT units remaining, which due to t@w linkages formed by reaction will be

less than the mol fraction PBT originally presenthie blend.

i-i—ilnp [65] Equation 8
T T° DH, q

The above discussion is based on comparison tditlegun and so is most accurate in
the regions around the equilibrium melting tempe®at°,, [62,6366]. The rates of crystal
nucleation and growth are both dependent on theedegf under cooling below,, and three

crystallization regimes have been identified basedhe balance between these forces. Type
crystallization occurs at temperatures just befy. In this regime nucleation is slow and
each successive layer of a crystal finishes itsvgrgrior to the nucleation of the next layer.
Crystals from this regime are expected to be thgelt and contain the least imperfections.
Type 1l crystallization occurs at greater underaoyd where nucleation is comparable to
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growth. In this regime several nucleation event @ccur on each layer of the crystal,
increasing the rate of crystallization but introthgcdefects. As the temperature is lowered
further the crystallization rate decreases asdle of nucleation exceeds that of growth. This
condition is entitled regime Ill. Nuclei have alnho® room to grow and crystals are very
small, consisting of little more than stable nucldihe transitions between these regimes are
generally diffuse. It is a matter of some debéateard boundaries can be assigned or if the
regimes merely summarize the extremes of a contmu@heory does predict that if a hard
boundary between regimes Il and Il does existilt fall near the temperature of maximum
crystallization rate; which for many polymers isem by Equation 9. [.xand T,° are both in

°C. [67]

T.. = (082+0.009T° [67] Equation 9

1.4.3 Glass Transition Theory
The exact nature of the glass transition is notregtunderstood. It is often defined as

the point where “the characteristic time of moletumotions...becomes longer than the
timescale of the experiment.”[68] Due to this degence on experimental time scale, the
exact temperature of transition measured will bgeloat slower cooling and heating rates.
However, the dependence is small and thereforeefiperimental conditions are often not
specified [69]. Phenomena associated with glasesitian include: lowered molecular
mobility, a step in the heat capacity curve, ardrge increase in rigidity [70]. The existence
of a heat capacity change suggests that a secdedthermodynamic transition may be taking
place, Figure 9b, but a large kinetic componenvemes equilibrium from being reached as
would be the case for an ideal thermodynamic ttems[71]. Similar to H; during melting,
the height of the heat capacity change;, can be related to the amount of material
undergoing a transition [72].

As molecular motions are influenced by molecularghe molecular structure and
molecular environment, it is not surprising thdtthtee have an impact on the glass transition
[73]. Though it was originally derived semi-empdaily, both the free volume theory and the
Gibbs-DiMarzio thermodynamic theory predict glasmsition molecular weight dependence
to follow the form of the Flory-Fox equation, Equat 10. Similar to other molecular weight
dependences, a maximum value for the glass transi@mperature, o[ ), is approached as

the molecular weight approaches infinity. Undex fitee volume theory this can be interpreted
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as a decreasing effect of the more mobile chairs esdchain length increases [74]. Other
aspects of molecular structure, such as main aigidity also have a pronounced effect on the
glass transition temperature. For this reason, ®RBI its four carbon aliphatic sections has a
much lower glass transition than PC. The impactofecular environment can be seen in the
increase of PBT glass transition temperature oleseiv semi-crystalline PBT as opposed to
wholly amorphous PBT. Rigid constraint is impos®d the amorphous phase by the hard
crystalline phase reducing its mobility and therefmcreasing its glass transition temperature
[73].

T,(M) =T, (¥)- 5 74 Equation 10

The effects of molecular environment are partidylamportant when discussing
polymer blends and co-polymers. If phase sizefikess than 2 to 15 nm diameter, or co-
polymer sequence length is smaller than this vausingle glass transition between those of
the parent polymers will be observed. This resutypically taken as proof of miscibility, but
according to Utracki, this is not precisely the eas thermodynamic terms. Solvent cast
blends of immiscible polymers have been producedthviexhibit a single glass transition
initially but after annealing exhibit two distin¢tansition temperatures, demonstrating the
effect of phase size [75]. The Fox equation, Eguatl, is often used to provide an estimate
of the glass transition temperature of the mixtomsed on the weight fractions;, \and glass
transition temperaturesqT of its components. Utracki recommends Equationfdr2fully
miscible blends and Equation 13 if blends are alytimiscible. The parameter k is
empirically determined and accounts for the entropmixing, which is usually assumed to be

negligible but may not be in partly miscible blerid§].

T
w 1- — =0 [76] Equation 11
| gi
InT, w InT,;
= — [76] Equation 12
T, i Ty
T T
w,In — +kxw,In —— =0 [76] Equation 13
Tya Ty
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1.5 Phase Morphology

1.5.1 Equilibrium Phase Diagrams for Polymers
Polymers approach equilibrium slowly due to thewv Irate of self diffusion [77,78]. In

the melt, equilibrium may be easily reached. Haosveas a polymer is cooled, slow diffusion
may allow non-equilibrium structures to persistilutitey are locked in by the glass transition.
Even so, equilibrium phase diagrams are importand\eer their life time polymer parts will
tend towards equilibrium with accompanied improvamer deterioration of properties [78].
Figure 10 provides a schematic phase diagram anckl@tion to the free energy of mixing,
Gm. A detailed description of the thermodynamicgpbése separation is given by Utracki
[79], along with a comprehensive summary of manyhef theories that attempt to describe
phase separation for polymers [78]. The key toeustdnding morphology in PC/PBT blends
Is the existence of two mechanisms for phase separaThe binodal line represents the point
at which a two phase region becomes thermodynaiyitaloured. Separation occurs by the
mechanism of nucleation and growth. An inductiometis required for nucleation, preventing
instantaneous separation. Under the spinodal three driving force for phase separation is
great enough that any compositional differenceesldisan the average to the two equilibrium
phases is favoured. No nucleation is required@rabes start as ripples of concentration that
maintain a continuous composition gradient betwerinemes. As shown schematically in

Figure 10, during spinodal decomposition the ripgeesent at time; texpand until by time,
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Figure 10: Spinodal Decomposition: Phase Diagram @anhSchematic Morphology [79]
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ts, surface tension breaks them into individual glesyl79].

Polymers often have phase diagrams where maximustilility is obtained at an
intermediate temperature, Figure 11a. The longnshaduce the significance of the entropy
of mixing when compared to low molecular weight gmunds. This increases the relative
importance of chemical attractions and repulsiohBese are measured by the binary
interaction parameterg,, [78]. A negative interaction parameter is requifer miscibility
[77]. The maximum in miscibility has been explalr®y the effects orc,, of free volume and
dispersion forces, Figure 11b. The upper crit®alution temperature, UCST, and lower
critical solution temperature, LCST, define theremtes of miscibility [77]. Multiple critical
temperatures have been measured in some blendgssing that the relationship between
and composition is at least second order. Moleonkight has been shown to have a large
effect on miscibility. Phase diagrams between e¢kgemes of Figure 11a and c can be
generated for a given polymer pair by varying molac weight. Pressure is also important,
though less studied. The effect of pressure onTL&& been found to be ten times greater
than the effect on UCST. For polymers that havenbstudied, pressure effects on critical

temperatures are on the order of 10°C/MPa. [78]

1.5.2 Characterization Techniques
Utracki provides a summary of techniques that can used for morphological

characterization along with discussion of theiratages and disadvantages [80]. Discussion

here will be limited to the techniques commonly difer PC/PBT blends. For direct
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Figure 11: Typical Polymer Phase Diagrams. Shadeaggions are two phase. [78,77]
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observation of morphology electron microscopy téghes are best. The microscopic methods
used in this work will be described in Chapter@ther techniques that have been used in the
literature include light scattering, FTIR microsgp@SC and inverse gas chromatography.
Light scattering has been used to characterize plb#se separation in PC/PBT blends
[81], while an attempt at measuring phase commositias made by FTIR-Microscopy [7]. For
a successful measurement in a PC/PBT blend theepkame must be greater than
approximately 12m, (See Appendix A), which is larger than what wagorted by Tatum,
Cole and Wilkinson [38]. Typically estimates ofgsle composition are made from changes in
glass transition temperature by DSC [75,82]. (Seetions 1.4.3 and 3.3.2) Inverse Gas
Chromatography has been used to investigate phts@dtions, and can be used to calculate
the binary interaction parameter [83]. Even wilils tinformation the complexity of PC/PBT
phase behaviour has prevented the use of thermodgribeory to generate a phase diagram

3].
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1.6 Rheology
1.6.1 Introduction
Rheology is often defined as the study of fluidMloThe viscosity () of non-Newtonian

fluids, such as many molten polymers, is dependenstrain rate §) resulting in a more

complex relationship between strain rate and shiass () than that described by Newton’s
equation, (Equation 14). The increased complerasults from visco-elastic behaviour, that
is, behaviour somewhere between the viscous respafres liquid, and the elastic response of a
solid. Rheological characterization techniquesmfit to determine the dependence of flow on
the applied loads [84], often though the dependaricéscosity on strain rate. Theoretical
treatment of polymer rheology attempts to desctiie dependence, and also the known
dependences of viscosity on temperature and maleadight [85]. The rheology of polymer
blends is further complicated by the presence dfipie phases. The effect of phase structure
on flow behaviour is important and must be undedtbefore useful measurements and
predictions can be made [86]. With this backgrquhd flow characteristics of PC, PBT and
their blends presented at the end of this sectonbe understood in the proper context.
s =hg Equation 14
1.6.2 Property Measurement

Rheological characterization techniques can besifled as dynamic or steady state.
Large strains are induced in steady state testgyatmmg and orienting droplets. The resultant
data therefore is on the oriented material ratlhan tthe original [87]. This can reduce
reproducibility and the generality of results bessathe exact geometry of the test equipment
may have a large influence on the resultant monayl Dynamic testing of blends provides
excellent reproducibility [88]. Only small defortians are used for dynamic tests, allowing
the information gathered to be specific to the ioagmaterial [87]. Small deformations are
necessary to maintain measurements in the linescoslastic region, where stress is
proportional to strain. This necessity, thoughdyémr direct property determination limits the
use of dynamic tests as process models. Processimig rates and deformations are more
similar to those of steady state tests making diselts directly applicable to design problems
provided proper attention is given to matching flggometries [88]. The empirical Cox-Merz

rule, Equation 15, often used to relate steadyeséamid dynamic results in homopolymers
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should only be used with extreme caution in bledds to the morphological differences

induced by different test techniques [87].

h(g) =[h*(W)],-, (89 Equation 15
Both drag flow and pressure drop can be used tacedhear stresses on polymers.

Pressure drop instruments are limited to deterrgisteady shear viscosity( g),[90] however

they have the advantage simple construction anidle riange of shear rates, (5 to 1080sAt
their simplest, pressure drop instruments condis piston that applies a known pressure,
forcing molten polymer through a channel or capjllaf known dimensions. In such an
instrument the viscosity of the polymer at the &gaplshear rate can be calculated from the
measured pressure drop and flow rate provided thneeation factors for entrance pressure
drop and wall shear rate are known. In non-Nevetoriiuids such as polymers the correction
factors must be determined experimentally, reqgirthat many tests be conducted with
varying pressure drops and channel dimensions.s &hinot a great hardship if the full
viscosity curve is to be determined; however itslpeevent the melt flow or melt volume
indices, (MI, MVR respectively) from being directlglatable to viscosity. Both Ml and MVR
are used in industry as classifications for polymesits. The MI is equal to the mass of
polymer which flows through a standard capillarglena standard pressure in a given time. It
is often quoted in units of g/10min. The MVR isnply the MI adjusted for density and
therefore is quoted in units of éM0Omin. Both are typically determined under a Erset of
conditions preventing correction. As the standzaplillaries are short, a significant portion of
the pressure drop is due to entrance effects regutie dependence on viscosity. Despite
these limitations, melt indices are significant dige their role as the sole rheological
classification parameter quoted for commercial pays [91]. The use of melt indices in
polymer blends is even more questionable than imdipolymers due to morphological
changes induced by the flow. In the worst casddieviscosity phase will concentrate at the
capillary walls lubricating the flow and obscuritite condition of the other constituent [92].
More information on capillary rheometers can benfibin [91].

Drag flow rheometers produce more uniform sheasrétan pressure flow and also are
more flexible, usable for both steady and dynarh&as studies [90]. Parallel plate, concentric
cylinder and plate and cone geometries are all.u3ésugh concentric cylinders have certain

theoretical advantages [93], they have practicalitéitions regarding sample loading and
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therefore are not often used. Most common is tme@nd plate geometry pictured in Figure
12. Given several simplifying assumptions thisrgetry provides uniform shear stress, and
allows shear rate, shear stress, and first nortmatss difference (N another rheological
important parameter) to be calculated using Equoatib6 through 18. In these equations F
represents the normal force separating the plites the torque transmitted by the polymer, R
is the fixture radius, is the cone angle and is the rotational speed in radians per second
[94]. In dynamic mode an oscillatory shear of then given in Equation 19 is applied where
g, is the magnitude and is the oscillation frequency. The output, Equati®, provides the
definition for the dynamic storage, G’, and loss, @oduli, where G’ describes the elastic or
solid like response of the polymer melt and G” déss the viscous or liquid like behaviour

[95]. The vector sum of these is the complex \sggayiven by Equation 21 [89].

9=w [94] Equation 16
Q
3M .
s = 94 Equation 17
2R [94] q
2F .
N, :W [94] Equation 18
g(t) = g,sin(ut) [95] Equation 19
s = GYw)sin(int) + G @) cos(ut) [95] Equation 20

(o]

h* (W) = %VJGQW) +G®w) [89] Equation 21
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Figure 12: Rheometer Geometry [94] Figure 13: Gand G” master curves for a typical polymer melt
[95]
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To determine the viscosity vs. frequency/shear dependence a wide range of test
frequencies are required, however even the bestetpspment is limited to five orders of
magnitude. To produce master curves for homoetg, such as the one seen in Figure 13,
time-temperature-superposition is used [95]. Tikidased on the assumption of thermo-
rheological-simplicity that states decreasing terappge or increasing time have the same
effect on polymer flow behaviour. This requiresattimajor changes in material viscosity are
linear functions of temperature meaning that nomditeoon temperatures are crossed while
shifting data [96]. In homo-polymers, above thesgldaransition temperature, the Williams,
Landel, Ferry equation (WLF), provides a good 6t shift factors, allowing the shear rate
dependence of a material to be extrapolated to rteanperatures [95]. In polymer blends the
situation is more complicated. Temperature indudeghges may result in many transitions in
blend morphology making regions of consistency t@orow to justify time-temperature
superposition, and requiring that experiments hedooted at each temperature to determine

the precise material behaviour [96]. If a mast@ve can be produced, linear-visco-elastic

properties such as the zero shear viscosity),(recoverable compliancelf), and plateau

modulus Gy ), can be determined (Figure 13, Equations 22 &)d Zhese are important in
modeling polymer rheology. In particul@x, and Jg, allow calculation of the characteristic
relaxation time,/, (Equation 24), which among other things, defires dnset of non-linear

visco-elastic behaviour in steady shear flows [95].

GY4n)

h, =lim [95] Equation 22
w0 YW
o_ 1. G :
Js _/7_5%%7 [95] Equation 23
t,=h,Jde [95] Equation 24

1.6.3Homo-polymer Rheology and Theory
Homo-polymers are typically pseudoplastic, meanivag there viscosity decreases with

increasing strain rate, (See Figure 14). Thougénofised due to their simplicity, power law
equations relating viscosity to shear rate, (segakgn 25), are purely empirical and typically
only provide a good fit over a few orders of magdé [97]. A much better fit is obtained

using the Eyring equation particularly when a rateon spectrum rather than a single
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relaxation time is used, (Equation 26). In itsielion all terms have physical significance,
however due to its many parameters care must lem tdkring the fitting procedure to ensure
that the result maintains the original meaninghef terms rather than just a good empirical fit.
The rational behind the Eyring equation is thateislasticity originates from chain segments
being deformed faster than they can relax intortbguilibrium configuration. For n equals 1
it is assumed that only one characteristic relaxatime is necessary. Greater values of n
indicate a spectrum of times. Existence of a spettof times is theoretically justified by

noting that chain segments will be under a varyangpunt of constraint. The proportion of
segments having a given relaxation time is givenfibyrree volume influences on where
segments can move to are accounted for in the Yaftié, which represents the ratio of filled

volume over empty volume [98]. Empty volume inges with temperature through thermal
expansion, preventing the apparent increase irosimscwith temperature that might otherwise

be inferred from Equation 26.

m-1
h=h, g9 [97] Equation 25
g
n i -1
p= 2RT ih sinh“(6,9) , b =122t [og] Equation 26
Vi, ia bg Vi

The effect of molecular weight on viscosity is s@&effrigure 15. Equation 27 accurately
describes this behaviour, wherg M the critical molecular weight before entangleme\ is
not temperature dependent indicating that its &face wholly due to chain geometry [99]. As
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Figure 14: Stress vs. Shear Rate for Pseudoplastidrigure 15: Polymer Viscosity vs. Molecular Weight
Materials [97] [99]
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the plateau in the dynamic storage modulus curse appears at Mt is also attributed to
entanglements [100]. Theories attempting to erpthie molecular weight dependence of
viscosity are divided in applicability between thafat work well below Mand those that
work above it. Below Mthe Debye viscosity equation [101], and the Rauséel are used.

The Rouse model deals with polydispersity and gpreslictions forf, and Jg in addition to

viscosity. The prediction fod; in particular provides a good fit to experimenttwio flexible

parameters [85]. Above MBueche Theory [102] and the Reptation model ofrigs, Doi,
and Edwards are options [103]. Though Buecheigieed similar relationship to Equation 25,
the model does not do as well at predicting otlsgreats of polymer rheology [102]. The
Reptation model builds on Rouse, assuming rougerfiklecules trapped in tubes defined by
entangling chains. It has been extended to pgigdé® liquids through double reptation and
though it does not deal well with long chain branghit is otherwise very good [104]. More

information about the models can be found in thespective references.

[105,106] Equation 27
M>M_, ApM*

1.6.4Blend Rheology
Utracki provides a good review of blend rheologQqlL As it is long and involved the

main points for PC/PBT blends are summarized hdviscible blends are modeled using
solutions and homologus blends, (blends of onerpetywith itself). Immiscible blends are
modeled using suspensions, emulsions or block btovmys. Partially miscible blends
processed near their spinodal temperature are emded mixtures of two liquids near their
critical solution temperature [86]. The viscosfypolymer blends with respect to composition
is often modeled using the “log-additively rule’qiation 28, where, is the viscosity of the
blend, x can be mole fraction, volume fraction or weiglachtion, and ,; are the viscosities of
blend components. The effects of blend structureblend viscosity are often discussed in
terms of negative or positive deviations to thikeruFor thermodynamic miscibility a small
positive deviation will exist [108].

logh, = (xi Ioghovi) [108] Equation 28
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Block-Co-polymers model highly mixed blends and patibilized blends. In these
blends immiscible polymers form sub micron scaldeoed structures. Viscosity is highly
dependent on structure and is typically higher th@mat would be expected based on
composition due to the necessity of disruptingdtnecture to induce flow. Coarser blends are
modeled on emulsions or suspensions depending ewificosity ratio, Equation 29. The
viscosity ratio governs the deformation behaviordidpersed droplets in a liquid matrix.
Unless it is much greater than 1, blends are besleted as emulsions [109]. Emulsions have
been found to be nearly Newtonian provided thatuwbleme fraction dispersed phase is less
than 0.3. Between this and some critical value smon$ are psedoplastic, while above the
critical value solid like properties are exhibit¢@hb]. Carefully constructed commercial
emulsions can have as much as 90% dispersed pHl@gmer blends typically undergo a
phase inversion long before this occurs. Phasersémn occurs at lower volume fraction when
the dispersed phase has the lower viscosity [1Hhulsion viscosity is increased slowly by
volume fraction below values of 0.3 and much mapidly above this. A maximum is

expected at phase inversion where the volume @naclispersed phase is at a maximum [109].

h.
= —dseersed g 995 Equation 29

coninuous

In concentrated emulsions two types of morphologigte those that are formed by a
shear field, and those that are formed by liguiduid interactions. At equilibrium the later
case dominates and the interface area is equhhtditat can be protected by a surfactant. In
most emulsions, many droplet sizes are presentieoplets form strings or clusters [112]. At
moderate shear rates droplets are expected tifystrdb layers with decreasing droplet size
and layer spacing with increasing shear rate. @la#ign of droplets is expected to become
more difficult between layers as shear rate in@gabowever within a given layer at high
shear rates coagulation may destroy the emulsioduging a layered liquid morphology. In
this morphology the low viscosity component is eotpd to lubricate the flow of the higher
viscosity component. The emulsion may re-form ugedarn to a lower shear rate [95].

In partially miscible blends small positive devaats to log additively are observed in
regions outside of the binodal. (See Figure 25réberence phase diagram) Viscosity drops
sharply upon entering the two phase region reguitimegative deviations. A local maximum

within this region is observed, possibly represeptihe point of phase inversion. In blends
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where shear induces crystallization, deformatioml$eto reduce miscibility. In other blends an

increase in miscibility with increasing shear ratebserved [113].
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1.7 Mechanical Properties

1.7.1 Effect of Co-Polymer
The effect of co-polymer content on PC/PBT blendperties is seen in Figures 16-18.

The blend composition of 60/40wt% PC/PBT is similarthat of commercial blends. All
properties besides impact resistance initially ease. As the blends were produced by
blending highly reacted PC/PBT with virgin polymehe exact co-polymer content is
unknown, however it is reasonable to assume th@obgmer content is similar to the
proportion of reacted blend. (Reacted blend israssito be 100% co-polymer, additional co-
polymer production during blending assumed to bgligkle.) This places the maximum for

mechanical properties at or below 2wt% co-polyn3&j.

1.7.2 Tensile Strength, Elastic Modulus, and Elongation
In Figures 19-21 the effect of blend compositionmachanical properties is observed.

Improvements in yield strength over rule-of-mix@irbehaviour were attributed to crack
bridging and massive plastic deformation of the ghase made possible by cavitation at the
PC/PBT interface. Blends with 20 to 50% PBT hastrang interface, attributed io-situ-
formed co-polymer [33]. Similar synergistic behawidut at a lesser degree was observed by
Sanchez et al. for yield strength [27]. Unlike \Whud co-workers [33], a significant deviation
was observed for modulus following the same tremgiald strength. This was attributed to
free volume effects. The opposing trends for gjiferand elongation are viewed as typical of
most materials [27]. Lower values for elongatioerev observed by other authors in the

50/50wt% range [1,22]. Blend processing and stinectnay be responsible.
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1.7.3 Critical Ligament Thickness and Impact Resistance
In addition to interfacial modifiers such as coypoérs, ligament thickness has a

significant effect on blend impact strength. Impsitength is improved by adding a rubber
impact modifier to the blend in the form of smadirficles. This rubber deforms easily even at
high strain rates. Provided the polymer ligamemasating rubber particles is below a critical
thickness, rubber deformation reduces the constoainthe surrounding polymer allowing a
shear deformation mode. This results in largetiglaeformations of the ligament absorbing
large amounts of energy. The critical ligamentkhess is expected to depend on temperature,
strain rate, and blend component elastic modus. itAaffects both elastic modulus and blend
morphology, crystallinity is expected to have afeeif[2,22]. In 50/50wt% PC/PBT blends, a
critical ligament thickness of 0.5h was achieved with the addition of at least 4.5wt%
50/50wt% blend of ethylene-butylacrylate-glycidylethacrylate co-polymer (PTW) and
ethylene-1-octylene co-polymer (POE) [22]. 5 anet% of POE and PTW alone were
required for 0.55 and 0.4én critical ligament thicknesses respectively [d]his compares to

20wt% methyl methacrylate-butadiene-styrene co+pely (MBS), required for good impact
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resistance in PC/PBT blends [22]. MBS is the maltersed for impact modification in the
Xenoy family of PC/PBT blends [1].

1.7.4Vicat Temperature
The vicat temperature is often used as a meadungglo temperature stiffness. It is

measured by applying a standard load to a starsggg@cimen and measuring the temperature at
which a specific deflection is reached. ASTM 1%8%ers one such set of standard conditions.
Figure 22 shows the effects of molecular weighttmn vicat temperature. Comparing to the
polycarbonate glass transitions measured by Hamétal Galuchi in Figure 27 it can be seen
that there is a strong correlation between glasssition and vicat temperatures [9]. The low
vicat-temperatures observed by other authors, [2@)ht be attributed to partial miscibility

of low molecular weight polymer or transesterifioatdue to lack of stabilization.
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Figure 22: Vicat Temperature vs. Molecular Weight 7]
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2.0 LITERATURE REVIEW ON THE INTERACTION BETWEEN
PROCESSING AND PC/PBT BLEND PROPERTIES

As stated in Chapter 1, the objective of this wigrto investigate the interaction between
four process variables in commercial scale twiwcto-rotating extrusion and PC/PBT blend
properties. The blend thermophysical propertiefi e characterized using Differential
Scanning Calorimetry (DSC) while Scanning Electidicroscopy (SEM) will be used to
study blend morphology. This chapter describesctireent state of knowledge in these areas
based on a comprehensive review of the open litexat Also described is the current
knowledge of PC/PBT blend rheology and processingpirotating twin screw extruders.

2.1 Thermal Properties
2.1.1 Effects of Transesterification on Thermal Properties

In un-stabilized blends rapid transesterificatian expected to produce random co-
polymers. Depending on the extent of the transéstgion reaction a range of blend property
changes will result. Changes listed in order @feéasing co-polymer content are, decreased
crystallinity [2,7,22], decreased PC-rich-phasesgléransition temperature [1,2], or wholly
amorphous polymer. In the last case a single gtassition with temperature predicted by the
Fox equation, Equation 11, is expected [36] Sthauly of these indications of reaction are

found, it is clear that the blend stability shobklverified prior to further study [9].

2.1.2PBT Cirystallization and Melting, Pure PBT and Low-Reaction Blends
For PBT, no experimentally determined maximum afljigation rate has been reported

[114]. However theoretical modeling has predictedhaximum growth rate at 211°C [49].
This is in good agreement with the regime changenftype Il to Ill crystallization at 210-
212°C inferred from crystal growth data by Runt aadvorkers [47]. Following the general
rule for polymers PBT crystallization kinetics aret highly dependent on molecular weight.
Pure PBT with N, equal to 83,000g/mol and PDI equal to 1.9 was useBunt [47], while
the theoretical work was based on polymer with &fjual to 39,000g/mol [49]. (Calculated
from M, = 37,800g/mol, a =0.871 using Table 1.) Stein afidra [50] provide further
evidence of a transition with there polarized agltimicroscopy results. Pure PBT was used,

with Mn approximately equal to 20,000g/mol and gqual to 1.04 at 25°C in HFIP. Two

34



distinct populations of spherulites with identicalystal unit cell parameters were formed
depending on the crystallization temperature. ekxhperatures below 200°C “unusual” two
dimensional spherulites formed, while in the 2008&mple “normal’ three dimensional
spherulites were detected. In this case “unusaiadl “normal” are the terminologies used to
describe the different populations, nether beiraj tthcommon in the polymer literature. In
samples with a dynamically changing crystallizattemperature a mixture of “normal” and
Figu® shows a plot of PBT crystallinity vs.

“unusual” spherulites was obtained. [50]

crystallization temperature.
The most notable feature about PBT melting is wia¢n investigated by DSC as many
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Figure 23: PBT crystallinity versus crystallization temperature [50] (M, 20,000, [] = 1.04 @ 25°C in
HFIP)
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as three peaks have been observed even thoughrémmae frequent [47,49], Figure 24.
Several theories have been put forward in an atteéanpxplain this. As the phenomena has
been observed in blends with polycarbonate at leastreport has attributed the second peak
to polymer crystallizing from the PC rich phase][58his can not be the complete explanation
as pure PBT also exhibits this behaviour. Multiplelting has been attributed to crossing the
type I, lll transition temperature while coolingq]. It has also been attributed to the partial
melting and reorganization of crystals during a DS€an. Both events can occur
simultaneously. A theoretical treatment of PBT tmgl by DSC predicted two peaks if a
single continuous crystal size distribution wasrganized and three or more for multi-modal
distributions [49]. References to “secondary limfg crystallization” [22,2] and “the melting
of imperfect crystals” [1] in PC/PBT blends as exptions for double melting could support
either mechanism. The existence of different mglpoints for distinct populations of crystals
was demonstrated by Stein and Misra when they wbdethe complete disappearance of
“unusual” spherulites at 223°C and that of “normsgtherulites at 227°C. Both populations
had been formed during cooling. However if the dsmal” spherulites were melting or re-
crystallizing into the “normal” type during the atively slow optical observation heating scan
was not discussed [50]. Complementary non-theteeiniques such as wide angle x-ray
scattering, or FTIR should be used for PBT if thiéial crystallinity of the blend is of interest.
(See Appendix A)

Table 8 provides Avrami parameters for pure PBT blahds with PC as reported by
Halderet al.[58]. The exclusion of PC from the PBT crystal structwees inferred from light
scattering results. Although no mention of stabiiion was made by the authors, the
processing temperature was kept below 260°C and pieent crystallinity did not
significantly decrease when normalized to 100% PE3]. Comparing this result to Hamilton
and Gallucci’'s “abusive DSC” procedure [9], it isry likely that the blend is largely un-

Table 8: Avrami Parameters for PBT in blends withPC at 50°C [58]

Composition Xeit= N K
PC/PBT* Blend PBT
50/50wWt% 8.9% | 17.8% 1.43 5.27 x10
30/70wt% 12.4%| 17.7% 1.51 7.11 X3¢
10/90wt% 16.9%| 18.8% 1.66| 10.13 X31p
0/100wWt% 19.7%| 19.7% 2.10 8.06 x°1(

*Myy peT = 55,000g/mO|, []PC: 0.5 DL/g
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reacted. Regime Il crystallization kinetics argected, as the blends were quenched from
250°C and crystallized at 50°C. The main conclugicawn from this data was that nether
PBT crystallinity or rate of crystallization is @ty reduced when blended with PC. The
initial rate increase at low PC content is what ameuld expect from an increase in
heterogeneous nucleation due to the presence sf§ygRC. When the Avrami exponent and
light scattering results were compared, Haleleal. concludedthat in the PC rich blends the
crystal growth pattern was two dimensional [58JhisTis similar to Stein and Misra’s results
for regime llI crystallized pure PBT [50].

The effect of molecular weight on PBT crystallipatiin well stabilized PC/PBT blends
was studied by Cheng and coworkers [82]. SimiaHalderet al.[58], PBT crystallinity in
blends with PC was found to be independent of P&Ttent and in the range of 33-37% total
PBT. As Cheng and coworkers crystallized theimbte at 200-205°C, near the type II/III
transition and above the PG, Their higher total crystallinity figures are n&rprising. One
important observation was that PBT crystallinityswgreater in low molecular weight blends,
with lower PBT molecular weight having the greateffect. The study covered all four
permutations possible when one PC with df ether 36,500 or 19,100g/mol is blended with
one PBT of ether 108,00 or 65,000g/mol [82].

2.1.3Glass Transitions in PC, PBT and blends
The Fox-Flory constants for PC are given in EqueB6. No similar relationship was

found the literature for PBT. This is likely dtethe difficulty obtaining wholly amorphous
polymer because of the fast crystallization kireett€ PBT §8]. In a single sample, the effect
of crystallization is greater than that of molecuhgeight, with glass transition temperatures
between 22 and 80°C reported for the rigid amorpHaaction of semi-crystalline PBT, while
a glass transition temperature of -25°C reportedwbolly amorphous polymer. A study
investigating the change in PBT glass transitiothwmolecular weight would therefore not be
particularly useful if it pertained to only amorplspolymer. It would also be difficult to
define precisely what was studied if a semi-cryisialpolymer was studied. A large difference
in heat capacity change at glass transitioBp, was also reported for semi-crystalline vs.
wholly amorphous PBT4f], see Table 6. In a 50/50wt% blend with PC, Birend Chen
detected two glass transitions that might be aitable to PBT, one at -80°C and one at 55°C.
The presence of an ABS rubber with &t -45°C complicates interpretation [1]. Howetlgs
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evidence combined with the crystallization datdrigure 23 showing that PBT crystallizes at

0°C [50] indicates that even in semi-crystallineTP8 mobile amorphous phase exists well
below room temperature.

21 10°[g C/mol]
M

w

Typc =155[ C]- [52] Equation 30

Both Cheng and coworkers [82] and Hamilton and @&all [9], investigated the
interaction between molecular weight and blend ity on the PC rich phase 4Tin
stabilized PC/PBT blends. Both concluded that rbility increased with decreasing molecular
weight [9,82], see Equation 11. Despite concebwitpossible transesterification Hamilton
and Gallucci’'s more extensive results are summarnizd able 9 [9]. Although they were well
aware of the potential adverse effects of transfistion due to residual catalyst, they did not
appear to be aware of the end group reaction mexthanThe use aqueous phosphorus acid
solution as a stabilizer will have resulted in solnydrolysis, providing the PBT end groups
necessary for co-polymer production by end-grotgcat “Abusive DSC” results only verified
that no random co-polymer was produced. Howewansidering that only 0.1 phr of highly
concentrated solution was added and that duringdblg no bubbling or other signs of

reaction were observed, the co-polymer contertiair stabilized blends is expected to be low.

[9]

Table 9: Ty by DMA, 50/50vo0l% PC/PBT Blends [9]

PBT
M 25,000 | 30,600 | 45,900
PDI 2.08 2.30 2.30
8,000 | 2.25| 90.6TC | 116.3T | 127.1TC 143.3C
10,500 | 2.33 | 122.7C | 127.8C | 136.0C 146.4C
12,000 | 2.38 | 124.3C | 129.1C | 134.3C 147.6C
13,000 | 2.62 | 127.1C | 132.0C | 138.6TC 148.8C
*Calculated Using Equation 30

100%
PC*

PC
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2.2 Blend Morphology
2.2.1Low-Reaction Blend

Delimoy et al. [26] investigated the phase preferences in a velgtihnigh molecular
weight PC/PBT blend and constructed the phase aaghown in Figure 25. The blend was
well stabilized and FTIR/NMR results confirmed tHass than 1® mol% co-polymer was
present. Their predictions were verified by TEMdés of blends corresponding to points D
and G [26]. Figure 26 provides a TEM image of dtimhase PC/PBT blend [38]. Though
this phase diagram appears to be of the UCST f@etimoy et al. cautioned against any
concussions regarding its form above 260°C empimasthat the forms of Figure 11a and c
are both possible [26]. Santos and Guthrie neitxpressed the same concern, nor attempted
to explain the different shapes reported for plidagrams in the literature [3]. The LCST type
spinodal of 198°C reported by Okamota and Inoué, [81lpresented in contrast with Delimoy
et al's result by Santos and Guthrie [3], disregarding fact that Okamota and Inoue used
much lower molecular weight polymers, (PG #M24,000g/mol, PBT M= 27,000g/mol), in a
50/50wt% un-stabilized blend [81]. This is in spitethe fact that Delimot al. highlighted
the effects of molecular weight as a major quedtha needs to be addressed [26].

As previously mentioned, both Cheng and cowork&2$ dnd Hamilton and Gallucci [9]
investigated the effects of molecular weight on &Y blends. Clear trends of increasing

miscibility with decreasing molecular weight arsibie in Figure 27. Both observed that PBT
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Figure 25: PC/PBT Phase Diagram, PBT N = 110,000g/mol, PC
M,, = 35,000 g/mol, co-polymer content less than $@nol% [26]
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molecular weight had a greater effect than PC [9,8he blend investigated by Delimey al.
[26], is very similar to the highest molecular wtigpair. As can be seen in Figure 27b, the
phase composition calculated by Cheng and cowortksrgy the Fox equation, Equation 11,
for the high molecular weight pair agrees well witigure 25 [82]. If we disregard the un-
stabilized nature of Okamota and Inoue’s blend [&ltan be seen that the PBT molecular
weight corresponds to the lowest one in Figure 2lfas not surprising then, that their blend
exhibited greater miscibility and a differing phaliagram. In light of the dominance of PBT
molecular weight [9,82] an argument can be madettha is the complete explanation, but
Okamota and Inoue used a much higher molecularhvd?§ than any in Figure 27. The
possible impact of un-stabilized nature of theerial [81] should now be recognized.. and the
possible impact of co-polymer should now be mad&n explanation for the differences
observed between Cheng and coworkers well stadilizlend [82], and Hamilton and

Gallucci’s stabilized, but partially hydrolyzed hbk[9], might also be made.

2.2.2 Influence of Co-polymer
Pompe and Haussler [35] have clamed that misgibifit PC/PBT only exists in the

presence of co-polymer as presented in Figure Z8eir argument is not that the glass
transition behaviour is exclusively due to co-poéymbut that even undetectable co-polymer
concentrations can enhance homo-polymer miscibilititey attempt to explain all miscibility
variation as an effect of varying co-polymer corcation, however this is likely an

oversimplification. They did not address moleculagight, or even cite it for their material

110,000 110,000
¢ oo i * d. L PBT Rich Phase — *®
Cheng et. al. 100.000
100,000 ,
’ PC Rich Phase
Cheng et. al.
S 90,000 o PCRich Phase T 20,000
E Hamilton & Gallucci -g
=) 2
3 80,000 80,000
= PC M. [g/mol] 2
b BN 13,000 =
o 70,000 44— B 19100 o 70,000
[ X ] ® Il u 24500 [ ® W
60,000 [ 28,600 60,000
I 34,100
50,000 ittt ®. e :‘:"- e —_— 50,000 T T T T
60 80 100 120 140 100/0 0/100
(a) Tg[°C] (b) PC/PBT

Figure 27: Phase Preferences vs. Molecular Weighgffect of Molecular Weight on Phase T by DMA (a)
[9,82], Phase Composition as estimated by the Feguation from T4 by MDSC (b) [82]
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[35]. A superposition of effects is more likelypcawould nicely explain why Cheng and
coworkers results [82] agree with Delimeyal. [26] but disagree with Hamilton and Gallucci
[9]. (See Figure 25 and Figure 27) Okamota armdidrs result can similarly be explained
[81].

Tatumet al [38] investigated the effects of higher reactients on blend morphology.
As they do not provide molecular weight data anddueelatively low resolution FTIR to
characterize co-polymer content, their results ragnly useful for quantitative comparison.
They observed similar morphology in the two lowesdction blends, but with a phase size
decrease to 2n from 5-10 m with increased reaction. Figure 29 is an imagthe second
lowest reaction blend. The next blend, picturedrigure 30, showed a much finer phase
structure, while all subsequent blends providedimage under the SEM. Contrast was
produced by selectively dissolving the polycarbenaith dichloromethane. The next two

blends were unaffected by the solvent, while thalfblend was completely soluble [38]. The
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Figure 28: PC Tg vs Co-polymer content, PC \j 26,000g/mol by Equation 30 [35]

10HM

Figure 29: Low-Reaction Blend by SEM, 50/50 Figure 30: Highly Reacted blend by SEM, 50/50
wt%, PC M,, 19,000g/mol by Equation 30 [38] wt%, PC M,, 19,000g/mol by Equation 30 [38]
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progression of phase size can be easily explaigeddieling the co-polymer as a surfactant
which modifies the properties of the phase intexfad@he interfacial area, which is inversely
proportional to phase size, is expected to be etyudhe area that can be protected by the
surfactant [112]. Tatunet al [38] noted the agreement between the resultbef etching,

and the solvent results of Devaeixal.[25].
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2.3 Rheology of PC/PBT Blends
Both PC and PBT show typical pseudo-plastic behavio their pure state. The

rheology of pure PC is well summarized by Rober{&&). No such summary for pure PBT is
available. Several authors have characterized PBdlogy [115-116117118119], but only one
lists molecular weight, (M= 22,800 g/mol), making the data comparable teemostudies
[117]. A useful finding was that pure PBT, (but ntst filled composites), follows the Cox-
Merz rule [118]. In contrast, PBT composites, (It the pure polymer), exhibit shear
induced crystallization [119]. The rheology of P8T blends is not well characterized.
Though several studies have addressed steadypstgerties [1,9,27], the only dynamic study
is marred by poor transesterification stabilizatjig8]. In a steady state study PC/PBT blends
were found to exhibit negative deviation from laddaivity across the entire composition
range at 280°C, a finding consistent with an imrbiscblend [27].
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2.4 Processing and Compounding
2.4.1 Blending Equipment and Process Variables

A wide variety of processing conditions and equipméypes has been used by
researchers to produce PC/PBT blends. Co-rotévirgscrew extruders were used by, Wu
and co-workers [33,39,120,121], Batial [2,22,122] and Okamoto and Inoue [81]. Only one
report used a counter-rotating twin-screw extruf8], while several used single-screw
extruders [1,123,124]. Internal mixers are bytfeg most popular being used by Wilkinson
and co-workers [36,38,125] as well as six othereaesh groups [21,24-27,126]. Solvent
casting has been used [20,37], but there are cosideat this technique can produce very
different morphology than melt blending [35,75]. -@xating twin-screw extruders offer
excellent distributive mixing [127], uniform highhaar stress flow, short residence time, self-
wiping, and allow volatiles to dissipate throughdesiports when run in the typical
configuration, (see section 2.5.2 below) [128,129ounter-rotating extruders are not self-
wiping, requiring higher operating torques [128]t loffer better dispersive mixing than their
co-rotating cousins due to the high shear rategréxmced in the calendar gap. Single screw
extruders are not as good at mixing [127], do rvefine control over shear rate and typically
exhibit long residence times and dead spaces maguib possible degradation and in-
homogeneity in blends. Their main advantages bat¢ they are inexpensive and widely
available [129]. For laboratory purposes internalkers are excellent, explaining their
popularity. They provide good control and unifostress history but are limited to small
batches [129]. Due to their operating scale androbtwin screw extruders provide the best
option for commercial compounding. As a uniformstdbution of PC and PBT is one of the
primary objectives of compounding co-rotating egirs with their superior distributive

mixing are likely the best.

2.4.2 Typical Co-rotating Twin Screw Extruder Operation
Noeei conducted a review of models for co-rotatimtn screw extruders operation [5].

Though in his work he mainly focused on models ahlé@ for online extruder control,

specifically physics-based lumped flow model, heniified the work of Meijer and Elemans
[128], as particularly good for understanding tloe rof extruder geometry and processing
conditions, such as screw speed, degree of fidcifip energy consumption, and feed rate.

The work of Gacet al [130], was identified as providing useful estiegabf mean residence

44



time. Average shear rate was not addressed by Negdiut Mohamecet al’s study, [131],
provided useful incite into this parameter. Ihtlaése accounts screw speed, N, and feed rate,
Q, are the two most important variables governirgcimanical operation of co-rotating twin
screw extruders [128,130,131]. The effect they jptacontrolling other variables of interest is
summarized in what follows. Figure 31 provideslesnatic of an operating extruder.

Shear rate, is significant both for its role in mix[127], and in mechanical degradation
(section 1.3.7). As a variety of shear rates aesent within an extruder it may be useful to
define an average shear rate that is characteokacgiven operation. Equation 31 providing
the relationship between average shear rate aespeed is largely empirical, though some
theoretical basis was presented for its developmeyand ; are parameters characteristic of a
given material, temperature and extruder geombtrydo not assume Newtonian fluid flow in
their derivation. They are determined by lineagression analysis [131], making them
difficult to use as predictors. It is interestitignote the similarity between Equation 31 and
Equation 25, the viscosity relationship for powawImaterials. From this analysis it can be

seen that average shear rate is only dependerten speed.

logg= b, + b logN [131] Equation 31
Specific energy consumption (SEC) is the amourgrargy consumed by the extruder
per unit mass of material. According to Meijer aalgmans [128], it is closely related to
degree of fill {) of partially filled channel elements. Using a plified geometry where H is its
average height of a rectangular channel, D is #reebdiameter, and is the screw angld,
can be calculated from Equation 32. Lumping alhstants into , it can be seen thdtis

1 Partly Filled Section
m Blend Ratio 9 Pressure Generation

Section

Time at 3 Reverce Elements
Temperature
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/

Shear
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i

Degree of Fill

Figure 31: Typical Co-Rotating twin screw extruderoperation.
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independent of material with its only dependendiesg feed rate and screw speed.f i
known Equation 33 can be used to calculate SECe firkt term in the brackets gives the
dependence of SEC without reverse elements preséhe effect of reverse elements is
included in the second term. L is the total lengthihe screw;dis the length of the reverse
elements, is the material density andis its viscosity. In the derivation of Equatio,3
screw flight angles and depths were assumed tabstant and the fluid was assumed to be
Newtonian. Neither is typically the case in preatiapplications, however ffis substituted
into Equation 33 and the constants lumped int@nd 4, the approximate functional form for
SEC vs. Q and N is revealed in Equation 34 [128pte the parameters dependence on the

polymer viscosity and density.

f:#g
H(oD)? sinG ) N
proL_ 4, 3f+4

= =/—= +| —— [128 Equation 33
1.8rH?sin/ ¢ f 128l !

= bZ% [128] Equation 32

SEC= H;N + b4%2 [128] Equation 34
Mean residence timeg,tis the average time polymer takes to pass threolgtextruder.

It is significant as it is the time spent at prateg temperatures and therefore the reaction time
for thermal degradation and transesterificatiorct{eas 2.2.4-5). Equation 35 was developed
empirically. However, theoretical justification hégen provided based on the most basic
definition of mean residence time which is the catif extruder volume filled over the
throughput. The parameter, represents the sum of the mixing/melting zoneiva and the
conveying zone volume filled due to back pressiow,fV,. Mixing/melting zone volume is
calculated by multiplying screw free correctioneda 4, by the length of the mixing areas.L

6 IS the conveying zone volume filled due to puragdifow. Although throughput or feed rate
Q appears in the derivation it cancels out leavimg term only dependent on screw speed. L
is the length of the conveying section and i regmnés the number of flights on the screw. In
the derivation given the parameters have no expliependence on material characteristics;
however the material can influence the back floespure and thereforg. Error less than
10% was reported with use of Equation 35 providedalt tthe percent drag flow did not
dominate [130]. The terms fors have been slightly modified to agree with Meijerda
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Elemans simplified geometry. It is interestingnmte that when this is done the second term
reduces to the channel volume multiplied by degkéll and divided by feed rate. This
makes |, equal to the length of sections 1 and 2 in Fi@irel,, equal to Meijer and Elemans

lc and \, equal to the extra volume in section 2 in excesseofion 1.

eblend
2A, L, [130] Equation 35

bSZAfLm+Vp lb6: . 2 . 4.
(2 - DH (WD) sin( )
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3.0EXPERIMENTS

This chapter describes the three main experimamiglanalytical techniques used in this
study namely, differential scanning calorimetryarsging electron microscopy and image
analysis. As background to the experimental wohk, ¢hapter begins with some overview

description of the statistical design used for maksampling in this work.

3.1 Extruder Factorial Experiment
As stated earlier, the current work is an extensiba wider study on commercial scale

compounding performed by Noeei [5]. Since the dathmaterials used in this work are from
the same batch, it is useful to provide a summathefactorial experiment used in that work.
The three factors are as shown in Table 10, Fig@reln the view of the author, Noeei’s use of
two separate feed rates for the two hoppers ands¢hew rate as the three factors in his
analysis does not represent the physics of thelgmrobs accurately as the total feed rate and
blend composition approach used here. Equatioren8637 convert Noeei’s two feeder rates
into the feed rate and PBT content used here. éftetbrepresent the statistical design the
factors have been coded using Equation 38 suclcé#maér points are represented as 0, and +1
indicates a ten percent increase/decrease rel@titlee center point. The corresponding un-
coded values for each factor are seen in Tablen@i112. It should be noted that when run 11

jammed the extruder, screw speed was increasebl|e(T#, original design intent shown in

brackets).
Feed Rate[kg/h] = Feederl [kg/h] + Feeder2 [kg/h] Equation 36
Feeder2 [kg/h] | _
PBT Content[wt%] = 100% Equation 37

Feed Rate[kg/h]

Table 10: Factorial Experiment Statistical Model, Wded Variables

Blend Screw Feed PBT Blend Screw Feed PBT
Number | Speed | Rate | Content Number | Speed | Rate | Content
1 0 0 0 8 +1 +1 0
2 +1 +0.2 -1.28 9 0 0 0
3 +1 -1 0 10 +1 -0.2 +1.28

4 0 0 0 11 0(-1) +1 0

5 -1 -1 0 12 -1 -0.2 +1.28
6 0 0 0 13 0 0 0

7 -1 +0.2 -1.28
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Coded Factor = -2ctor - Center, 100% Equation 38

Cente 1C%
All materials were processed on a WP ZSK 58 mm atating extruder at the

compounding facility of SABIC Innovative Plastics Cobourg Ontario. The exact screw
geometry is confidential but it was assumed thitpecal screw for the equipment was used.
Therefore, the simplified geometry of Meijer anafabns [128] as seen in Figure 31 provides
a good estimate. The polymer was not dried poocdampounding. Low residence time and
the extruder's devolatizing vents were relied upgonlimit hydrolysis. Raw materials
consisting of two polycarbonates and one PBT wespethded from two separate feeders. The
polycarbonates and other additives in a fixed ra¢ien in Table 12 were in feeder 1. Feeder 2
only contained PBT. The extruder was instrumeritedonline measurement of, feed rate,
screw speed, die pressure, blend exit temperante SEC. After achieving a given operating
condition, material samples were taken at reguitarvals. As this work concerns itself with
steady state operation, the sample taken afterid9tes was used if available. Runs 11 and 12
were the only exceptions with samples taken afesrid 9 minutes respectively. Although the
experimental model was run on two consecutive dafs different extruder die plates only
material from the first day, (4mm die plate), waslgzed in the following experiments.

< Model Points

+1

Table 11: Un-Coded Screw Speed and Feed Rate

Soren Code Screw Speed, Feed Rate
Speed * +1 451 rpm 468 kg/h
0 410 rpm 425 kg/h
-1.28
* -1 369 rpm 383 kg/h
0 +1.28 PBT Content
Feed Rate +1
Figure 32: Statistical Model, Coded Variables
Table 12: Un-Coded Blend Composition
Feeder 2 Feeder 1
Code PBT PC Other Additives Total
+1.28 44 wt% 46 wt% 10 wt% 100 wt%
0 39 wt% 50 wt% 11 wt% 100 wt%
-1.28 34 wt% 54 wt% 12 wt% 100 wt%
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3.2 Molecular Weight by Gel Permeation Chromatography GPC)
3.2.1 Purpose and Experimental Setup

The purpose of GPC analysis is to determine madecweight averages of the raw
materials used to produce blends, and to estinhateffect of blending on molecular weight.
Samples of the two polycarbonates, blend numban®the PBT (see section 3.1) were sent to
Jordi FLP of Bellingham, Massachusetts to deterrmiéecular weight.

The method used by Jordi is described as follow#e" samples were dissolved in
Hexafluoroisopropanol (HFIP) / 0.01M Sodiumtrifleacetate (NaTFA) to a concentration of
2.5 mg/ml and placed on an orbital shaker for 2drfiloThe samples were filtered using
0.45 m disposable Teflon filters and were then run iplbate in the same solvent. The
system was run at a flow rate of 1.0 ml/min oroanl X-stream 18A column, 250 mm X 10
mm (ID). The column temperature was maintained)at@ Injection size was 2000f the 2.5
mg/ml sample solution. Polymethyl methacrylate géads with a concentration of 0.5 mg/ml
were used (Molecular weight as follows: 903K, 701366K, 110K, 89.3K, 31.6K, 14.7K,
5.09K, 2.58K & 402) with injection size of 100. The samples were monitored at a sensitivity
of 8 with a WATERS 401 Differential Refractometer. Data acquisition drandling were made
with JORDIGPC software.”[132]

3.2.2Blend to Individual Polymer Comparison
GPC experiments are conducted at very low polynogricentrations so as to prevent

interaction between individual chains in solutiomhis means that PC and PBT in the blend
sample will behave identically to the equivalentgpaomponents during the GPC experiments.
Furthermore the molecular weight curves for théedéint polymers are directly comparable as
they were tested under identical conditions andanallecular weights are quoted relative to the
same reference material. This means that anyreliftes between rule of mixtures behaviour
and the experimental curve for the blend are dyeattributable to processing effects. Figure
33 shows the GPC results for each blend compomehtree sample blend. Jordi FLP provided
curves normalized with respect to area so that earhe represents the same weight of
material. The rule of mixtures result is produded adding the three component curves
according to the blend ratio given in Table 12. pfroduce comparable points on each curve

they were interpolated using cubic splines accagrtiinthe method described in [133].
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3.3 Thermal Analysis
3.3.1 Purpose

A major part of this research study is to charamtethe thermophysical properties of
PC/PBT blends produced in section 3.1 using a comttnermal analysis method, Differential
Scanning Calorimetry (DSC). The properties ofie$e are amorphous phase glass transition
temperatures, weight fractions and estimated coitipos, as well as PBT crystalline fraction,
and melting temperature. These measurements ayeauseful for determining the effects of
compounding on blend structure as they can be ttyireompared with the raw polymers. If
samples are melted and re-solidified at a contlolleeating rate prior to property
determination, the measured properties closelyesgmt those of the compounded blend after

reprocessing into a final product.

3.3.2 Differential Scanning Calorimetry Analysis
There are several different instrument configuraiavhich are referred to as differential

scanning calorimeters, DSC. The TA Instrument0293C machine is a heat flux type which
uses a disk type measuring system. As shown iar&ig4 the disk provides a symmetrical
heat conduction path from the furnace to both #iame and reference pans. In standard
operation, the controller applies a constant hgatete, dT/dt, and measures the sample
temperature] (t), at the disk surface directly beneath the sampley difference between the

reference and sample will result in a temperatufferdnce, T(t). In the ideal case, the heat

Furnace Lid
[ Ll j [ /]
— AN
\ Reference Sample E Controller
! Disk Compurer

\ / N | rin >
Differential L2 Y

K Thermocouple(s) \)&
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Fumace/ Calibration SN0
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Figure 34: Schematic Disk Type Heat Flux DSC134]
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conduction path is perfectly symmetrical allowingu&ation 39 to be used to calculate the heat
flow rate difference between the reference and &mp . Noting that the reference heat
capacity, G is zero if an empty reference pan is used;s is related to the sample specific
heat capacityg,, by Equation 40 L is the distance between the sample/reference and th
furnace wall,A andk are the disk cross sectional area and thermalumbivgty respectively,
andm is the sample mass. In actual instruments pesigtimetry is unattainable, requiring
that a heating rate and temperature dependenimabel established by a calibration run under
the same conditions as the desired experiment ibhow the sample present. Typically the
calibration constant{(T), is also evaluated experimentally, ether overehtre temperature
range by use of a pure substance with known hegadcdy, or at a key temperature by

measurement of a known first order thermodynanaicgition. [135]

AxK

DF (T) =- o DT (t) =- K(T)>DT(t) [135] Equation 39
_ dar ™ _
mxc (T) =C, - y DF . (T) [135] Equation 40

During a chemical reaction or thermodynamic tramsithe relationship between(t),
the heat flow into or out of the sample due to ¢hange, and the measured signdi(t), is
given by Equation 41. Comparing to Equations 3@ 4@ it can be seen that the first term of
Equation 41 is simply s, the second term is the contribution of the sarhpglat capacity to
rs, While the third term is the energy stored bysheple in response to the rapid change in
T(t) induced by the transition. The existence of aaiglelay due to energy storage must be

accounted for when interpreting DSC transition iss{l35]

F () =- K(T)XDT(t) - ((jj—-:[mmp -c]- m>cp0'ditT [135]  Equation 41

A schematic polymer melting peak is shown in FigBka. As can be seen from the
diagram, there are several possible definitionselting temperature. The peak temperature,
T,, has limited physical significance, but is near itfiflection point which marks the transition
end [136]. The best agreement with other methaoases from using the extrapolated onset
temperature, & [137]. This represents the best estimate for the semperature of a first
order transition in a heat-flux DSC [136]. It i®tdrmined by tracing the tangent to the

infection point back to the base line. As was mesly mentioned the baseline for melting
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analysis is the heat capacity curve underlyingpbak [55,135]. If the liquid and crystalline
heat capacities are the same then this is easstitnate the baseline. When they differ, both
experimental evidence and theory based on the Avegmuation suggest a sigmoidal curve
provides the best baseline estimate [138]. Integgahe area between this baseline and the
peak provides the apparent heat of fusio@;, of a polymer or blend. This differs from the
latent heat of fusion, Hs, in that for latent heat a wholly crystalline sdengs required. In
polymer blends where the crystallizing polymer éusi both glass transition and melting
temperatures Equation 42 can be used to calctilatelénd percent crystallinity [72].

observed

mf p .
Xerystaline — W »1- erhous [72] Equation 42

The second half of the above equation deals wislh b@pacity change at glass transition.
Figure 35b provides a schematic glass transitianecu In a purely amorphous polymer the

observed

heat capacity change measured, ! will be equal to C2mePous

In an immiscible
blend or semi-crystalline polymer, the fraction argbing transition will be reduced
proportionately allowing the amorphous fractionkie calculated. Equation 43 provides a
direct calculation of the amorphous fraction, wiiguation 42 above uses the thermodynamic
model for the blend to predict the crystalline frac from the amorphous fraction [72]. In
partially miscible blends with an intermediate glasnsition “additivity” of Cp’sis often
assumed, Equation 43, however the accuracy ofidsamption as a universal rule is doubtful

[139]. In calculating the glass transition temper@, onset temperature,, 1s sometimes used

Teo TE'
To Tg’ -
Cp AQf Cp e
abp
Te
exoup ' Tp exo up *
Temperature — Temperature —

(a) (b)

Figure 35: Transition Analysis: Melting (a), GlassTransition (b).
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[72], however the “most precise” determination d@sg transition temperature is the half
transition temperature gk, during cooling [140]. If cooling and heatingeaatare matched, the

glass transition temperature an€p can be precisely determined during heating al¢ we
[72,140].

observed
p

X = —momons 172
amorphous amorphous
DC,

Equation 43

DCamomhous =y DCamorhous 7] Equation 44

3.3.3 Sample Preparation
Aluminium sample pans are filled with 10 to 14mgpuflymer and then placed in a

vacuum oven at 120°C for at last three hours tosduyples prior to processing. Within 5
minutes of removal from the oven, lids are usedlése the plans. Lids are crimped sealing
the dry samples. Blend and pure PBT samples wdréram ‘as received’ pellets. PC was
received in a particulate form which did not padnsely enough to provide an adequate
sample. For this reason samples were cut from oessfpn moulded plaques. Prior to
moulding at 250°C, the particulate was dried usiregsame oven, temperature, and time as the
final samples. A reference pan consisting of aptgraluminium pan with crimped lid was

also prepared.

3.3.4 Heating Rate Optimization
Blend samples were tested at heating rates of 205and 20°C/min to see what rate

provided the best signal. The advantage of a leatihg rate is reduced thermal lag, resulting
in better estimates of transition temperatureshigh heating rate, however, produces larger
temperature differences between the sample andersie improving signal strength and

therefore the signal-to-noise ratio. At 2°C/mie tilass transition signals were too week to be
resolved. As can be seen in Figure 36, two separalting peaks were observed in the
5°C/min sample, while overlapping of peaks and laiseemperature resolution was observed
at greater heating rates. To insure that measeffedts of processing were not an artefact of
heating rate it was desirable to run at two raté&be initial data set was produced using a
10°C/min rate while 5°C/min was selected as thawpn rate for the final tests. For all rates

the same heat cool heat cycle was followed witla daken from the final cycle. This erases

prior thermal history thereby reducing the potdribaerror.
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3.3.5Test Procedures for Full Test Runs
Table 13 lists the thermal treatments for DSC testsvo sets of tests with different

heating rates were conducted. Six samples of lel@cidl produced in section 3.1 were tested at
10°C/min. In the 5°C/min tests three samples ahegaolymeric material were tested, (13
blends and three raw polymers), as well as three with the sapphire standard. Each heating
rate was run as a block to eliminate effects otakbration between results at each rate.
Within each block tests were conducted in a randamher to minimize possible error. Samples
are held isothermally between heating and cooliagssto eliminate temperature gradients that
might exist in the sample prior to subsequent steps

3.3.6Instrument Setup and Calibration
A TA DSC 2920 with refrigerated cooling unit, rungiThermal Advantage 1.1A control

software was used for these experiments. Nitradea flow rate of 20 L/min was the purge
gas. Calibration was conducted for each set oéexents at the appropriate heating rate. 10
mg samples of indium and distilled water were usedemperature calibration. The results of
the indium run were also used to determine thebialion constant at the indium melting
point. For improved accuracy in the final 5°C/nésts the calibration constant as determined
experimentally across the entire temperature rasgey the average results of three calibration
runs with a sapphire. Baseline calibration wasedasing an empty cell. The control software
uses a linear approximation of the baseline basetth® experimental curve. Some curvature
was detected over the 300°C temperature rangeeafxperiment. As error resulting from this
curvature is accounted for in the calibration canstcalculated using sapphire, it will have
been reduced if not completely eliminated in timalfiresults.

0.01
oo) Table 13: DSC Thermal Treatments
_ Step 5°C/min 10°C/min
s 1 -20°C  250°C | ~25°C 250°C
£ o] 2 hold 2 min hold 2 min
8 3 250°C -20°C | 250°C -20°C
) 4 hold 4min hold 4min
1 Lo up t 5 -20°C  250°C | -20°C 250°C

-50 0 50 100 150 200 250
Temperature (°C)

Figure 36: Heating Rate Optimization Results
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3.3.7 Calibration with Sapphire Standard
The heat capacity curves from the three sapphsts tere compared to the published

values from [141] in Figure 37. It can be seemédhs random variation in the absolute values,
but minimal difference in the shape of the curvéhis error is attributed to sample positioning
variation in the cell and instrument drift over &m To obtain the average curve, the three
experimental curves are interpolated using cublmeg The calibration constant K'(T) in

Figure 37 is calculated using Equation 45. Note thatsinot identical to the constant in

Equation 39 because the results have already rescted by the instrument data acquisition
software using the indium based constant. Pricartalysis the heat capacity curves for all
5°C/min test runs were adjusted using Equation #&suming empty reference pans, this
equation can be derived from Equation 45 by muljiiig both sides by heating rate and mass
before substituting Equation 40. Cubic splinesengged to interpolate between known K'(T)

values to match the temperatures at which expetahdata was recorded.

C
K'(T) = — oo Equation 45
p,Experimerdl
F (T)Corected =K ((T) + (T) Experimeral Equation 46
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Figure 37: DSC Calibration Using Sapphire
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3.3.8 DSC Data Analysis
The software package Universal Analysis 2000 vergidD was used to determine peak

areas, melting temperatures, glass transition testyres, and heat capacity changes at glass
transition from the DSC curves. To standardizelymmg macros as shown in Appendix B
were written. The accompanying documentation stét@t the software options selected
correspond to the procedures outlined above ine8t3.2. Figure 38 shows typical results
as well as analysis limits. Each blend and purteri@ DSC curve was analyzed individually.
For each heating rate the results for each matareahveraged to produce a final value. The
full results table and averages can be found inefyppx C.

For the 5°C/min tests blend amorphous phase comosand weight fraction were
calculated. The composition was calculated usiggaons 11-13 and the experimentally
determined pure material glass transition tempegatu Following the additivity assumption
for Cp, the heat capacity change for a purely amorplsample was calculated using

Equation 44. For PC the experimental heat capabiiynges were used; however, as the PBT

0.0
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Figure 38: Typical DSC Analysis Results
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represents a crystalline-amorphous mixture, thdeT@lvalue for purely amorphous PBT in a
semi-crystalline sample was used. Equation 43 thows the weight fraction of the

amorphous phases to be calculated. The crystali@ight fraction was calculated using
Equation 42. From the phase compositions and wéightions, the weight fraction PC and
PBT in the blends can be calculated for compangitimthe known values. By minimizing the

mean square error between the estimated and knompasitions, k in Equation 13 can be
estimated. Complete phase composition resultsabrgdated in Appendix D.

To compare the shape of blend curves to thoseeqgbtine constituents, theoretical curves
were prepared using the rule-of-mixtures. TherrAdlvantage software uses a variable
sampling rate based on the signal rate of changessg&ating the use of cubic splines to
directly compare data. The details of this techaigan be found in Rao [133]. Figure 39
shows the three experimental curves for blend nur6lend the resulting average. A similar
procedure was conducted on the curves for purerflP&T. The pure material curves were
combined according to the rule-of-mixtures and kihewn blend compositions. To better
evaluate the effect on glass transitions, the nioalederivatives of these results for the glass

transition region were taken. The rule-of-mixtursmparisons for all blends appear in

Appendix E.
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Figure 39: Raw and Averaged Experimental DSC Curves

59



3.4 Phase Structure
3.4.1 Characterization of Blend Morphology by Electron Microscopy

The DSC scan can only provide information on thespnce and composition of multiple
phases but not on their size and distributionorbter to directly observe the phase structure of
both the as-received blend and that of blends mlmsely approaching equilibrium, electron
microscopy has to be used.

Of the two electron microscopy techniques, transiors electron microscopy, (TEM),
provides the highest magnification and finest nesoh, but at the cost of the most labour
intensive sample preparation [142]. Slices betw@@0 nm thick [26,38] are cut using an
ultra-microtome, supported on a copper grid, amainetl with combinations ruthenium
[26,33,38,120,143] and osmium [143] tetroxide togprout phase contrast. TEM has been
used to investigate crack tip propagation [39,188, fine microstructures present in reacted
[38], or highly mixed [33] blends, and the intergiructure of phases [26].

Scanning electron microscopy, SEM, allows for easinple preparation than TEM, but
typically at the cost of decreased resolution [142)nlike metals or thermoset-polymers,
thermoplastics, particularly PBT which is neargtass transition, should not be sectioned by
grinding and polishing as this can smear morphalo@amples are typically prepared by
cryrofracture or microtoming the specimen [144]the latter case the thin shavings used for
TEM are discarded and the block they are cut freprasents the sample. Some phase contrast
can be produced by differing fracture behaviour &esv often enhancement is still required.
Staining, etching, or phase swelling/degradationalhbe used to enhance contrast. Staining is
the preferred method as it is the least likelyigiutb morphology. Etching uses a solvent that
selectively removes a single phase; however thilsalgio remove any microstructure internal
to the phase. Swelling/degradation uses a compthatdwill be selectively absorbed or will
selectively attack a phase, changing its volumdis Tan also distort or obscure aspects of
microstructure [142].

PC/PBT blends are non-conductive requiring etchredegraded samples to be gold or
carbon coated to prevent charging. Coating is megfuired when using new LVSEM
instruments designed to operate at lower accehgratltages [56]. Staining with ruthenium or

osmium tetroxide confers sufficient conductivityr foonventional SEM, avoiding contrast
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reduction associated with coating [145]. GivenéRkperimental timeline and the most readily

available instrument, conventional SEM was seleatethe technique of choice for this study.

3.4.2 SEM Instrument Considerations
Figure 40 shows a typical instrument setup. Antedecgun produces the illuminating

beam which is focused by magnetic lenses to agomet. An image is formed by scanning the
beam across the surface in a grid pattern and tdegetie intensity of signal at each point in
the grid. Two different signals can be measuredniyjasecondary and back scattered
electrons. Secondary electrons are knocked obdineple surface by the incident beam. A
detector, positively charged with respect to thecgpen, draws emitted electrons away from
the sample. As seen in Figure 41, electrons fioentop of peaks have a shorter path and are
more easily attracted producing a stronger sigihalthis way, contrast is produced by surface

roughness allowing topography to be observed. Bmektered electrons are incident beam
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Figure 40: The effect of work distance in a typicaSEM [146
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electrons that bounce off of atoms in the sample.they are higher energy their signal comes
from a greater depth and therefore is less affelnyeithe surface. Contrast comes from density
and atomic weight fluctuations. The degree of @sitis measured using the back scatter
coefficient as defined in Equation 47 whegeeiis the measured current, andis the probe
current. Figure 42 shows how high atomic weight emnals reflect back more electrons
producing stronger signals. PC and PBT have simaN@&rage atomic weights necessitating

staining to produce back scatter contrast.

hgee =25 Equation 47

'p

The key factors defining good SEM images are réswliudepth of field and brightness.
Resolution is the smallest separation of two pdihéd can be distinguished, and is limited by
the minimum probe diameter. Depth of field is aigte from the focal point at which
acceptable resolution is maintained. This is ail®d by beam divergence. Figure 40 shows
the effect of work distance on beam divergengand probe diametef.d It can be seen that a
compromise must be made between resolution anchdafpfield when choosing a work
distance. Brightness is also influenced by thastofs; however as can be seen in Equation 48
their effects tend to cancel each other. The pynmaluence on brightness is probe current.
Though probe current is proportional to acceleratioltage, in practice it is mainly controlled

by adjusting electron gun heating and aperture size
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d, xa,)

Brightness= Equation 48

3.4.3 Sample Preparation
Individual polymer pellets were used as samplesvefl stages of sample preparation

are shown in Figure 43. In preparation for cuttisgmples were encapsulated in commercial
epoxy supplied as LECO 812-522-HAZ Lot 110809. Saspvere mounted so that the
prepared surface was perpendicular to the flowctioe in the die. To maintain orientation
during encapsulation a pin was driven through teter of a small square of cardboard and
into the back of the sample. The sample was ladverethe end of this pin into epoxy filled
moulds. Orientation was maintained by the cardbaaesiing on the lip of the mould and
holding the pin vertical. The pin’s weight ensusatnples stayed at the bottom of the mould.

After curing for 24 hours the samples were remofredh the mould, rough ground
using a hand grinder under constant water flow, aot using a Leica EM UCG6 ultra
microtome. To remove deformation effects the grigdlamage was cut away first. Then the
sides of the sample were cut to a 45° bevel leaaitrgncated rectangular pyramid. Finally to
prepare the surface for observation a cut perpatatito the sample was made. Cutting was
done at temperatures below 25°C with freshly brogglass knives to ensure the best surface
finish and minimize the risk of smearing.

To produce contrast between phases and insureettessary sample conductivity cut

Figure 43: SEM Sample Preparation. sample in méalldsample removed from mould and ground (b),mdam
ready for encapsulation (c)
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samples were stained with Ry@apour which is known to stain PC more heavilyntfeBT
[38]. Heavily stained regions bounce electrons kmgbearing dark in TEM images and light in
SEM images. As Rufis toxic and corrosive all staining was conduciteda fume hood.
Gloves should be worn while handling chemicals.téval safety data sheets for the chemicals
used are provided in Appendix F. Figure 44 shdweslayout for staining; Table 14 provides
an equipment list. A step by step breakdown of gte@ning methodology and procedure

follows.

1. Four to six mounted samples were placed in cusampke holders as shown in Figure
45. It is important for proper grounding in the SEht sufficient length of the sample
mount be exposed to staining.

The lid from a 100mm disposable Petri dish wasgalao the fume hood.

3. 0.1g of RuC} powder in an uncovered 10mm disposable Petri diab placed in the

center of the lid.

4. Sample holders were arranged symmetrically inithabbout the central dish.

Table 14: Staining Supply List

Item Quantity
Sample Holders 6ea
100mm @ x 15mm 1lea
Petri Dish & Lid

35mm G x 10mm

Petri Dish lea
Pipet, 7ml, plastic,
disposable lea
Vial, poly stopper, 4 lea

dram

Chemical Spatula lea

RuCl; 0.1g
NalO,4 0.3g

Figure 44: Samples arranged for staining.
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Figure 45; Sample positioned in holder for stagnin
5. Using a pipette, the lid was flooded with distilledter. Later this water will serve as a

seal to prevent Rudrom escaping.

6. 0.3g of NalQ was added to 5g of distilled water in a vial. M@ was stoppered and
agitated until all crystals dissolved.

7. With the large Petri dish handy the solution frampst was poured into the small Petri
dish. The large Petri dish was immediately placedop to contain the RuO4 vapour
produced by the reaction.

To optimize staining time, a set of as-received @amfrom a single blend were stained
for 30, 60, 120 and 180 minutes. The trials shothati at least 3 hours of staining was needed
to obtain reasonable contrast. When annealed samygre eventually tested, it was found

that 4 hours and longer was sometimes necessarngptioice adequate contrast.

3.4.4 Heat Treatment
The purpose of annealing is to erase thermal lyisibthe extruded resin, to equilibrate

the blend phases and to improve contrast. The DStument described in section 1.3.6
above was used for sample annealing. Whole pellets placed in hermetic sealing pans and
dried in a vacuum oven at 120°C for at least tin@@s. Immediately after removal from the
oven the pans were placed unsealed and withouiridise DSC where they were heated at
5°C/minute to 250°C. To determine the best anngdiime, they were held at this temperature
for 2, 4, and 16 minutes before being cooled at'®iQute to room temperature. In Figure 46,
the results of annealing are compared. Minimahgea in phase size are observed between

samples after the first 2 minutes. A hold timelahinutes was selected for the final test series
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Figure 46: Annealing Time Comparison

with all 13 blends because it provided the best mamson with DSC results. This heat
treatment is identical to that received by DSC damprior to property measurement.

3.4.5Instrument and Settings
Samples were imaged with a JEOL JSM-6460 SEM. Bvgnt sample burning or

charging acceleration voltages of 10 and 15kv weed. Sample surfaces were almost flat
minimizing depth of field as an image quality comceFor this reason, the work distance was
kept at a minimum. Under these conditions resotudf approximately 0.5 microns was
obtained. This was insufficient to obtain usefatadl in as received samples which prevented
testing of all 13 blends with these samples. .weler, it was possible for the annealed
samples which had a phase size was in the orded aficrons. A maximum of six samples
could be stained in a single batch or imaged imgles session necessitating three groups for
the full series. Sampling order was randomizedirtot Isession effects on results. Table 15
lists staining batch and SEM session for each eflilends from section 3.1. Appendix G
contains a full set of SEM images.

Image contrast was not consistent between SEMaessIn particular contrast was
much better for the fist session than subsequesd.offhis was initially attributed to staining
differences and random variation in electron gurigpenance. Samples were re-stained for the
third session in an attempt to improve contrast.the re-stained samples improvement was
observed but the initial image quality was not olsd. The signal-to-noise ratio in later
images was low, and images from the first sessierewnuch brighter. Also charging was
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Table 15: Staining Batch and SEM Session for Anneadl Blends.

Stain

Batch 1 2 3.4

SEM 1 2 3.4
Session

Blend 1, | 3| 1| 10| 2| 12| 8| e 24 s| d d 1B
Number

markedly higher in the first session. All of teeshallenges point to a higher probe current
which could be caused by larger aperture being dseihg the first session. It was intended
that the standard aperture size of B0be used for all sessions because re-alignmetiteof
beam is sometimes necessary for non-standard apertu

In the first session, the heavily stained PC rigntmuous phase showed good
conductivity, but apart from a dark ring aroundithgerimeter a flat glow associated with
charging obscured PBT rich droplets in secondaegtedn mode. Good signal-to-noise ratio
in back-scatter mode resulted in clear images adlbquate contrast to separate PC rich phase
sub-structure. Back scatter images from subsegsesgions are noisy but less charging
resulted in good secondary electron images. Cdritrdmck scatter mode was expected and is
easily explained due to the atomic weight effecthef Ru on the back-scattering coefficient of
stained polymer. The secondary electron contrast lwe attributed to the staining agent

chemically degrading the blend and possible causitogswell due to the presence of Ru.

3.4.6Image Analysis
To obtain a quantitative measurement of phase #ieeareas of each particle in each

image were measured using ImageJ 1.41g, an imaggsansoftware package developed by
the US department of health. The particle measenémodule requires a dark/light threshold
to be set in order to define phase boundaries. high contrast images this could be done
easily using ImageJ. In noisy or low contrast isgghase boundaries were manually defined
over portions of the image using the select similarction in GIMP 2.4.7. This function
selects areas of an image that are within a sgerahthe chosen colour. Figure 47 shows the
original image, the threshold mask for image ans)yad the particle boundaries identified by
ImageJ. To summarize size data for statisticalyarsa phase size statistics were calculated.
Because each image contained a distribution oksize one statistic was felt to accurately
describe the entire range. For this reason intiaddito the average, the median and
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upper/lower quartile phase areas are also repoitée. reported statistics are calculated on an
area basis as this is a better representationgoiifisance within the blend than number

average statistics.

-

Original

Figure 47: Image Analysis Stages
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4.0RESULTS AND DISCUSSION

In this work, the influence of processing on blgrdperties has been determined by
characterising the blend properties for the seprotessing conditions investigated. Blend
properties which were analyzed include phase sizassition temperatures, estimated phase
compositions, estimated phase weight fractions, MR measurements. The latter were
performed by Noeei [5]. The measured die presspecific energy consumption and blend
temperature during extrusion were also analyzecetdy the analysis procedures and provide
a better understanding of the sensitivity of pregeg conditions.

The first section of this chapter describes thelysiga methodology used followed by
results in the subsequent sections. Results aréedi into three main categories. First, the
effects of blend composition inherent to the bléntl not specifically related to processing are
discussed under the section “Blend Properties”. akampt has been made to determine the
general type of PC/PBT blend studied and how itgamas with respect to published PC/PBT
blend data. In the section “Processing environinghe effects of measured die pressure,
specific energy consumption and blend temperatureng extrusion are discussed. Finally,
the remaining properties and how they are infludnogethe process variables are discussed in
the “Effects of Processing” section.
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4.1 Linear Regression Analysis
4.1.1 Model Development

The statistical design used for the extruder expent in section 3.1 is similar to those
often used for linear regression in that five regées at one point provide the estimate of
variability. Linear regression is used to detemnthe significance of controlling factors on
blend properties.

Of the three factors, only PBT content (compositibas direct physical significance.
The significance of the other two factors, screwespand feed rate, is found in their control of
other mechanical processing variables, mainly SE€idence time, shear rate and extruder
degree of fill. Linearized relationships betwebase factors have been determined by others
as described in section 2.4.2. These relationspipgide model terms of known physical
significance for determining the effects of prodegs Accordingly, a new expression given in
Equation 49 has been developed to provide the ifuradtform for the most general model. In
the equation, they' term can represent temperature, phase size oofatmg other measured
properties. When using coded variables the cohstampresents the value of the ‘y’ term at
the experimental center point. The source equatr@hphysical significance of the additional
terms is summarised in Table 16. Also providedtlaeecoded values for each term calculated

using Equation 38 from the conditions measurednduthe factorial experiment. These

Table 16: Coded Regressor Variables for Property Mdeling

Degree Specific Ener . . PBT
Blend Shear of ?:ill CI[:)onsumptior?y Residence Time Content
Number | Eq. 31 Eq. 32 Eq. 33 Eq. 34
log(N) Q/N N N°/Q 1/Q 1/N Wi
1 0 0 0 0 0 0 0
2 0.16 -0.21 1 1.85 -0.72 -0.91 -1.28
3 0.16 1.1 1 3.43 -1.81 -0.91 0
4 0 0 0 0 0 0 0
5 -0.18 1.1 -1 -1.01 0.01 1.11 0
6 0 0 0 0 0 0 0
7 -0.18 -0.21 -1 -2.07 1.35 1.11 -1.28
8 0.16 -0.92 1 0.99 0.01 -0.91 0.00
9 0 0 0 0 0 0 0
10 0.16 0.22 1 2.36 -1.1 -0.91 1.28
11 0 -0.92 0 -0.92 1.01 0 0
12 -0.18 0.22 -1 -1.72 0.88 1.11 1.28
13 0 0 0 0 0 0 0
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provide the ‘X’ values or regressor variables foe linear regression analysis. Values are
coded so that the coefficients to ; determined by linear regression analyses reprabent
effect on the ‘y’ term of a 10% increase in theoagsied regressor variable.
y=b,+ b, logN + b, Q+b N+b, N—2+b 1+b +bw Equation 49
Q °Q
Regressor variables must be linearly independentaf@lysis to be effective. The
functional forms of each term are different makihig possible in large data sets. However,
due to the limited number of samples in this wdtere is the potential problem of co-
dependence. This can both mask significant effextd produce erroneous determinations of
significance. Figure 48 plots each of the otheclmaaical terms against screw speed. It can be
seen that the other terms solely dependent on sgpeed are closely correlated with it. For
this reason they have been removed from the simglihodel, Equation 50.
y= b+bQ+bN+b N—2+bl+bw Equation 50
Q °Q
Four mechanical terms remain. The simplest twoamd 1/Q are also the most
independent pair. Therefore these two are usddrto the basis of three factor clusters. In
Figure 49, it can be seen that these are almosardiy dependent. Due to this dependence

erroneous results are likely if more than three maecal factors are fit simultaneously. This
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Figure 48: Linear Independence Check for Factor Pas

71



N%Q QIN
0

-3 0 3 -3 0 3
2.10xN + 1.21/Q -0.89xN - 0.83/Q

Figure 49: Linear Independence Check for Three faar Groups

gives rise to the final models Equations 51 and Bguation 51 assumes that the significance
of extruder fill is primarily due to its influencen specific energy consumption. This model
was found to be good for analysing the propertieshe processed polymer where this
assumption holds. In modeling within the procegsiself, it was found that the inclusion of
degree of fill is required as it affects other MIBEC variables such as die pressure and
temperature. For this reason Equation 52 is prapasea possible alternative when modeling
die pressure and temperature.

2
y=b,+b,N+ b4%+ b5é+ b, w, Equation 51

Equation 52

y:b0+b2%+b3N+b5é+b7vv.

4.1.2 Regression Implementation
To fit Equations 51 and 52 to the measured andutzkd properties and test each term

for significance the linear regression procedurdlimed by Montgomery [147] was
implemented in MATLAB. The MATLAB code provided iAppendix H was validated by
comparing results to those obtained in SPSS fanglesdata set. Moreover, to ensure that
only significant terms were included in the fittetbdel, an iterative procedure was used for

each data set. The following 3 steps were follawed

1. The model was fit to using MATLAB code.
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2. Student’s t tests were conducted on each term tisentptal error sum of squares.
3. If all terms were significant at a 90% confidenavdl the model was accepted.

Otherwise the least significant term was removetiaralysis returned to step 1.

The above procedure prevents the omission of amriigpt mechanical term but might
result in an erroneous model with all three meatanvariables present. This is due to
induced correlation. A further check on such msdehs conducted. If all three mechanical
terms are important, removing a term should in@ehs significance of the others. Otherwise
removing a term will make the others less signiftcaln future work a better check of results
can be obtained by plotting joint confidence intdsvfor all model parameters. These have
been included for the current work in Appendix t bte not referred to in the discussion.

To evaluate quality of the models significance &k of fit statistics were calculated.
Models were considered significant if 95% confiderlevel was obtained from the F test
between the regression mean square and the totalneean square. Lack of fit was computed
by partitioning the error sum of squares into adman error component and a component
associated with poor model/data agreement. Mearareg are computed from these
components and an F test is again conducted. Tablerovides the significance levels for
each statement regarding the fit statistic. Thelehwoesults are provided in the following

sections.

Table 17: Significance Levels for Fit Quality Categries

Fit Quality Lack of Fit Significance
Excellent below 50%

Good 50-80%

Ok 80-90%

Poor above 90%
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4.2 Blend Properties
4.2.1 Crystalline Phases
Figure 50 shows that the weight fraction crystallmaterial in the blend is proportional

to blend composition, but not the PBT crystallinitizsich is defined as the fraction of PBT that
crystallizes. This is consistent with the work ldélder et al. [58]. What is, however,
surprising is that the crystallinity in blends imfdle 18, is greater than that of the pure PBT.
This could be attributed to improved nucleation tluéhe presence of polycarbonate or other
additives. The increased crystallization tempestlyserved for blends further supports this
hypothesis. Higher melting temperatures in blemdy also be related to this, or be the result
of thicker crystal lamella formed at the highersta}lization temperatures. When the rule-of-

mixtures calculations are compared in Figure 5& typical blend result, it is apparent that

Table 18: Crystalline Phase Result Summary (5°C/milDSC)

Blends” | Pure pBT" | Fropability of
Difference

Crystallinity wt% 32.7+0.5 27.7+£3.6 >99%
Crystallization Temperature °C 198.4+0.2| 194.7+7.7 >99%
Small Melting Temperature °C 212.2+0.2] 210.2+1.1 >99%
Small Peak Area Jig 12.5+0.5 6.6+2.8 >99%
Main Melting Temperature °C 220.1+0.1] 219.3+0.7 >99%
Main Peak Area J/g 33.4+0.7 32.2+4.0 68%
* Normalized To 100% PBT
** +x Represents 95% Confidence Interval

c 40% — Rule ?f Mixtures

=l — Experimental
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£ =]
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‘g 10% 1 <& IExotherm

) Crystalline f Experimental O

‘-: Fraction Regression e Pure PBT —
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Figure 50: Crystalline fraction and crystallinity versus blend PBT Figure 51: Typical melting results
content. (5°C/min DSC)
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much of the increase in blend crystallinity is daoethe smaller initial peak. It is difficult to
conclude if this is due to secondary crystallizatad PBT out of the PC rich phase, or due to
changes in the crystal-size distribution resultiregn the presence of PC and other additives.
All that can be said with certainty is that theeeffof blending is concentrated in the lower
melting crystals. One other important observatisnthat the observed crystallization

behaviour is similar to that of well stabilized ibéks containing little co-polymer.

4.2.2 Amorphous Phases
Two glass transitions are identified for the blemdFigure 52, indicating the presence of

two amorphous phases. Regression analysis inditdaéthese temperatures are unaffected by
processing and composition. This means that pt@®sg@ositions are constant in all blends and
is in agreement with current knowledge regardinggehdiagrams. Comparing the rule of
mixtures result in Figure 52 to experimental resuit can be seen that in blends the glass
transitions have become more diffuse and haveeshdtoser together. This is interpreted as
partial miscibility between the phases. Phase amitipns were calculated using the three
different equations available. As seen in Figethe best agreement between known blend
composition and calculated composition was foundguthe Utracki-Jukes equation, Equation
13, with k = 0.41. This value is in the same raagehat determined by Wilkinsat al. [36]

for PC/PBT assuming that they used PBT as polymefle amorphous phase compositions

determined in this manner are tabulated in Table 19

\—\
\

>

PBT-Rich-Phase Tg PC-Rich-Phase Tg

Cy/ T Arbitrary Units

Co.

—— Cp/ T Rule of Mixtures —— Cp/ T Experimental

=Cp Rule of Mixtures = Cp Experimental

20 40 60 80 100 120 140 160 180
Temperaure (°C)

Figure 52: Typical glass transition results (5°C/mi DSC)
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Figure 53: Blend composition calculated using DSCesults

One concern with the phase composition resulthas tontrary to published reports,
[26,82], PBT is estimated to be more soluble intR&nh PC in PBT. This discrepancy may
result from differences between the widely used Equation and that of the Utracki Jukes
expression. The possibility of an actual compositloser to the Fox equation predictions can
be largely ruled out. Crystallinity values in egseof the maximum in Table 6 (Section 1.1.1)
are produced if such a low overall PBT contentasuaed, which is highly unlikely. One
other possible source of error is the assumpticonbf two phases. Some experimental results
in Appendix E show multiple small peaks in the Pidh-phase glass transition. These might
represent noise in the data, or different amorphtheses formed at different temperatures
with different glass transitions. A possible exjlaon for the low PBT content registered in

blends 6 and 13 is the existence of an amorphoasepbutside of the studied temperature

Table 19: Amorphous Phase Composition Results (5°@in DSC)

PC Rich Phase PBT Rich Phase . Blend Totals
wit% in wt% in CryFs)gzl_:_ILne
* *
PC | PBT Blend* PC | PBT Blend* PC PBT
Fox equation (Eq 11) 97% | 2.9% 58% | 21% | 79% 18% 13% 60% 29%
Utracki Jukes (Eq 13)** | 87% | 13% 57% | 5.7% | 94% 18% 50% 37%

*Average across all 13 blends
**k = 0.41, PBT = polymer 2
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Table 20: PC Rich Phase Glass Transitions

T,°C PBT Mw PC Mw
Hamilton and Gallucci [9] 116.3] 70,380 g/mo 18,000 g/mpl
Cheng and coworkers [82] 135-138| 65,000 g/mal 19,100 g/mpl
Experimental Results* 138.0+0.5 ** **

* +x Represents a 95% Confidence Interval, 5°C/BSC
** Exact Molecular Weights are Confidential

range. In addition to the rigid amorphous fractgindied, a wholly amorphous fraction has
sometimes been observed in pure PBT. Table 6i(fdettl.1) gives a transition temperature
of -25°C for this phase.

When comparing the blends studied here to the pHiaggam prepared by Delimaat
al. [26] both the effects of co-polymer and molecwlaight must be taken into account. The
PC molecular weights used here are in a similagean the lowest used in Figure 27 (Section
2.2.2), while the PBT molecular weight is closetlie mid range one used by Hamilton and
Gallucci [9]. These are significantly lower thdmse of Delimoyet al.[26] but should not be
an issue as Figure 27b suggests that providedé¢hed s well stabilized only minor changes in
phase diagram are expected between these moleeeilgints. Crystallization data has already
indicated good stabilization; however, verificatisralways useful. Table 20 shows that when
glass transition temperatures for blends of simitatecular weights are compared those from
this study the values are much closer to thosehainG and coworkers [82] than Hamilton and
Galucci’'s [9]. This is a further sign of good gtetation. Due to their stability and molecular
weights the phase diagram for the blends studiee $i@ould be similar to Figure 25 (Section
2.2.1) One conclusion that can be drawn from the phasgaim is that all blend / processing
condition combinations in this study are within tveo phase region. Further more, rapid

phase separation by spinodal decomposition is ¢xg@ec

4.2.3 Phase Structure
In SEM images of annealed blends such as Figura 6dmplex multi phase structure is

visible. Darker regions are identified as beirghnn PBT, while light regions are rich in PC.
Two primary phases are observed to have formedchguannealing, a continuous PC-rich-
phase and a desecrate PBT-rich-phase. As woudkjpected from Figure 25 (Section 2.2.1),
the blend phase diagram, the PC rich phase hasaseganto two sub phases during cooling.
That a similar separation is not observed in th@ FBh phase is also explained by the phase

diagram. The time/temperature window for sepanatmoccur during a DSC scan is limited
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by glass transitions and crystallization. Beforgstallisation, there is half as much time
available for separation in the PBT-rich-phase tlsaavailable to the PC-rich- phase, Also,
the driving force for separation is lower at highemperatures and PBT can crystallize as it
separates out of the PC-rich-phase making separkss reversible and therefore more rapid.
The PBT rich phase is expected to have a two-pk#seture formed at crystallization;
however, the phase size will be in the order ofdfystal lamella preventing direct observation
by SEM.

Phase size statistics calculated for each blendiaes in Table 21. Regression analysis
of these results indicates both upper and lowertdgi@hase sizes are increased by increasing
PBT content. Figure 55 graphically compares tigeassion fit and experimental results, while
Table 22 gives the model coefficients and staastiodicators. As can be seen, though
excellent fit is found in both cases, the prob#&pibf significance is reduced by the large

scatter in the data. No trend was found for medi@haverage phase sizes.

HE . BERA 18 rmnm

Figure 54: Typical Phase Structure of an Annealed Bnd

78



Table 21: Phase Area Statistics inm?

Blend Average Top Median Bottom
Number Quatrtile Quatrtile
1 21.63 33.56 14.62 8.86
2 15.51 22.74 14.10 6.06
3 30.87 43.33 27.10 11.33
4 7.26 10.40 6.25 3.32
5 51.58 52.38 40.25 10.60
6 12.93 16.84 10.71 5.98
7 5.68 8.35 4.85 2.56
8 79.25 81.66 42.25 13.62
9 19.57 24.40 15.24 7.86
10 20.16 27.15 20.78 10.06
11 10.82 16.33 9.34 6.82
12 34.81 93.21 25.07 11.85
13 32.08 46.94 24.05 10.90

_ Table 22: Phase Size Regression Results
—m—-Bottom Quartile - Regression

100 -

0O Bottom Quartile - Experimental .
—4—Top Quartile - Regression Bottom Top
& Top Quartile - Experimental Quartile Quartile
80 Regression
egre 96% 91%
n Significance
S Fit Excellent Excellent
[t
N -
o / Units m? m?
a 40
T o Intercept 8.4 36.7
20 < s N
{ * A NYQ
oL4 T T T T J
34% 36% 38% 40% 42% 44% 5 1/Q
PBT Content wt%
7 Composition 2.6 | 17.4 (91%)*

*Coefficient significance in model is greater

Figure 55: Phase Size Regression Results than 95% unless otherwise indicated.
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4.3 Processing Environment
4.3.1 Specific Energy Consumption (SEC)
Term 2 of Meijer equation [128] for specific energynsumption simplifies to Q. It
can be seen in Figure 56 that this term providgea fit for the specific energy consumption
measured at the time of compounding. Table 23 shinat, as expected, no other variables

were found to be significant, partially validatitige fitting procedure.

4.3.2 Die Pressure and Blend Temperature at Extruder Exit
Die pressure and melt-exit-temperature are closelgted as both measurements are

taken at the same point in the extruder. In TaBesnd 25, the regression model results for
both response variables are given. Two startirspraptions are possible. First, SEC is
important and degree of fill is not as in Equattdn Conversely, the degree of fill is important
and SEC is not, Equation 52. For both die presank melt-exit temperature, the models
resulting from Equation 52 provide a better fittwiewer parameters. The use of Equation 51
results in unexpected dependences which is madyldue to the co-dependence between the
two remaining variables and the excluded extrudepdrameter. To verify this hypothesis,
the physical implications of the two competing misdee examined.

Under Equation 51 die pressure, (y), increases witreasing specific energy
consumption (,) and residence timed). A physically possible explanation for this mbe

that both regressors result in increased melt teaye and therefore decreased viscosity.

0.230 —4‘0Regression o Experimenta|}7 Table 23: SEC Regression Results
=
2 = SEC
g— 2o0.225 - -
E Regression >09%
£ 2 Significance
S =0.220 5
>3 O Fit OK
2aE -
E E 0.215 — | Units Kwh/kg
o ® =
£ = O o Intercept 0.21
@ W 0.210 B
& d 5N
0
0205 T T T T T T 4 NZIQ 0.0031
-3 -2 -1 0 1 2 3 4
N?/Q "~ Specific Energy Consumption 1/Q L
[Coded: 1 = +10%] >
7 Composition

Figure 56: SEC Regression Results
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The die pressure model using Equation 51 would igredd temperature increase but when
Tables 24 and 25 are compared, we see that thist ihe case. The result from Equation 52,
states that as the filled volume in the extrudes), (is increased, die pressure increases and
temperature decreases. This is exactly as expbetget on the physics confirming the initial
hypothesis that Equation 52 provides the accunadigtions.

According to the analysis in Tables 24 and 25,heeiequation affects the composition
term, (7), as demonstrated by the similar results regasdtdsthe model used. As was
expected, higher PBT content results in a lowercosgy blend and therefore lower die
pressure. Decreasing temperature at the extrudepeint with increasing PBT content is
consistent with the PBT latent heat of fusion beangjgnificant factor in temperature control.
Figures 56 and 57 plot the relationship between pgieeessing environment and its most
important influencing factors. The regression ltssim each of these plots represent the model

developed using Equation 52.
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Figure 57: Die Pressure Regression Results
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Figure 58: Melt Exit Temperature Results
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Table 24: Die Pressure Regression Results

Equation 51 52
Regression >99% >99%
Significance
Fit Excellent Excellent
Units psi psi
o Intercept 396 391
» N/IQ N/A 49.5
aN
A N/Q -22.6 N/A
5 1/Q -24.6
Composition -8.8 -8.5
7 -0mp (93%)* (94%)*

*Coefficient significance in model is greater
than 95% unless otherwise indicated.

Table 25: Melt Exit Temperature Results

Equation 51 52

Fit Excellent Excellent

Units T T
o Intercept 208 208
» N/Q N/A -5.5
3N 4.6 (92%)*
+NYQ N/A
5 1/Q 6.5 (94%)*
7 Composition -6.5 -6.3

*Coefficient significance in model is greater
than 95% unless otherwise indicated.




4.4 Effects of Processing
4.4.1 Molecular Weight

The molecular weight rule of mixtures result wasdauced assuming that the effects of
additives on the molecular weight distribution aegligible. In particular it is assumed that
the impact modifier present in the blend was inslduvhen GPC solutions were prepared.
The changes in molecular weight distribution inUfeg59 between the blend and raw polymer
rule-of-mixtures results are interpreted in lightleese assumptions. The main thing observed
iIs a small reduction in molecular weight with mosétthe change concentrated in the largest
chains. As PBT is the main contributor to the higblecular weight end of the spectrum this
suggests greater degradation of PBT than PC. rergial degradation of the low viscosity
component and the high molecular weight chain®issistent with mechanical degradation in
the extruder as described in section 1.3N@ major changes are observed in the low molecula
weight range indicating that the end-group-attaskpclymer formation mechanism was not

extremely significant.

—EBlend 9 - Experimental

/-\ —Blend 9 - Rule of Mixtures

e

Normalized Weight Fraction

/
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Log(Molecular Weight)

Figure 59: Molecular Weight Change due to Blending
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4.4.2Volumetric Melt Flow Rate
The poor fit observed for the MVR results in TaBE may indicate that an important

term is missing from the model. The second setesilts fit using Equation 52 shows that
degree of fill is not the missing parameter. Thaedel results indicate that composition is the
most important factor controlling MVR, followed ISBEC. Figure 60 graphically compares the

model to the experimental results.

4.4.3Phase Size
No statistically significant phase size changes tuerocessing were observed. This

does not necessarily rule out significant effectsarger than anticipated random scatter was
observed and has the potential to mask signifieffetts due to the small sample size. More
results are necessary to conclusively say if ther@ny effect of processing on the annealed
phase size. Examination of the images in Figurénfliicates that there may be decreases in
phase size with increasing extruder fill. VariaBoin image quality and contrast make even

this visual determination difficult.

4.4.4PBT Melting Temperatures
No consistent pattern of processing effects oningelemperature is observed between

the two heating rates in Tables 27 and 28. Thig bedue to melting kinetic differences

between the two tests. However, as all the effeces smaller than what is practically

Table 26: MVR Regression Results
22 *# @ Regression [ Experimental ‘7@
O Regression >99% >99%
20 Significance
= ¢ * Fit Poor Poor
£ 18
SE| /g/ O Units cm®10min | cm®10min
s 16
S e O o Intercept 16.7+0.9 16.8
@
§ 14 + 2> N/Q N/A
12 4 3N 1.4
10 ‘ ‘ ‘ ‘ 4 NQ 0.7+0.6 N/A
0.34 0.36 0.38 0.4 0.42 0.44 Y 14
PBT Content wt% s 1/Q - )
7 Composition 2.5+1.3 2.3

Figure 60: MVR Regression Results
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significant the exact reason for this discrepareyat of great importance. As a decrease
rather than an increase in melting temperature advbalexpected if transesterification were the
cause [65], the small increase in melting tempeeatmith increased residence time is not
associated with this reaction.

Blend 3: QN =-138 Blend 5: QN =10
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_Blend 8: Q/N=0

.._.ps‘

15kL I 088 18 15 48 SE]

Figure 61: Blends with identical composition but diferent processing.

Table 27: Main Melting Regression Results Table 28: Small Melting Regression Results

DSC Rate 5C/min 10C/min DSC Rate 5C/min  |10C/min
Fit Excellent Ok Fit Good | Excellent
Units T T Units T T
o Intercept 220.1+0.1 218.5 o Intercept 212.2+0.1 211.9
sN sN
AN°IQ 0.06 A N%IQ
5 1/Q 0.17+0.16 5 1/Q 0.31+0.25
7 Composition 0.09 7 Composition 0.34+0.20
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4.4.5 Fraction PC-Rich-Phase
Table 29 shows the regression analysis resuliseofieat capacity change over the glass

transition range. The results show that both caitijpm and screw speed have similar effects
on the heat capacity change measured at the P@fhimbe glass transition. It is known that
the height of the step change (e.g. Figure 9 Sectiel.2) over the glass transition is
proportional to the weight fraction of the phasehe blend. This implies that the observed
five percent increase in the weight fraction of #@-rich phase is indeed significant. The
effects of three linearly dependent terms in Equaéi9 are combined in the screw speed term.
These relate to specific energy consumption, resieléime and shear rate. According to our
analysis the other terms related to specific en@@ysumption and residence time are not
significant, leaving shear rate as the only pobsibior the influence of screw speed. One
known effect of the shear rate is to reduce theemdar weight which in turn could affect the
PC-rich phase composition and corresponding weigittion. However, it is clear that the

phase composition has not changed based on tretdasition temperature results.

: : Table 29: PC-Rich-Phase Regression Results
0.20 74{ ¢ Regression [ Experimental ——
DSC Rate 5C/min 10C/min
Z 0.9 -
|_
- Regression 99% 98%
. g Significance
2 518 Fit Good ok
(%))

=
o %Oﬂ ] . Units JI(g-C) J(g-C)
§ 9 - = o o Intercept 0.161 0.138
T —0.16
= . E\E 5N -0.008 -0.008
(]
£ 0.15 N/

0.14 : — s 1/Q

-1.5 05 0.5 15 "
N Shear Rate 7 Composition -0.009 -0.010
[Coded: +1 = +10%]

Figure 62: PC-Rich-Phase Regression Results
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5.0 CONCLUSIONS AND RECOMMENDATIONS

Based on the limited sample set of PC/PBT blenddiesti for a large scale co-rotating screw
extruder, and without reference to the joint coarfice intervals in Appendix I, the following

conclusions have been be made:

5.1 Blend Properties

The blend crystallinity increased after processasy compared to pure PBT. The
increase is due to the differences in initial snmaélting peaks observed using differential
scanning calorimetry. As there is no statisticffiedence in the main peak area before and after
processing it is concluded that blending increasieel population of low melting point
crystallites without affecting the high melting pbiones. This is likely caused by improved
nucleation as indicated by an increased blend afizsttion temperature. Improved nucleation
may result from an interaction with PC or with ookethe proprietary additives. A small
increase in both melting temperatures was obsdanvdte blend; however, it is not expected to
be practically significant. The observed crystaltion and melting results are consistent with
low blend co-polymer content.

Two amorphous phases are predicted based on ghasstibn data. The composition of
these phases is constant with respect to processidgoverall blend composition. Of the
mixing rules used to calculate phase compositiom Utracki-Jukes equation provided the best
fit. The empirical constant was found to be 0.4thwPBT as the second polymer. Glass
transition temperatures were similar to those beptow co-polymer content PC/PBT blends
of similar molecular weight polymers. Based on canmgons with phase diagrams in the
literature, all the blend compositions and proregssonditions studied in this work are
expected to reside in the two-phase region.

A continuous PC-rich- phase was visible only in #mealed blends. The PBT-rich-
phase size was found to increase with increasing B@htent with the average phase area

varying between 6 and 79n°.
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5.2 Processing Conditions

The model term RIQ was closely correlated with specific energy emngtion. This is
consistent with the Meijer equations [128]. Thesinsignificant influencing factors on die
pressure and blend temperature at the die sectéoe feund to be extruder degree of fill and
blend composition. Blend composition had the nsghificant effect on temperature, with
temperature decreasing with increasing PBT. Thttributed to the energy requirements for
PBT melting. Die pressure is most affected by weer fill, with pressure increasing with
increasing fill.

A small decrease in molecular weight was obser¥it processing, concentrated at the
upper end of the molecular weight distribution. sT'fs attributed to mechanical degradation.
No practically significant processing effects onTPBelting temperature were measured. The
effects of processing conditions on phase sizenare€onsidered to be statistically significant,
perhaps due to the larger than expected scattere [gimidy is recommended if practically
significant changes in phase size with processiagabe entirely dismissed.

The heat capacity change at the PC-rich-phase glasstion was influenced equally by
blend composition and screw speed. The blend ceitipo effect is expected as the heat
capacity change is proportional to the weight fracbf material undergoing transition. It was
also found that the fraction of PC-rich phase widscted by screw speed, specifically by the
shear rate. Although high shear rates can in tonce the blend molecular weight and modify

phase composition, the glass transitions measutsma&hnot detect compositional changes.
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5.3 Recommendations

1.

The as-received samples did not provide suffigitase size or contrast to image with
the SEM equipment available for this work. If thease structure of the extruded
pellets is of interest, it is recommended that aMT&udy be conducted or an SEM be
used with higher resolution to achieve magnifiaagigreater than 10,000X.

To better evaluate the quality of the above modésussion of the joint confidence
intervals presented in Appendix | should be integgtanto future presentations of this
work.

The commonly used Fox equation provided a poor essprtation of the blend

composition. Use of the Utracki-Jukes equatioecommended for phase composition
estimation using the glass transition temperature.

89



REFERENCES

1. AW. Birley, Xin Yue Chen (1985) “Further Studieof Polycarbonate-Poly(butyene
terephthalate) Blends” British Polymer Jourrdal, p297-306

2. Huiyu Bai, Yong Zhang, Yinxi Zang, Xiangfu Zan@yen Zhou (2005) “Toughening
Modification of PBT/PC Blends by PTW” Polymer Tesgi 24, p235-240

3. J.M.R.C.A. Santos, J.T. Guthrie (2005) “Polyniéends: the PC-PBT case” Journal of
Materials Chemistryl6, p237-245

4. L.A. Utracki (1990), “Polymer Alloys and Blendshermodynamics and Rheology” Oxford
University PressNew York, p8-9

5. Vahid Noeei Ancheh “A Study of Polycarbonate / P@ytylene terephthalat€ompounding
in a Twin Screw Extruder”, Masters Thesis, Univigrsif Waterlog 2008

6. L.A. Utracki (1990), p20

7. 1. Homfe, G. Pompe, K.J. Eichhorn (1997) “Orderstructures and progressive
transesterification in PC/PBT melt blends studigd=bi.r. spectroscopy combined with d.s.c.
and n.m.r.” Polymer38, p2321-2327

8. J. Jang, K. Sim (1998) “Crystallization Behavidan Poly(ether Imide)/Poly(butylenes
Terephthalate) Blends using a Spectroscopic MetRadymer Testingl7, p507-521

9. D.G. Hamilton, R.R. Galluci (1993) “NOTE: The fédfts of Molecular Weight on
Polycarbonate-Polybutylene Terephthalate Blendsitnkd of Applied Polymer SciencdS8,
p2249-2252

10. J. Mark, K. Ngai, W. Graessley, L. Mandelkein, Samulski, J. Koenig, G. Wignall,
(2004) “Physical Propertis of Polymers™ &d, Cambridge University Pregs102-104, p213-
p214, p253

11. P.C. Hiemenz (1984) “Polymer Chemistry: TheiB&wonsepts’, CRC PresbBlew York,
pl103-106, p164

12. P.C. Hiemenz, (1984), p174-298

13. P.C. Hiemenz (1984), p41-42

14. P.C Hiemenz, (1984), p42, p174-298

15. G. Beaucage, (2005) “Determination of Moleculteight, MTEN 732: Polymer
Characterization —Course Material ”, UniversityGQihcinnati
“http://www.eng.uc.edu/~gbeaucag/Classes/Charaettgon/MolecularWeighthtml/Molecular
Weight.pdf’ 2007/09/26 09:45

16. G. Sitaramatah, (1965) “Polymer-Solvent Inteoas of Bisphenol A Polycarbonate in
Different Solvents” Journal Of Polymer Science:tar3, p2743-2757

17. P.C. Hiemenz (1984), p590-597

18. P.C. Hiemenz (1984), p604-610

19. P.C. Hiemenz (1984), p642-652

20. G. Montaudo, C. Puglisi, F. Samperi (1993) “@feal Reactions Occurring in the
Thermal Treatment of Polymer Blends InvestigatedDingct Pyrolysis Mass Spectrometry:
Polycarbonate/ Polybuthyleneterephthalate” Joush&olymer Science: Part A ChemistBi,
pl3-25

21. G. Montaudo, C. Puglisi, F. Samperi (1998) “Keusm of Exchange in PBT/PC and
PET/PC Blends. Composition of the Copolymer Formedthe Melt Mixing Process”
Macromolecules31, p650-661

90



22. Huiyu Bai, Yong Zhang, Yinxi Zang, Xiangfu Zan@/en Zhou (2006) “Toughening
Modification of PBT/PC Blends with PTW and POE” doal of Applied Polymer Sciengce
101, p54-62

23. S. Nabar, D.D. Kale (2007) “Rheology and Tratrgfgcation between Polycarbonate and
Polyesters” Journal of Applied Polymer Scient@4, p2039-2047

24. D.C. Wahrmund, D.R. Paul, J.W. Barlow (1978pl\fster-Polycarbonate Blends. I.
Poly(butylene Terephthalate)” Journal of Appliedyter Science?2?2, p2155-2164

25. J. Devaux, P. Godard, J.P. Mercier (1982) “Timansesterification of Bisphenal A
Polycarbonate (PC) and Polybutylene TerephthaltBTE): A New Route to Block
Copolycondensates” Polymer Engineering and Scietit;g229-233

26. D. Delimoy, B. Goffaux, J. Devaux, R. Legra®4%) “Thermal and morphological
behaviours of bisphenol A polycarbonate / poly(bkertg terephthalate) blends” Polyma6,
p3255-3266

27. P. Sanchez, P.M. Remiro, J. Nazabal (1993) siehly Properties and Structure of
Unreacted PC/PBT Blends” Journal of Applied Polyi@eience50, p995-1005

28. P.G. Kelleher, R.P. Wentz, D.R. Falcone (198B)ydrolysis of poly(butylene
terephthalate)” Polymer Engineering and Scie@2ep260-264

29. A.S. Goje (2006) “Auto-Catalyzed Hydrolytic Dmymerization of Poly(Butylene
Terephthalate) Waste at High Temperature”, PolyRiastics Technology and Engineering
45, p171-181

30. I. Ghorbel, N. Akele, F. Thominette, P. Spiteri Verdu, (1995) “Hydrolytic Aging of
Polycarbonate. Il. Hydrolysis Kinetics, Effect ofaSc Stresses” Journal of Applied Polymer
Scienceb5, p173-179

31. GE Plastics “Lexan Processing Guide”

32. GE Plastics “XENOY PC/PBT Processing Guide”

33. J. Wu, Y-W. Mai, A.F. Yee, (1994) “Fracture ¢phumness and fracture mechanisms of
polybutylene-terephthalate / polycarbonate / inypaatlifier blends, Part Ill: Fracture
toughness and mechanisms of PBT/PC blends witiopé&dt modifiers” Journal of Materials
Science?29, p4510-4522

34. M. Pellow-Jarman, M. Hetem (1995) “The effe€ttioe poly(butylenes terephthalate)
constituent of the reactions occurring in poly(bemes terephthalate) / polycarbonate polymer
blends below their decomposition temperature” RlasiRubber and Composites Processing
and Applications23, p31-41

35. G. Pompe, L. Haussler (1997) “InvestigationsTo&nsesterification in PC/PBT Melt
Blends and the Proof of Immiscibilty of PC and PBat Completely Suppressed
Transesterification” Journal of Polymer Sciencet Ba Polymer Physics35, p2161-2168

36. A.N. Wilkinson, D. Cole, S.B. Tattum (1995) ‘@heffects of transesterification on
structure development in PC-PBT blends” Polymeddu, 35, p751-757

37. S.P. Mishra, P. Venkidusamy (1995) “Structumadd Thermal Behaviour of PC/PBT
Blends” Journal of Applied Polymer Scienég, p2229-2234

38. S.B. Tattum, D. Cole, A.N. Wilkinson (2000) “@oolled Transesterification and Its
Effects on Structure Development in Polycarbonai{Butylene Terephthalate) Melt
Blends” Journal of Macromolecular Science: Phys3@sp459-479

91



39. J. Wu, KWang, D. Yu (2003) “Fracture toughnemsd fracture mechanisms of
PBT/PC/IM blends Part V: Effect of PBT-PC interfacstrength on the fracture and tensile
properties of the PBT/PC blends” Journal of Mater&cience38, p183-191

40. A.B. Bestul (1954), “Kinetics of Capillary SireDegradation in Concentrated Polymer
Solutions” Journal of Chemical Physi@gl, p1196-1201

41. A. Ram, A. Kadim (1970) “Shear Degradation ofyifher Solutions” Journal of Applied
Polymer Sciengel4, p2145-2156

42. E.M.S. Sanchez (2007) “Ageing of PC/PBT blekidchanical properties and recycling
possibility” Polymer Testing?6, p378-387

43. A.T. Riga, L. Judovits (2001) “Materials Chaszation by Dynamic and Modulated
Thermal Analytical Techniques” ASTMSTP 1402

44. E.A. Turi, (1981) “Thermal Characterization Bblymeric Materials”_Academic Press
New York, p185-186

45. K.-H. lllers, (1980) “Heat of fusion and spéciffolume of poly(ethelene terephthalate)
and poly(butylele terephathalate)”, Colloid & Polensci 258 pl117-124,

46. Y. Y. Cheng, M. Brillhart, P. Cebe (1997) “Mddted differential scanning calorimetry
study of blends of poly(butylene terephthalate hvablycarbonate”, Thermochimica Ac3a4,
p369-378

47. J. Runt, D. M. Miley, X. Zhang, K. P. Gallaghé&. McFeaters, J. Fishburn (1992)
“Crystallization of Poly(butylene terephthalate) dants Blends with Polyarylate”
Macromolecules?5, p1929-1934

48. S.Z.D. Cheng, R. Pan, B. Wunderlich (1988) ‘fhind analysis of poly(butylene
terephthalate) for heat capacity, rigid-amorphaustent, and transition behaviour” Makromol.
Chem 189, p2443-2458

49. M.E. Nichols, R.E. Robertson (1992) “The MdukipMelting Endotherms from Poly
(butylene Terephthalate)” Journal of Polymer Scgeritart B Polymer Physic30, p755-768

50. R.S. SteinA. Misra (1980) “Morphological Studies on Polybutylene Tarthalate”
Journal of Polymer Science: Polymer Phys. Ef.p327-342

51. L. Delbreilh, E. Dargent, J. Grenet, J-M SaiferBernes, C. Lacabanne, (2007) “Study of
poly(bisphnol A carbonate) relaxation kinetics la¢ glass transition temperature” European
Polymer Journal3, p249-254

52. J. Robertson (2001) “Thermal Degradation Ssudié Polycarbonate” Dissertation,
Virginia Polytechnic

53. J. Mark et al (2004), p212-213

54. E.A. Turi (1981), p141-142

55. E.A. Turi (1981), p126-131

56. J. Mark et al (2004), p245-247

57. L.A. Utracki (1990), p55

58. R.S. Halder, M. Joshi, A. Misra (1990) “Morpbgical Studies on the Blends of
Poly(butylenes Terephalate) and Bisphenol-A Polyoaate” Journal of Applied Polymer
Science39, p1251-1264

59. J. Mark et al (2004), p246-247

60. J. Mark et al (2004), p209

61. J. Mark et al (2004), p261

62. P.C. Hiemenz (1984), p204-206

92



63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.

P.C. Hiemenz (1984), p216
Mark et al (2004), p204

Mark et al (2004), p217-219
Mark et al (2004), p254

Mark et al (2004), p261-267
J. Mark et al (2004), p72

E.A. Turi (1981), p170-171

J. Mark et al (2004), p75-79
P.C. Hiemenz (1984), p244-248
E.A. Turi (1981), p418-420

J. Mark et al (2004), p101-114
J. Mark et al (2004), p102-103
L.A. Utracki (1990), p93-94

L.A. Utracki (1990), p94-99

L.A. Utracki (1990), p2-3

L.A. Utracki (1990), p30-43

L.A. Utracki (1990), p43-52

L.A. Utracki (1990), p64-117

M. Okamoto, T. Inoue (1994) “Phase separatiectranism and structure development in

[ PR SRR SR

poly(butylenes terephthalate)/polycarbonate blefidymer 35, p257-261

82.

Y-Y. Cheng, M. Brillhart, P. Cebe, M. Capel §8) “X-Ray Scattering and Thermal

Analysis Study of the Effects of Molecular Weighh d”hase Structure in Blends of
Poly(butylene terephthalate) with Polycarbonatairdal of Polymer Science: Part B: Polymer
Physics 34, p2953-2965

83. J. Santos, J. Guthrie (2005) “Analysis of iations in multicomponent polymeric
systems: The key-role of inverse gas chromatograptaterials Science and Engineering R
50, p79-107

84. J. Mark et al (2004), p154-158

85. J. Mark et al (2004), p188-190,197

86. L.A. Utracki (1990), p147

87.
88.
89.

90.

L.A. Utracki (1990), p132-133

L.A. Utracki (1990), p140

J. Mark et al (2004), p178

J.M Dealy (1990), “Melt Rheology and its Rofe Rlastics Processing”, Van Nostrand

Reinhold New York, p269-270

91.
92.
93.
94.
95.
96.
97.
98.
99.

J.M. Dealy (1990), p317-329
L.A. Utracki (1990), p25

P.C. Hiemenz (1984), p81-83
J.M. Dealy (1990), p270-278
J. Mark et al (2004), p163-166
L.A. Utracki (1990), p231-244
P.C Hiemenz (1984), p84-88
P.C. Hiemenz (1984), p91-103
J. Mark et al (2004), p191-192

100. J. Mark et al (2004), p168-169

93



101. P.C. Hiemenz (1984), p107-113

102. P.C. Hiemenz (1984), p116-120

103. P.C. Hiemenz (1984), p120-124

104. J. Mark et al (2004), p193-201

105. P.C. Hiemenz (1984), p103-107

106. J. Mark et al (2004), p189-190

107. L.A. Utracki (1990), p131-181

108. L.A Utracki (1990), p148-149

109. L.A. Utracki (1990), p167-170

110. L.A. Utracki (1990), p181

111. L.A. Utracki (1990), p162

112. L.A. Utracki (1990), p161

113. L.A. Utracki (1990), p176-180

114. J. Mark et al (2004), p267

115. G. Aravinthan, D.D. Kale (2005) “Blends of Aelthylene terephthalate) and
Poly(butylenes terephthalate)”, Journal of Applalymer Science98, p75-82

116. A. Marcincin, E. Kormendy, M. Hricova, A. Rag P.A. Arun (2006) “Rheological
Behaviour of Polyester Blend and Mechanical Progerof the Polypropylene—Polyester
Blend Fibres” Journal of Applied Polymer Scient@2 p4222-4227

117. E. Boudreaux, J.A. Cuculo (1982) “A Comparisuinthe Flow Behaviour of Linear
Polyethylene, Poly(butylene Terephthalate), andy Rethylene Terephthalate)” Journal of
Applied Polymer Scien¢e7, p301-318

118. L. Scatteia, P. Scarfato, D. Acierno (2004)héBlogy of PBT-layered silicate
nanocomposites prepared by melt compounding” REsRubbers and Composit&S3, p85-
91

119. G. Mago, F.T. Fisher, D.M. Kalyon (2006) “EfteOf Shearing On The Crystallization
Behaviour Of Poly (Butylene Terephthalate) And PBanocompositesASME, Proceedings
of IMECE2006

120. J. Wu, D.-M. Wang, A.F. Yu (2000) “Fracturaughness and fracture mechanisms of
PBT/PC/IM blends Part 1IV: Impact toughness andufail mechanisms of PBT/PC blends
without impact modifier” Journal of Materials Scan35, p307-315

121. K. Wang, J. Wu, H. Zeng (2001) “Microstructu@nd fracture behavior of glass-fiber
reinforced PBT/PC/E-GMA elastomer blends 1: miawasures” _Composites Science and
Technology61, p1529-1538

122. H. Bai, Y. Zhang, Y. Zang, X. Zang, W. Zhow(@8) “Crystallization Kinetics of
Toughed Poly(butylenes terephthalate)/Polycarbofénds” Journal of Applied Polymer
Science101, p1295-1308

123. R.S. Hadler, M. Joshi, A. Misra (1990) “Morpdgical Studies on the Blends of
Poly(butylenes Terephthalate) and Bisphenol-A RPatyonate”_Journal of Applied Polymer
Science39, p1251-1264

124. S.S. Pesetskii, B. Jurkowski, V.N. Koval (2D02Polycarbonate/Polyalkylene
Terephthalate Blends: Interphase Interactions angatt Strength”_Journal of Applied
Polymer Scienceg4, p1277-1285

125. A.N. Wilkinson, S.B. Tattum, A.J. Ryan (199K)elting, reaction and recrystallization
in a reactive PC-PBT blend” Polym@&8, p1923-1928

94



126. P. Marchese, A. Celli, M. Fiorini (2004) “Ruetmships between the Molecular
Architecture, Crystallization Capacity, and Misditlyi in Poly(butylenes terephthalate) /
Polycarbonate Blends: A Comparison with Poly(ethgleterephthalate) / Polycarbonate
Blends”, Journal of Polymer Science: Part B: PolyRleysics42, p2821-2832

127. J.M. Dealy (1990), p480-489

128. H.E.H. Meijer, P.H.M. Elemans (1988) “The Mbdg of Continuous Mixers. Part I:
The Corotating Twin-Screw Extruder” Polymer Engirieg and Science?8, p275-290

129. L.A. Utracki (1990), p16-19

130. J. Gao, G.C. Walsh, D. Bigio (2000) “Mean Hesce Time Analysis for Twin Screw
Extruders”_ Polymer Engineering and Scie@ p227-237

131. 1.O. Mohamed, R.Y. Ofoli, R.G. Morgan (1990)ddeling the Average Shear Rate in a
Co-Rotating Twin Screw Extruder” Journal of Food¢sss Engineerind 2, p227-246

132. Jordi FLP, (2008) “GPC Report Number: J30Zlontinued”

133. S.S. Rao (2002) "Applied numerical MethodsHogineers and Scientists" Prentice Hall
New Jersey, p198-199, p399

134. G. Hohne, W. Hemminger, H.-J. Flammersheim 96}9 “Differential Scanning
Calorimetry, An Introduction for Practitioners” Smpger, Berlin, p9

135. G. Hohne, W. Hemminger, H.-J. Flammershei@®¢), 21-25

136. M. Sorai, (2004) “Calorimetry & Thermal Anaisg’s John Wiley & Sons Chichester,
p221

137. A. Riga, D. Young, G. Mlachak, P. Kovach (1p9Thermoanytical Evaluation Of
Readily Available Reference Polymers” Journal oéithal Analysis49, p425-435

138. C. Schick, M. Merzlyakov, A. Minakov, A. Wur(@000) “Crystallization Of Polymers
Studied By Temperature Modulated Calorimetric Measients At Different Frequencies”
Journal of Thermal Analysis and Calorimets9, p279-288

139. L.A. Utracki (1990), p98

140. E.A. Turi (1981), p170

141 D.A. Ditmars, S. Ishihara, S.S. Chang, G. Bwin, E.D. West (1982) “Enthalpy and
Heat-Capacity Standard Reference Material: Syrit®dpphire (-A1,03) from 10 to 2250 K”,
Journal of Research of the National Bureau of Stedgi87, p159-163

142. L.A. Utracki (1990), p114-117

143. S.Y. Hobbs, M.E.J. Dekkers, V.H. Watkins (198%ughened blends of poly(butylenes
terephthalate) and BPA polycarbonate: Part 1 Mdagayd Journal Of Materials Scienc@3,
pl219-1224

144, L.C. Sawyer, D.T. Grubb (1987) “Polymer Mia@opy” Chapman and HalNew York,
p89,

145. B. Ohlsson, B. Tornell (1990) “The Use of Ruf Studies of Polymer Blends by
Scanning Electron Microscopy” Journal of Appliedypeer Science4l, p1189-1196

146. University of Waterloo ME 632 Course Notesm&wer 2008

147. D.C. Montgomery (2005), “Design and AnalysisEaperiments” John Wiley & Sons
p373-400

95



APPENDIX A: FTIR Analysis of PC/ PBT Blends

A.D. Rogalsky, #20072715
Dept of Mechanical & Mechatronics Engineering, UWnsity of Waterloo, Waterloo, Ontario,
Canada, N2L 3Gladrogals@uwaterloo.ca

Introduction

Blends of polycarbonate, PC, and poly(butylenepietigalate), PBT, are used primarily
for automotive parts, particularly bumpers [1]. Yhare valued for their high impact and
solvent resistance as well as stiffness at elevawdperatures. A titanium based
polymerization catalyst present in commercial PBSo aatalyses an exchange reaction with
PC. Initially it leads to block co-polymers buthagh reaction extent a statistical co-polymer is
produced [2]. Formation of block co-polymer is biaial to strength and solvent resistance
but its compatibilizing effect improves inter-phaadhesion too much, lowering impact
strength. Furthermore, blend solvent resistaneeasly provided by PBT crystallinity which
is reduced by large reaction extents. For theasores an attempt is made to limit or totally
suppress the reaction in most commercial blends.

Transesterification extent, percent crystallinphase size and phase composition are
expected to be the main factors affecting blendogriies. To predict blend performance,
technigues that can quantify these factors aressacg. Reaction extent and other chemical
changes can be characterized by NMR, Raman IR &i. FFor crystallinity, FTIR, Raman
IR, DSC and wide angle x-ray are good technigu@ptical and electron microscopy are good
at characterizing phase size, but FTIR and RamamitiRoscopy are better at providing phase
composition. In good scientific studies severainpementary techniques are often used to
provide a cross check for data [3]. Spectrosctipitechniques have such broad applicability
that they are good choices to limit the number xgegiments necessary. Raman has some
distinct advantages however it has not been uséd RC/PBT blends necessitating that the
focus of this discussion be on FTIR.

Fundamentals

PC & PBT chemical structures can be seen in Figliraad 2 respectively. PC does
not crystallize under commercial processing coodg&i while PBT is semi-crystalline.
Thermal treatment produces the trystal form characterized by a gosh-trans-gastiyg,
conformation of the aliphatic chain. Deformatiomgiuces the “ crystal form. This form is
more difficult to differentiate chemically from tlemorphous fraction as both are characterized
by a t-t-t conformation [4,5]. The main PC and PBdaks as well as an assignment of
associated chemical structures are given in tablasd 2 respectively. Figures 3 and 4 show
spectra of the two polymers in the mid IR range.

Given known peaks, quantitative determination ofaemtrations can be accomplished
using the Beer-Lambert law as rearranged by Landiaat. [6]. The basic parameters are the
peak absorbance of the species to be measuretdeAndlar absorbance associated with this
peak, , and the sample thickness, S. Equation 1 can kd ts directly determine the
concentration, X, if sample thickness is knowna leference peak is available equation 2 can
be used. Reference peaks may be based on théoadufita known tracer concentration or
provided by a material peak unaffected by the medeeing studied. In the latter case the
reference concentration is 1, as the peak is peaviy 100% of the sample. A special case is
represented by mutually exclusive peaks such asetlagsociated with the amorphous and
crystalline phases in a semi-crystalline polymetha two separate constituents of a polymer
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blend. As the concentrations are known to sum (6%, the Beer-Lambert law can be
rearranged into the form of equation 3.

X, = Ai>6 [6] Equation 1
al
X, =X, %% [6] Equation 2
1
1 ah g Equation 3
Xl a2 A.

Proper sample preparation is necessary for goadtsesPC/PBT blends range from
translucent to opaque due to PBT crystallinityngland Sim overcame poor IR transmission
in a PBT blend through use of attenuated totakogifbn [5]. As this technique only samples
the surface of a specimen it is can be used witdgyoge materials, however results may differ
from those of the bulk material. To obtain infotroa about the bulk material Pellow-Jarman
and Hetem used powdered sample pressed in KBrtpdll¢  This technique works by
diluting the sample with an IR transparent solidr EO0O mg of KBr approximately 1 mg of
sample is used. Sample particles are reducedssottan 2m to avoid IR scattering [3]. A
drawback of pressed pellets is that deformationtrogs most existing microstructure and may
convert crystalline PBT into its form. To observe un-deformed microstructure, gressed
thin films might be used, however Pellow-Jarman &etem were unable to obtain thin
enough films [7]. Excellent results were obtaifmgdHomfe et al. on 2-3n thick microtome
slices, suggesting that for quantitative analy$isiredeformed microstructure this is the best
technique [4]. Sample thickness for these veny fl@ctions can be determined using equation
4, where n is the number of interference fringess the refractive index, (the indices of PBT
and PC are almost identical), and and , are the wavelength range over which the
interference fringes have been counted.

_n LY 3] Equation 4
on 1.-1,

Application - Composition Determination and Chemicd Mapping

To determine composition characteristic peaks Ier tivo polymers must be found.
Both polymers have carbonyl groups which producenst peaks in the 1730-1860¢mange
and no other nearby peaks of similar significar®le [Carbonyl stretching IR bands are at
1775-1780cnrit and 1720crl for PC and PBT respectively [4, 8, 9]. Both Tattat al., figure
5, and Hopfe et al., figure 6, have published catibn curves for these bands from which the
constants in the Beer-Lambert law can be derivéat. best results, calibration curves from the
same instrument and experimental conditions shibelldsed. A standard FTIR instrument and
these curves suffice to find bulk composition, hegrefor blends this is usually known in
advance. What is generally of interest is the cmsitpn and distribution of individual phases.

To sample individual phases, a microscope fittetth \&ti computer controlled XY table
is used to scan the sample in a gird. A smalltapercontrols the size of the area being
sampled allowing quantitative analysis of the resub build a false color image of
composition [3]. Diffraction gives the theoretidahit of /2 for pixel size. In conventional
equipment 2 is the practical limit due to the limited lightath passes through a smaller
aperture [10]. For the limiting 1780¢hband, wavelength is 5.6 resulting in a limiting
pixel size of approximately 1Zn. In un-reacted PC/PBT blends the phase size is
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approximately 5-10m as determined by TEM [9]. As the pixel size msthe same order as
the phase size, composition maps are unlikely tasmuch useful detail. Hopfe et al., have
published measurements of compositional differemete/een phases using a B0 aperture
size [4]. Specific details of the sampling procedand statistical analysis used are not
provided, however care would have to be taken &vegmt the scan area overlapping phase
boundaries and biasing the measurement. To overcbease difficulties a more intense light
source such as a laser or synchrotron might be. uBeely have been used to overcome
throughput issues in other IR applications [10Janfan IR could be even better as it uses 0.4-
0.6 m laser allowing for a <Im limiting pixel size [3].

Application - Crystallinity Determination

PBT crystallinity is of primary interest in work on mpounding and molding. A
promising IR Band for its determination exists a7é&m"* [4, 11]. It is almost non existent in
the amorphous andcrystal phases, but is sharp in thphase [11]. See figure 7. Interference
from PC is not expected as PC does not have agg laeaks between 900 and 1000{sh
Other promising peaks near and including one aBd#B have been identified [4, 5]. See
figures 8 and 9. Unfortunately the PC spectrumoisas flat in this region [8], making analysis
more complicated. The PBT ring deformation pea7cm' might provide a useful internal
reference for use with equation 2. Homfe et ghorted it to be unaffected by temperature
changes or crystallinity up to the polymer deconipms temperature but in their own figure it
decreases markedly with increasing temperaturangatiis into doubt [4]. See figure 8.

As in phase mapping, calibration curves based opkss with known composition are
necessary for the determination of the molar alesar or its ratio. None are reported for
PBT in the recent literature necessitating anoteehnique be used with FTIR to establish
these curves before crystallinity can be quanuiédyi determined. Wide angle X-ray can not be
done as rapidly as FTIR but has been used sucdgsbfy Lamderti and Brucato with
poly(propylene) to produce calibration curves farl® [6]. Another option is DSC which
quantifies crystallinity by detecting heat flow thg melting and crystallization. DSC has
been used to determine crystallinity of PC/PBT bieby the author as well as Tattum et al.
[9], Hompfe et al. [4] and Mishra and Colleague][1Zhe fast crystallization kinetics of PBT
can result in changes in crystallinity on the tismle of a DSC scan, however with careful
control of temperature cycle this should not be ggomissue. FTIR, which does not suffer
from these issues, can provide a useful cross cloede calibration curves have been
established.

Transesterification Determination and Limitations

If the exchange reaction is not totally suppresgedducts other than the original
polymer repeat unit are formed [2]. Table 3 présée reaction products and their IR band
assignments. Most of these bands are close tatisting carbonyl bands of the parent
polymer making isolation of them difficult. Tattuet al. were unable to de-convolute the 1770
and 1740 peaks below a reaction extent of 37% [@lesHopfe et al. required co-polymer
contents as high as 23 mol% to clearly distingtigh1760crit band. More promising is the
1070 cm* band which is further from major PC and PBT peakiswing co-polymer
concentrations as low as 3.5 mol% to be detectebhfortunately significant changes in
material properties are already expected at thastien extent [4]. In commercial blends
where significant changes are to be avoided, a rsensitive check of stability is required.
Characterization of extremely small reaction exeist possible by NMR, however better
resolution may be available with FTIR as well. 18#v reaction extent only highly insoluble
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block co-polymers are formed [2]. Assuming a reasbe molecular weight, the signal from
un-reacted chain elements in these co-polymersb&ibeveral orders of magnitude larger than
that of the reaction products. Solvent extractadnone of the polymers followed by IR
analysis of the insoluble residue should providmad estimate of co-polymer content. Birley
and Chen conducted such an experiment and thoegiditl not use it to estimate co-polymer
content they did find that the PC content in PEhrinsoluble residue increased with reaction
time [1].

Conclusions

Good IR bands and calibration curves are availéfMecomposition determination.
Conventional FTIR pixel size is too large to detern phase distribution, but phase
composition might be determined. For phase armlystrotoming is best sample preparation
technique. IR bands associated witbrystallinity have been identified, but calibratiourves
are not available. At present another techniguh s DSC or wide angle x-ray must be used
in conjunction with FTIR to characterize crystaitiyjnin PC/PBT blends. For quantifying small
amounts of transesterification in stabilized blerstandard FTIR sample preparation is
inadequate. NMR is the proven technique; howevkestd extraction followed by IR analysis
iIs promising. For routine investigation of PC/PBlends FTIR currently poses several
challenges however these challenges are what mothid greatest potential for original
research.
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Tables and Figures
Table 1: PC Peak Assignment

Assignment

Wave-number (cr)

C-H stretching in C-CH

2970-2990 [12]

Aromatic carbonate C=0 stretching

1780 [9, 12, A775
[7]

In-plane ring C-H stretching 1510 [7, 12]
0O-C-O0 1150-1290 [7, 12]
O-C-0 1010 [7]

ring C-C-C stretching 880 [12]

Out of plane ring deformation 833 [7]

C=0 out of plane bending 840 [12]

C=0in plane bending 550 [12]

Table 2: PBT Peak Assignment

Assignment

Wave-number (cr)

Aliphatic CH, symmetric stretch

2840-2860 [8]

Aliphatic ester C=0 stretching 172019, 7, 2]
Associated with Crystallinity 1714 [7]
In-plane ring deformation 1504 [7]
CH, bending t-t-t conformation, crystalline 1485 [7]
CH, bending t-t-t conformation, crystalline, amorphous state 1470 [7, 8]
CH, bending g-t-g conformation, crystalline 1452, 145&{3-146(
7, 8]
In-plane ring deformation 1410 [7]
CH, wagging t-t-t conformation, crystalline 1393 [7]
CH, wagging g-t-g conformation, crystalline 1386 [7]
CH, twisting, crystalline 1320-1322[7, 8]
C-O-C 1260 [7]
CH, wagging t-t-t conformation, crystalline 1208 [7]
CH2 wagging g-t-g conformation,crystalline 1173 [7]
In-plane ring deformation 1018,1108 [7]
Skeleton and rocking vibrations t-t-t conformatiorgrystalline 960 [7, 8]
Skeleton and rocking vibrations g-t-g conformatiomyystalline 917-918 [7, 8]
Out of plane ring deformation, not dependent orstafinity 872 [7]
Skeleton and rocking vibrations t-t-t conformation 842 [7]
Skeleton and rocking vibrations g-t-g conformation 811 [7]
coupled vibration of carbonyl and out of plane ring 728 [7]

Table 3: Reaction Products Peak Assignment

Assignment Wave-number (cri))
o]
]
Aliphatic-Aromatic ~ Carbonate, Q O_C_O*CHZ)“—"", C=0 17707, 2]
stretching
0 1763 [7]

Aliphatic-Aliphatic Carbonate;#cH::0-¢-0~CHk~  C=Q stretching

(e]
Il
Aromatic Ester','"QC_OO“, C=0 stretching

1740, 1070-1080 [12, 2
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Figure 4: FTIR Spectrum of PBT
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APPENDIX B: Universal Analysis Macros for Data Analysis

ExportData
- Outputs Data Text File From Universal
Analysis

1. Function Signal Selection
2. Select Item 3 Y2 Signal
(°C)

3: Select Item 5 Y2 Type Derivative (time)
4: Button OK Signal Selection

5: Function Export File and Plot Signals

6: Button Windows (ANSI)

7: Button Finish >> Export Data File

Temperature

SecondaryAnalysis

- Finds: First cycle PBT Tg and melting,
Second cycle PBT crystallization

- Exports results to Excel

: Function Open Data File

: Button OK Data File Information

: Function Cycle List

: Uncheck Item 3 Cycle 3

: Button OK Data Cycle Selection

: Function Integrate Peak Sig Tangent
: Cursor Point 1 (220.0, 0.315147)

: Cursor Point 2 (205.0, 0.312712)

: Cursor Point 3 (155.0, 0.301564)

10: Cursor Point 4 (150.0, 0.210037)
11: Function Accept Cursor Limits

12: Function Integrate Peak Sig Tangent
13: Cursor Point 1 (245.0, -0.315561)
14: Cursor Point 2 (236.0, -0.307815)
15: Cursor Point 3 (200.0, -0.309494)
16: Cursor Point 4 (175.0, -0.292254)
17: Function Accept Cursor Limits

18: Function Glass/Step Transition

19: Cursor Point 1 (12.5498, -.0882019)
20: Cursor Point 2 (74.8239, -0.112137)
21: Function Accept Cursor Limits

22: Function Results Options

23: Check Report heading

24: Check Result type

25: Check Result separator

26: Check Result notes

OCoO~NOUIDWNE
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27: Check Column name

28: Check Column units

29: Check Multiplex value

30: Uncheck Signal name

31: Uncheck File name

32: Uncheck Sample ID

33: Button OK Result Options

34: Function Results Spreadsheet
35: Function Close Data File

PrimaryAnalysis

- Finds: Third cycle PBT Tg, PC Tg and
PBT melting peeks, splitting peaks with
a vertical line.

- Exports results to Excel

: Function Open Data File

: Button OK Data File Information

: Function Cycle List

: Uncheck Item 1 Cycle 1

: Uncheck Item 2 Cycle 2

: Button OK Data Cycle Selection

: Function Glass/Step Transition

: Cursor Point 1 (10.0, -.0914504)

: Cursor Point 2 (100.0, -0.125527)

10: Function Accept Cursor Limits

11: Function Glass/Step Transition

12: Cursor Point 1 (100.0, -0.125527)
13: Cursor Point 2 (180.0, -0.164022)
14: Function Accept Cursor Limits

15: Function Integrate Peak Sig Tangent
16: Cursor Point 1 (150.0, -0.153258)
17: Cursor Point 2 (170.0, -0.159921)
18: Cursor Point 3 (240.0, -0.16833)

19: Cursor Point 4 (249.0, -0.171208)
20: Function Accept Cursor Limits

21: Select Label 3

22: Mouse Down
0.841936)

23: Function Copy Text
24: Assign MainPeakTemp = Clipboard(1)
25: Assign MainPeakTemp =
MainPeakTemp - 0.2

26: Assign x_cursor[2] = MainPeakTemp

OCO~NOUIDEA WNPE

Right (0.790698,



27: Function Peak Maximum

28: Cursor Point 1 (150.0, -0.170219)
29: Function Accept Cursor Limits
30: Select Label 1

31: Mouse Down
0.701613)

32: Function Copy Text
33: Assign x_cursor[1] = Clipboard(1)

34: Function Integrate Peak Perpendicular
Drop

35: Function Accept Cursor Limits

36: Dialog (Confirmation No Jump End)
"Is Analysis Ok?"

37: Function Results Options

38: Check Report heading

39: Check Result type

40: Check Result separator

41: Check Result notes

42: Check Column name

43: Check Column units

44: Check Multiplex value

45: Uncheck Signal name

46: Uncheck File name

47: Uncheck Sample ID

48: Button OK Result Options

49: Function Results Spreadsheet

50: Function Close Data File

Right (0.656218,

PCAnalysis
- Finds: Third cycle PC Tg
- Exports results to Excel

: Function Open Data File

: Button OK Data File Information
: Function Cycle List

: Uncheck Item 1 Cycle 1

: Uncheck Item 2 Cycle 2

: Button OK Data Cycle Selection
: Function Glass/Step Transition

: Cursor Point 1 (25.0, -.0944787)
: Cursor Point 2 (220.0, -0.163439)
10: Function Accept Cursor Limits
11: Function Results Options

12: Check Report heading

13: Check Result type

14: Check Result separator

OCoO~NO U WNE
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15: Check Result notes

16: Check Column name

17: Check Column units

18: Check Multiplex value

19: Uncheck Signal name

20: Uncheck File name

21: Uncheck Sample ID

22: Button OK Result Options

23: Function Results Spreadsheet
24: Function Close Data File

PBTAnNalysis

- Finds: Second Cycle PBT Crystallization,
Third cycle PBT Tg, and PBT melting
peeks, splitting peaks with a vertical
line.

- Exports results to Excel

: Function Open Data File

: Button OK Data File Information

: Function Cycle List

: Uncheck Item 1 Cycle 1

: Uncheck Item 2 Cycle 2

: Button OK Data Cycle Selection

: Function Glass/Step Transition

: Cursor Point 1 (15.0, -0.125527)

: Cursor Point 2 (80.0, -0.164022)

10: Function Accept Cursor Limits

11: Function Integrate Peak Sig Tangent
12: Cursor Point 1 (100.0, -0.153258)
13: Cursor Point 2 (150.0, -0.159921)
14: Cursor Point 3 (240.0, -0.16833)

15: Cursor Point 4 (249.0, -0.171208)
16: Function Accept Cursor Limits

17: Select Label 3

18: Mouse Down
0.841936)

19: Function Copy Text
20: Assign MainPeakTemp = Clipboard(1)
21: Assign MainPeakTemp =
MainPeakTemp - 0.2

22: Assign x_cursor[2] = MainPeakTemp
23: Function Peak Maximum

24: Cursor Point 1 (150.0, -0.170219)

25: Function Accept Cursor Limits

26: Select Label 1

OCO~NOUID WNPE

Right (0.790698,



27: Mouse Down Right (0.656218, 41: Dialog (Confirmation No Jump End)

0.701613) "Is Analysis Ok?"

28: Function Copy Text 42: Function Results Options
29: Assign x_cursor[1] = Clipboard(1) 43: Check Report heading
30: Function Integrate Peak Perpendicular 44: Check Result type

Dro 45: Check Result separator
31: Function Accept Cursor Limits 46: Check Result notes

32: Function Cycle List 47: Check Column name

33: Check Item 2 Cycle 2 48: Check Column units

34: Button OK Data Cycle Selection 49: Check Multiplex value

35: Function Integrate Peak Sig Tangent 50: Uncheck Signal name

36: Cursor Point 1 (140.0, 0.146476) 51: Uncheck File name

37: Cursor Point 2 (150.0, 0.13663) 52: Uncheck Sample ID

38: Cursor Point 3 (210.0, 0.175944) 53: Button OK Result Options
39: Cursor Point 4 (220.0, 0.181621) 54: Function Results Spreadsheet
40: Function Accept Cursor Limits 55: Function Close Data File
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APPENDIX C: DSC Curve Analysis Results

Notes:

1.

Blend number is given in the form “Blend Number-$d@nNumber”. Ave stands for
average, Sd for standard deviation, Cv for coedfitiof variation, numeric values stand
for individual samples. Cv is the ratio of stardideviation over average.

Cp stands for the heat capacity change at glassitiin.

akwn

Table C1: PBT Results, 10°C/Min Heating and CoolindRates

Q is the measured energy associated with a transiti
Blend numbers PBT, PC1 and PC2 represent pure golym
---“Indicates no result could be found.

Blend Glass Transition  [Crystallization Small Melting Main Melting M.l?cl)ttlglg
Number Midpoint Cp Onset Q Onset Q Onset Q Q
T J/(gK) T J/ig T J/ig T J/g J/g

1-01 47.26 0.1008 | 193.96 17.07 | 211.53 1.16 | 218.34 16.83 17.99
1-02 47.45 0.0835]193.79 1556 | 211.59 1.121218.58 15.81 16.93
1-03 46.68 0.1080 | 193.75 16.73 | 211.58 1.31]218.40 16.77 18.08
1-04 46.50 0.1156 | 194.00 16.51 | 211.57 1.271218.39 17.12 18.38
1-05 47.08 0.1139 | 194.13 17.15] 211.62 1.26 | 218.46 17.21 18.47
1-06 47.06 0.1099 | 193.64 16.62 | 211.67 1.13 ] 218.41 16.74 17.86
1-Ave 47.01 0.1053]193.88 16.61 | 211.59 1.211218.43 16.75 17.95
1-Sd 0.36 0.0119 0.18 0.57 0.05 0.08 0.08 0.50 0.55
1-Cv 0.76% 11.28% | 0.09% 3.44% | 0.02% 6.84% | 0.04% 2.97% 3.07%
2-01 48.43 0.1311 | 194.47 12.97 | 211.34 1.20 | 218.37 15.20 16.41
2-02 45.69 0.1148 | 194.68 14.69 | 211.24 1.01]218.32 14.92 15.94
2-03 48.27 0.1031]193.81 14.14 ] 211.16 0.60 | 218.45 15.44 16.04
2-04 49.82 0.0963 | 194.51 14.49 | 211.29 1.05 ] 218.24 15.19 16.24
2-05 50.03 0.1147 | 194.48 14.52 | 211.92 1.09 | 218.71 14.77 15.86
2-06 46.81 0.1100 | 195.01 14.35] 211.41 1.07 | 218.45 15.07 16.14
2-Ave 48.18 0.1117 | 194.49 14.19 | 211.39 1.00 | 218.42 15.10 16.11
2-Sd 1.69 0.0119 0.39 0.63 0.27 0.21 0.16 0.23 0.20
2-Cv 3.51% 10.67% | 0.20% 4.42% | 0.13% 20.57% | 0.07% 1.56% 1.25%
3-01 54.03 0.1287 | 195.57 18.12 | 212.41 150 ] 219.13 18.71 20.21
3-02 47.11 0.1058 | 195.52 16.47 | 212.46 1.34 1 219.09 16.88 18.22
3-03 46.26 0.1201 | 195.14 16.57 | 212.05 1.35]218.65 17.23 18.58
3-04 47.45 0.0973 | 195.38 17.41 | 212.22 1.441218.84 16.93 18.37
3-05 52.97 0.1440 | 195.70 16.90 | 211.75 152 1218.60 17.21 18.73
3-06 46.92 0.1473]194.94 16.57 | 212.70 1.16 | 218.65 17.58 18.73
3-Ave 49.12 0.1239 | 195.38 17.01 | 212.27 1.381218.83 17.42 18.81
3-Sd 3.43 0.0201 0.29 0.65 0.34 0.13 0.23 0.68 0.72
3-Cv 6.98% 16.25% | 0.15% 3.80% | 0.16% 9.65% | 0.11% 3.89% 3.81%
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Table C1: Continued... PBT Results

Blend Glass Transition  [Crystallization Small Melting | Main Melting Melting
Number o Total
Midpoint Cp Onset Q Onset Q Onset Q Q
T J/(gK) T J/ig T J/ig T J/g J/g

4-01 48.42 0.1090 | 195.15 17.16 ] 211.94 1.64 | 218.63 17.08 18.72
4-02 50.70 0.0504 | 194.41 15.61 | 212.88 1.17 | 218.98 14.62 15.78
4-03 46.72 0.1332 | 194.39 15.96 | 212.40 1.12 | 218,57 16.33 17.45
4-04 46.60 0.1370 | 195.03 16.69] 212.38 1.47 | 218,57 17.27 18.74
4-05 51.14 0.1253 | 194.84 15.96 | 212.62 1.23 ]| 218.89 15.97 17.20
4-06 4474 0.1516 | 194.83 16.78 | 211.70 1.41]218.33 17.12 18.53
4-Ave 48.05 0.1177]194.78 16.36 | 212.32 1.34 | 218.66 16.40 17.74
4-Sd 251 0.0358 0.31 0.60 0.43 0.20 0.24 1.01 1.17
4-Cv 5.23% 30.45% | 0.16% 3.68% | 0.20% 14.88% | 0.11% 6.16% 6.58%
5-01 4514 0.1453 1 194.39 16.97 | 212.14 1.45] 218.34 16.88 18.33
5-02 52.04 0.1458 | 194.50 16.35| 212.23 1.35]218.30 16.91 18.26
5-03 50.24 0.1081] 194.82 15.88 | 211.67 1.53 ] 218.36 16.84 18.37
5-04 47.02 0.0585] 194.47 15.28 | 212.48 1.23 ] 219.03 15.01 16.24
5-05 50.21 0.1371] 193.92 16.44 ] 211.76 1.13 ]| 218.32 16.27 17.39
5-06 50.58 0.1386 | 194.72 15.93 ] 212.06 1.30 ] 218.58 16.68 17.97
5-Ave 49.21 0.1222 ] 194.47 16.14 | 212.06 1.33 ] 218.49 16.43 17.76
5-Sd 2.58 0.0342 0.31 0.58 0.30 0.14 0.28 0.74 0.83
5-Cv 525% 27.97% | 0.16% 3.58% | 0.14% 10.87% | 0.13% 4.48% 4.67%
6-01 4798 0.1221 ] 194.18 16.53 | 211.90 1.35] 218.25 16.29 17.64
6-02 46.82 0.1396 ] 194.37 16.59 | 211.95 1.36 | 218.45 16.93 18.29
6-03 50.57 0.1229] 194.68 16.29 | 212.43 1.39 ] 219.01 16.39 17.77
6-04 49.61 0.1340] 194.47 16.81 | 212.07 1.35]218.65 17.18 18.52
6-05 50.23 0.1184 | 194.17 17.05| 212.08 1.12 ] 218.48 16.89 18.01
6-06 4595 0.10851] 194.48 16.45] 211.91 1.36 | 218,50 16.11 17.47
6-Ave 48.53 0.1243]1194.39 16.62 | 212.06 1.32 ] 218.56 16.63 17.95
6-Sd 1.90 0.0111 0.20 0.27 0.20 0.10 0.26 0.43 0.40
6-Cv 3.92% 8.96% | 0.10% 1.63% | 0.09% 7.41% | 0.12% 2.56% 2.23%
7-01 46.80 0.0937 | 194.29 13.52] 211.82 0.92 | 218.21 14.83 15.75
7-02 4739 0.1172] 19455 13.88 | 211.83 0.87 | 218.27 14.73 15.60
7-03 54.11 0.1287 | 194.52 13.83 | 211.74 0.98 | 218.30 14.07 15.05
7-04 51.31 0.0987 | 193.96 13.42 | 212.14 0.85 1 218.79 13.40 14.25
7-05 46.25 0.1174 119453 14.02 | 211.74 0.97 | 218.18 14.42 15.38
7-06 50.94 0.1026 ] 194.74 14.26 | 211.28 1.10 | 218.04 14.82 15.92
7-Ave 49.47 0.1097 | 194.43 13.82 | 211.76 0.95| 218.30 14.38 15.33
7-Sd 3.13 0.0134 0.27 0.31 0.28 0.09 0.26 0.56 0.61
7-Cv 6.32% 12.26% | 0.14% 2.26% | 0.13% 9.47% | 0.12% 3.91% 3.96%
8-01 48.28 0.0946 | 194.06 15.90 | 212.37 1.18 | 218.86 16.43 17.61
8-02 51.80 0.1017 | 194.22 16.52 | 211.95 1.24 | 218.67 15.88 17.12
8-03 4711 0.1338 ]| 194.34 17.14 | 211.80 1.43 ] 21852 17.51 18.93
8-04 50.90 0.1091 ] 19458 17.09] 212.03 1.37 ]| 218.62 17.74 19.11
8-05 48.46 0.0631 | 19459 16.98 | 211.56 1.39 ] 218.38 16.90 18.29
8-06 50.17 0.1344] 194.35 16.10 | 212.00 1.21 ] 218.68 16.60 17.81
8-Ave 49.45 0.1061 ]| 194.36 16.62 | 211.95 1.30 ]| 218.62 16.84 18.15
8-Sd 1.79 0.0268 0.21 0.53 0.27 0.11 0.16 0.69 0.78
8-Cv 3.61% 25.21% | 0.11% 3.21% | 0.13% 8.14% | 0.07% 4.12% 4.28%
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Table C1: Continued... PBT Results

Blend Glass Transition  [Crystallization Small Melting | Main Melting Melting
Number o Total
Midpoint Cp Onset Q Onset Q Onset Q Q
T J/(gK) T J/ig T J/ig T J/g J/g
9-01 50.76 0.1305] 194.14 16.03 | 211.79 1.00 | 218.56 16.05 17.05
9-02 4592 0.1090 | 194.01 18.00 | 212.09 1.23 ]| 218.15 18.48 19.71
9-03 4998 0.1058 | 194.34 16.81] 211.89 1.12 | 218.46 16.70 17.82
9-04 4762 0.1289]194.25 16.411] 211.28 1.24 ] 218.33 17.18 18.42
9-05 53.39 0.1300 | 194.33 19.87 | 211.42 1.44 | 218.43 16.97 18.41
9-06 4716 0.1404 | 194.46 16.68 | 211.50 1.18 | 218.43 16.97 18.14
9-Ave 49.14 0.1241]1194.26 17.30| 211.66 1.20 ] 218.39 17.06 18.26
9-Sd 2.76 0.0136 0.16 1.42 0.31 0.15 0.14 0.80 0.87
9-Cv 5.61% 10.97% | 0.08% 8.23% | 0.15% 12.15% | 0.06% 4.69% 4.79%
10-01 46.12 0.1420] 19451 18.62 | 211.80 1.50 | 218.54 18.53 20.03
10-02 53.77 0.1199 ] 194.38 17.84 | 212.54 1.30 | 219.04 18.01 19.31
10-03 45.37 0.1091]194.00 17.98 | 212.19 1.15] 219.02 17.71 18.85
10-04 47.62 0.1300] 194.58 18.66 | 211.88 1.25] 218.44 18.87 20.12
10-05 48.98 0.1012 ] 194.18 18.59 | 211.75 1.25] 218.66 18.97 20.22
10-06 4985 0.1297 ] 194.46 19.30 ] 211.90 1.45] 218,55 19.15 20.60
10-Ave 48.62 0.1220] 194.35 18.50 | 212.01 1.32 ] 218.71 18.54 19.86
10-Sd 3.03 0.0150 0.22 0.53 0.30 0.14 0.26 0.57 0.65
10-Cv 6.24% 12.31% | 0.11% 2.85% | 0.14% 10.30% | 0.12% 3.09% 3.26%
11-01 51.47 0.1226 | 196.50 17.28 | 210.83 1.39 | 218,59 18.12 19.51
11-02 46.93 0.1052 ] 193.97 16.32 | 211.36 1.28 | 218.24 16.54 17.83
11-03 47.76 0.1151 ] 195.91 16.88 | 212.27 1.15]218.31 17.81 18.96
11-04 48.23 0.1125] 194.06 15.93 | 211.70 1.24 ] 218.48 16.11 17.35
11-05 49.22 0.0944 ] 194.37 18.09 | 212.93 1.02 | 218.85 16.59 17.61
11-06 5553 0.1356] 196.49 17.13| 210.53 1.64 | 218.58 17.95 19.58
11-Ave 49.86 0.1142 ] 195.22 16.94 | 211.60 1.29 121851 17.19 18.47
11-Sd 3.19 0.0142 1.21 0.76 0.90 0.21 0.22 0.87 1.00
11-Cv 6.39% 12.40% | 0.62% 4.48% | 0.42% 16.52% | 0.10% 5.06% 5.39%
12-01 48.97 0.0989 | 194.16 18.67 | 212.07 1.59 | 218.60 18.62 20.20
12-02 51.69 0.1193 ] 194.20 18.86 | 211.74 1.55] 218.41 18.59 20.14
12-03 49.78 0.1209 | 193.49 17.96 | 212.23 1.28 | 218.67 17.73 19.01
12-04 4795 0.1228 |1 194.05 18.47 | 211.90 1.53 ] 218.49 18.37 19.90
12-05 46.92 0.1297 119391 17.95] 211.86 1.54 | 218.45 18.53 20.07
12-06 49,92 0.1253]193.61 18.41] 211.73 1.34 | 218.49 18.00 19.35
12-Ave 49.21 0.1195] 193.90 18.39 | 211.92 1.47 | 218,52 18.31 19.78
12-Sd 1.67 0.0107 0.29 0.37 0.20 0.13 0.10 0.36 0.49
12-Cv 3.38% 8.97% | 0.15% 2.01% | 0.09% 8.68% | 0.04% 1.98% 2.46%
13-01 4956 0.1014 ] 193.44 16.10] 211.49 1.08 | 218.50 16.80 17.88
13-02 50.03 0.1314 ]| 193.85 16.95| 211.31 1.29 | 218.44 16.77 18.06
13-03 51.94 0.1079 ] 194.11 16.24 | 211.56 1.02 | 218.64 16.30 17.32
13-04 50.33 0.1345] 193.81 15.25] 211.39 1.05] 218.36 16.49 17.54
13-05 48.46 0.1079 | 194.24 16.74 | 211.24 1.25 | 218.56 16.67 17.92
13-06 4958 0.0781]193.56 17.66 | 211.92 0.97 | 219.12 14.71 15.68
13-Ave 4998 0.1102 ] 193.84 16.49 | 211.49 1.11] 218.60 16.29 17.40
13-Sd 1.15 0.0208 0.31 0.82 0.24 0.13 0.27 0.80 0.89
13-Cv 2.30% 18.86% | 0.16% 5.00% | 0.11% 11.73% | 0.12% 4.89% 5.09%
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Table C2: PC Results, 10°C/Min Heating and Coolindrates

Blend Glass Transition Blend Glass Transition Blend Glass Transition
Number Midpoint Cp Number Midpoint Cp Number Midpoint Cp
T J/(gK) T J/(gK) - T J/(gK)

01-01 136.19 0.1413 06-01 136.56 0.1405 12-01 136.83 0.0957
01-02 138.12 0.1121 06-02 135.83 0.1369 12-02 136.75 0.1415
01-03 137.53 0.1130 06-03 138.45 0.1474 12-03 137.19 0.1199
01-04 137.75 0.1373 06-04 135.70 0.1039 12-04 136.03 0.1428
01-05 136.66 0.1287 06-05 136.27 0.1432 12-05 138.85 0.1228
01-06 137.24 0.1524 06-06 137.79 0.1198 12-06 137.01 0.1082
1-Ave 137.25 0.1308 6-Ave 136.77 0.1320 12-Ave 137.11 0.1218
1-Sd 0.72 0.0161 6-Sd 1.11 0.0167 12-Sd 0.94 0.0184
1-Cv 0.52% 12.28% 6-Cv 0.81% 12.67% 12-Cv 0.69% 15.13%
02-01 137.12 0.1334 07-01 137.22 0.1582 13-01 137.27 0.1464
02-02 136.51 0.1346 07-02 137.94 0.1883 13-02 136.99 0.1455
02-03 138.83 0.1921 07-03 136.51 0.1770 13-03 138.41 0.1352
02-04 137.43 0.1283 07-04 139.36 0.1570 13-04 136.97 0.1165
02-05 138.52 0.1195 07-05 136.56 0.1702 13-05 138.64 0.1379
02-06 137.12 0.1490 07-06 134.71 0.1606 13-06 138.31 0.1492
2-Ave 137.59 0.1428 7-Ave 137.05 0.1686 13-Ave 137.77 0.1385
2-Sd 0.90 0.0260 7-Sd 1.56 0.0124 13-Sd 0.77 0.0120
2-Cv 0.65% 18.20% 7-Cv 1.14% 7.35% 13-Cv 0.56% 8.67%
03-01 137.48 0.1253 08-01 138.77 0.1398

03-02 138.26 0.1283 08-02 137.45 0.1447

03-03 136.79 0.1206 08-03 138.98 0.1445

03-04 136.97 0.1207 08-04 138.39 0.1878

03-05 138.14 0.1301 08-05 134.94 0.1274

03-06 137.75 0.1279 08-06 138.92 0.1407

3-Ave 137.57 0.1255 8-Ave 137.91 0.1475

3-Sd 0.60 0.0040 8-Sd 1.56 0.0207

3-Cv 0.44% 3.22% 8-Cv 1.13% 14.06%

04-01 136.67 0.1197 09-01 138.24 0.1318

04-02 137.15 0.1408 09-02 137.48 0.1224

04-03 137.25 0.1564 09-03 136.15 0.1404

04-04 136.66 0.1489 09-04 136.36 0.1450

04-05 139.87 0.1337 09-05 136.38 0.1115

04-06 138.26 0.1294 09-06 137.19 0.1242

4-Ave 137.64 0.1382 9-Ave 136.97 0.1292

4-Sd 1.24 0.0134 9-Sd 0.81 0.0124

4-Cv 0.90% 9.67% 9-Cv 0.59% 9.58%

05-01 137.76 0.1446 10-01 137.20 0.1256

05-02 138.48 0.1594 10-02 139.19 0.1120

05-03 135.92 0.1226 10-03 137.61 0.1440

05-04 137.74 0.1293 10-04 136.14 0.1147

05-05 137.69 0.1795 10-05 135.36 0.1193

05-06 137.10 0.1572 10-06 135.53 0.1163

5-Ave 137.45 0.1488 10-Ave 136.84 0.1220

5-Sd 0.87 0.0210 10-Sd 1.46 0.0117

5-Cv 0.63% 14.13% 10-Cv 1.07% 9.63%
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Table C3: PBT Results, 5°C/Min Heating and CoolindRates

Blend Glass Transition Crystallization Small Melting Main Melting M.l?cl)ttlglg
Number Midpoint Cp Onset Q Onset Q Onset Q Q
T J/(gK) T J/ig T J/ig T J/g J/g
1-11 50.90 0.0325 | 198.21 20.11 | 212.00 484 | 220.12 12.83 17.67
1-12 47.93 0.1355 | 197.95 20.72 | 212.02 488 219.96 12.96 17.85
1-13 0.00 0.0000 | 198.16 18.57 | 212.17 445 ] 219.96 11.93 16.37
1-Ave 32.94 0.0560 | 198.11 19.80 | 212.06 4.72 | 220.01 12.57 17.30
1-Sd 28.57 0.0707 0.14 1.11 0.09 0.24 0.09 0.56 0.81
1-Cv 86.72% 126.34% | 0.07% 5.60% | 0.04% 5.10% | 0.04% 4.46% 4.67%
2-11 49.07 0.0436 | 198.61 16.92 | 211.75 432 | 220.14 11.16 15.48
2-12 54.29 0.0584 | 198.54 18.09 | 211.56 2.78 | 219.92 11.59 14.37
2-13 53.92 0.1128 | 198.29 18.50 | 210.99 434 | 21957 12.01 16.36
2-Ave 52.43 0.0716 | 198.48 17.84 | 211.43 3.81]219.88 11.59 15.40
2-Sd 2.91 0.0364 0.17 0.82 0.40 0.90 0.29 0.43 1.00
2-Cv 556% 50.89% | 0.08% 4.60% | 0.19% 23.49% | 0.13% 3.67% 6.47%
3-11 49.47 0.0845 | 199.45 20.42 | 212.44 5.40 | 220.26  13.45 18.85
3-12 48.92 0.0667 | 198.67 19.87 | 212.53 4,68 | 220.66 12.98 17.66
3-13 46.34 0.0239 | 199.31 20.29 | 212.25 4.60 | 220.36 13.65 18.25
3-Ave 48.24 0.0583 | 199.14 20.19| 212.41 489 | 220.43 13.36 18.25
3-Sd 1.67 0.0312 0.42 0.29 0.14 0.44 0.21 0.34 0.60
3-Cv 3.46% 53.41% | 0.21% 1.42% | 0.07% 9.02% | 0.09% 2.57% 3.26%
4-11 4558 0.0343 | 198.73 19.93 | 212.79 5.55]220.37 12.35 17.89
4-12 50.86 0.0393 | 197.95 19.03| 212.24 449 | 220.21 1241 16.90
4-13 45.92 0.0824 | 198.97 20.51| 212.71 5.44 | 220.26  12.70 18.13
4-Ave 47.45 0.0520 | 198.55 19.82 | 212.58 5.16 | 220.28 12.49 17.64
4-Sd 2.96 0.0264 0.53 0.75 0.30 0.58 0.08 0.19 0.65
4-Cv 6.23% 50.82% | 0.27% 3.76% | 0.14% 11.26% | 0.04% 1.50% 3.70%
5-11 50.59 0.0846 | 198.45 20.09 | 212.52 5.59 | 220.14 12.53 18.12
5-12 51.59 0.0597 | 198.66 20.45 | 212.56 5.58 | 220.14 12.45 18.04
5-13 50.86 0.0130 | 198.46 20.20 | 212.54 5.59 | 220.14 12.60 18.19
5-Ave 51.01 0.0524 | 198.52 20.25| 212.54 5.59 | 220.14 12.53 18.12
5-Sd 0.52 0.0364 0.12 0.18 0.02 0.00 0.00 0.08 0.08
5-Cv 1.01% 69.36% | 0.06% 0.91% | 0.01% 0.07% | 0.00% 0.60% 0.41%
6-11 51.24 0.0121 | 198.50 20.34 | 212.49 5.331220.15 1251 17.83
6-12 51.38 0.0043 | 198.48 20.09 | 212.69 5.69 | 220.25 12.47 18.16
6-13 49.41 0.0171 | 197.97 18.99 | 212.01 476 | 220.12 12.29 17.04
6-Ave 50.68 0.0112 | 198.32 19.81 | 212.40 5.26 | 220.17 12.42 17.68
6-Sd 1.10 0.0065 0.30 0.72 0.35 0.47 0.07 0.12 0.58
6-Cv 217%  57.79% | 0.15% 3.63% | 0.16% 8.98% | 0.03% 0.94% 3.26%
7-11 49.89 0.0640 | 198.46 16.59 | 212.10 459 | 220.10 10.64 15.23
7-12 44.24 0.1021 | 198.28 16.91 | 211.12 4,07 | 219.86 11.52 15.58
7-13 48.76 0.0373 | 198.36 17.68 | 211.78 4.64 | 219.83 11.14 15.78
7-Ave 47.63 0.0678 | 198.37 17.06 | 211.67 443 ] 219.93 11.10 15.53
7-Sd 2.99 0.0326 0.09 0.56 0.50 0.32 0.15 0.44 0.28
7-Cv 6.28%  48.03% | 0.05% 3.28% | 0.24% 7.13% | 0.07% 3.98% 1.79%
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Table C3: Continued... PBT Results

Blend Glass Transition  [Crystallization Small Melting Main Melting M_re(;ttlglg
Number Midpoint Cp Onset Q Onset Q Onset Q Q
T J/(gK) T JIig T J/g T JIig J/ig
8-11 47.65 0.0586 | 197.63 18.96 | 212.11 4.36 | 220.21 12.78 17.14
8-12 50.18 0.1162 | 198.51 20.27 | 212.54 5.39 | 220.30 12.66 18.05
8-13 48.86 0.0837 | 197.84 20.87 | 211.70 4.60 | 219.96 13.82 18.42
8-Ave 48.90 0.0862 | 197.99 20.03]| 212.12 4.78 1 220.16  13.09 17.87
8-Sd 1.27 0.0289 0.46 0.98 0.42 0.54 0.18 0.64 0.66
8-Cv 2.59% 33.52% | 0.23% 4.88% | 0.20% 11.25% | 0.08% 4.87% | 3.69%
9-11 50.97 0.0526 | 198.29 20.21 | 212.46 5.24 | 220.32 12.95 18.19
9-12 46.79 0.0969 | 198.43 20.55] 212.12 5.01 | 220.07 13.27 18.28
9-13 52.12 0.0884 | 197.91 19.42 | 211.89 4.411220.13 13.21 17.62
9-Ave 49.96 0.0793 | 198.21 20.06 | 212.16 489 | 220.17 13.14 18.03
9-Sd 2.80 0.0235 0.27 0.58 0.29 0.43 0.13 0.17 0.36
9-Cv 5.61% 29.64% | 0.14% 2.89% | 0.14% 8.75% | 0.06% 1.29% | 1.99%
10-11 50.07 0.0808 | 198.54 22.91 | 212.68 5.91 | 220.28 14.68 20.59
10-12 49.78 0.0570 | 198.74 23.32| 212.62 5.83 | 220.29 14.65 20.48
10-13 50.51 0.0519 | 198.10 22.41 | 212.49 5.44 | 220.21 14.54 19.99
10-Ave 50.12 0.0633 | 198.46 22.88 | 212.60 5.73 ] 220.26 14.62 20.35
10-Sd 0.37 0.0155 0.33 0.46 0.10 0.25 0.04 0.07 0.32
10-Cv 0.73% 24.43% | 0.16% 1.99% ] 0.05% 4.37% | 0.02% 0.50% | 1.57%
11-11 62.40 0.0991 | 200.16 22.59 | 211.49 422 219.53 15.84 20.06
11-12 50.28 0.0474 | 197.34 19.33 | 211.71 428 1 219.98 13.40 17.68
11-13 ---]199.89 21.87 | 211.56 4261 219.91 15.28 19.55
11-Ave 56.34 0.0732 | 199.13 21.26 | 211.59 4251 219.81 1484 19.10
11-Sd 8.57 0.0366 1.56 1.71 0.11 0.03 0.24 1.28 1.25
11-Cv 15.21% 49.94% | 0.78% 8.05% | 0.05% 0.74% | 0.11% 8.61% | 6.56%
12-11 47.18 0.1220 | 198.14 22.55| 212.56 5.69 | 220.21 14.33 20.03
12-12 51.79 0.0859 | 198.24 23.14 | 212.12 4.08 | 219.96 14.33 18.41
12-13 48.62 0.0239 | 198.17 22.27 | 212.85 5.93 | 220.24 13.92 19.84
12-Ave 49.20 0.0773 | 198.18 22.65| 212.51 5.23 ] 220.14 14.19 19.43
12-Sd 2.36 0.0496 0.05 0.44 0.37 1.00 0.15 0.24 0.89
12-Cv 4.79% 64.18% | 0.03% 1.96% | 0.17% 19.17% | 0.07% 1.67% | 4.56%
13-11 52.07 0.0191 | 197.92 20.15| 212.12 4.60 | 220.24 13.06 17.66
13-12 ---1198.35 20.27 | 211.94 4.38 1 220.06 13.40 17.79
13-13 49.20 0.0203 | 198.04 19.88 | 212.19 451 | 220.22 12.97 17.48
13-Ave 50.64 0.0197 | 198.10 20.10 | 212.08 450 | 220.17 13.14 17.64
13-Sd 2.03 0.0008 0.22 0.20 0.13 0.11 0.10 0.23 0.16
13-Cv 4.01% 4.02% | 0.11% 0.99% | 0.06% 2.38% | 0.04% 1.73% | 0.88%
PBT-11 44.04 0.1787 | 193.45 47.22 | 210.00 5.74 | 219.21 33.67 39.41
PBT-12 40.38 0.1566 | 198.30 49.12 | 210.76 7.90 | 219.59 32.60 40.51
PBT-13 43.64 0.1566 | 192.27 45.51 | 209.92 6.06 | 218.99 30.42 36.48
PBT-Ave 42.69 0.1640 | 194.67 47.28 | 210.23 6.57 | 219.26 32.23 38.80
PBT-Sd 2.01 0.0128 3.20 181 0.46 1.17 0.30 1.66 2.08
PBT-Cv 470% 7.78% | 1.64% 3.82% | 0.22% 17.77% | 0.14% 5.14% | 5.37%
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Table C4: PC Results, 10°C/Min Heating and Coolindrates

Blend Glass Transition Blend Glass Transition Blend Glass Transition
Number Midpoint Cp Number Midpoint Cp Number Midpoint Cp
T J/I(gK) T J/(gK) - T J/(gK)

01-11 137.00 0.1539 06-11 137.34 0.1535 12-11 133.27 0.1612
01-12 138.26 0.1652 06-12 137.45 0.1579 12-12 138.51 0.1743
01-13 137.18 0.1524 06-13 138.89 0.1546 12-13 136.58 0.1478
1-Ave 137.48 0.1572 6-Ave 137.89 0.1553 12-Ave 136.12 0.1611
1-Sd 0.68 0.0070 6-Sd 0.86 0.0023 12-Sd 2.65 0.0133
1-Cv 0.50% 4.45% 6-Cv 0.63% 1.47% 12-Cv 1.95% 8.22%
02-11 138.89 0.1518 07-11 137.62 0.1922 13-11 138.38 0.1619
02-12 136.55 0.1929 07-12 140.07 0.1821 13-12 136.13 0.1609
02-13 136.64 0.1711 07-13 139.72 0.1743 13-13 138.12 0.1730
2-Ave 137.36 0.1719 7-Ave 139.14 0.1829 13-Ave 137.54 0.1653
2-Sd 1.33 0.0206 7-Sd 1.33 0.0090 13-Sd 1.23 0.0067
2-Cv 0.97% 11.96% 7-Cv 0.95% 4.91% 13-Cv 0.89% 4.06%
03-11 137.26  0.1468 08-11 140.33 0.1496 PC1-11 149.48 | 0.2674
03-12 140.06 0.1487 08-12 138.02 0.1171 PC1-12 150.35 | 0.2669
03-13 139.21 0.1734 08-13 140.04 0.1517 PC1-13 150.75 | 0.2541
3-Ave 138.84 0.1563 8-Ave 139.46 0.1395] PC1-Ave 150.19 | 0.2628
3-Sd 1.44 0.0148 8-Sd 1.26 0.0194 PC1-Sd 0.65 | 0.0075
3-Cv 1.03%  9.49% 8-Cv 0.90% 13.91% PC1-Cv 0.43% | 2.87%
04-11 138.46 0.1528 09-11 138.67 0.1595 PC2-11 145.71 | 0.3142
04-12 140.30 0.1808 09-12 137.97 0.1564 PC2-12 145.42 | 0.2713
04-13 138.78 0.1584 09-13 138.22 0.1687 PC2-13 145.70 | 0.2703
4-Ave 139.18 0.1640 9-Ave 138.29 0.1615 PC2-Ave 145.61 | 0.2853
4-Sd 0.98 0.0148 9-Sd 0.35 0.0064 PC2-Sd 0.16 | 0.0251
4-Cv 0.71%  9.03% 9-Cv 0.26%  3.96% PC2-Cv 0.11% | 8.79%
05-11 136.69 0.1645 10-11 137.87 0.1184

05-12 137.70 0.1593 10-12 137.49 0.1447

05-13 136.96 0.1478 10-13 138.30 0.1615

5-Ave 137.12 0.1572 10-Ave 137.89 0.1415

5-Sd 0.52 0.0085 10-Sd 0.41 0.0217

5-Cv 0.38% 5.44% 10-Cv 0.29% 15.35%
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APPENDIX D: Blend and Phase Composition from DSC

Notes:
1.
2.
3.

Table D1: Blended PC Parameters

DSC Heating and Cooling Rates were a{Chnin
Midpoint Values for | were used.
Cp stands for the heat capacity change at glassiticn

. Tg . Cp
Equation Equation
T JI(g-K)
11 147.98
12 147.99 44 0.2735
13 147.77

Table D2: Phase Compositions using the Fox Equatigiequation 11)

Amorphous Phases
Blend
Blend PC Rich PBT Rich
Eq. 43 Eqg. 43 Eq. 42
umber PC | PBT Eq.C44 Phgse in | PC |PBT Eq.C44 Phgse in Tgtéll AmF())é?_us Crysqtalline Loé?_l
P Blend P Blend PBT

- |wt% | wt% | J/(g-C) wt%  [wt% [wt% |J/(g-C) | wt% |wit% wit% wt% wt%
1 97%| 3.1% 0.28 57%| 19%| 81% 0.34 25%| 60% 22% 12%| 34%
2 97%| 3.1% 0.28 62%| 26%| 74% 0.33 22%| 66% 18% 11%| 29%
3 97%| 2.7% 0.28 57%| 16%| 84% 0.34 17%| 58% 16% 13%| 29%
4 97%| 2.6% 0.28 60%| 14%]| 86% 0.34 15%| 60% 15% 13%| 27%
5 97%| 3.2% 0.28 57%| 23%| 77% 0.33 16%| 59% 14% 13%| 27%
6 97%| 3.0% 0.28 56%]| 22%| 78% 0.33 3%| 55% 4% 13%| 17%
7 97%| 2.6% 0.28 66%| 15%]| 85% 0.34 20%| 68% 19% 11%| 30%
8 98%| 2.5% 0.28 51%| 18%| 82% 0.34 26%| 54% 22% 13%| 35%
9 97%| 2.8% 0.28 59%| 20%| 80% 0.33 24%| 62% 21% 13%| 33%
10 97%| 3.0% 0.28 51%| 21%| 79% 0.33 19%)| 54% 17% 15%| 31%
11 96%| 3.5% 0.28 58%| 34%| 66% 0.32 23%| 64% 17% 14%| 31%
12 97%| 3.1% 0.28 60%| 19%]| 81% 0.34 23%| 62% 21% 14%| 34%
13 97%| 3.1% 0.28 61%| 22%| 78% 0.33 6%| 60% 7% 13%| 19%
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Table D3: Phase Compositions using the Utracki & Jkes Equation (Equation 12)

Amorphous Phases
Blend
Blend PC Rich PBT Rich
Eqg. 43 Eqg. 43 Eq. 42
umber PC | PBT Eq.C44 Phgse in | PC |PBT Eq.C44 Phgse in Tgtéll AmF())é?_us Crysqtalline Loé?_l
P Blend P Blend PBT
- |wt% | wt% | J/(g-C) wt%  (wt% |wt% |J/(g-C) | wit% |wt% wit% wit% wt%
1 94%]| 5.9% 0.28 57%| 12%| 88% 0.34 25%| 56% 25% 12%| 37%
2 94%| 6.0% 0.28 62%| 17%]| 83% 0.34 21%| 62% 21% 11%| 32%
3 95%| 5.1% 0.28 56%]| 10%| 90% 0.34 17%| 55% 18% 13%| 31%
4 95%| 4.9% 0.28 59%| 9%| 91% 0.34 15%| 58% 17% 13%| 29%
5 94%| 6.1% 0.28 57%| 14%| 86% 0.34 15%| 55% 17% 13%| 30%
6 94%| 5.7% 0.28 56%| 14%| 86% 0.34 3%| 53% 6% 13%| 19%
7 95%| 5.0% 0.28 66%| 9% 91% 0.34 20%| 64% 21% 11%| 32%
8 95%| 4.8% 0.28 50%| 11%| 89% 0.34 25%| 51% 25% 13%| 38%
9 95%| 5.5% 0.28 58%| 13%| 87% 0.34 23%| 58% 24% 13%| 36%
10 94%| 5.7% 0.28 51%| 13%| 87% 0.34 19%| 50% 19% 15%| 34%
11 93%| 6.7% 0.28 58%| 22%| 78% 0.33 22%| 59% 21% 14%| 35%
12 94%]| 5.9% 0.28 59%| 11%| 89% 0.34 23%| 59% 24% 14%| 37%
13 94%| 6.0% 0.28 60%| 14%| 86% 0.34 6%| 58% 9% 13%| 21%
Table D4: Phase Compositions using the Utracki & Jkes Equation (Equation 13),
k =0.41 when PBT is 2
. Amorphous Phases . Blend
Blend PC Rich PBT Rich
Eqg. 43 Eq. 43 Eq. 42
Numbert o | per =a. 44 Phase in| PC |PBT =a. 44 Phase in Total| Amorous Crysqtalline o
P Blend P Blend PBT
- |wt% | wt% |[J/(g-C) wt%  |wit% |wt% [J/(g-C) | wi% |wt% wit% wt% wt%
1 87%| 13.2% 0.28 55%| 5% 95% 0.35 24%| 49% 30% 12%| 43%
2 87%| 13.3% 0.28 61%[ 7%| 93% 0.34 21%| 54% 27% 11%| 38%
3 88%]| 11.5% 0.28 55%| 4%]| 96% 0.35 17%| 50% 22% 13%| 36%
4 89%| 11.1% 0.28 58%| 4%| 96% 0.35 15%| 52% 21% 13%| 33%
S 86%)| 13.6% 0.28 55%| 6%| 94% 0.35 15%| 49% 22% 13%| 35%
6 87%| 12.7% 0.28 55%| 6%| 94% 0.35 3%| 48% 10% 13%| 23%
7 89%| 11.1% 0.28 65%| 4%| 96% 0.35 20%| 58% 26% 11%| 37%
8 89%| 10.7% 0.28 50%| 5%]| 95% 0.35 25%| 45% 29% 13%| 42%
9 88%]| 12.2% 0.28 57%| 6%| 94% 0.35 23%| 51% 29% 13%| 42%
10 87%| 12.7% 0.28 50%| 6%| 94% 0.35 18%| 45% 24% 15%| 38%
11 85%| 14.8% 0.28 57%| 10%| 90% 0.34 21%| 50% 28% 14%| 41%
12 87%| 13.1% 0.28 58%| 5%| 95% 0.35 22%| 52% 29% 14%| 43%
13 87%| 13.3% 0.28 59%| 6%| 94% 0.35 6%| 52% 13% 13%| 26%
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APPENDIX E: Rule of Mixtures DSC Curve Superpositian

Figure E1: Blend 1, the Ty Region (a), T, Region (b)
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Figure E2: Blend 2, T, Region (a), T, Region (b)
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Figure E3: Blend 3, T, Region (a), T, Region (b)
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Figure E4: Blend 4, T, Region (a), T, Region (b)
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Figure E5: Blend 5, Ty Region (a), T, Region (b)
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Figure E6: Blend 6, Ty Region (a), T, Region (b)
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Figure E7: Blend 7, Ty Region (a), T, Region (b)
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Figure E8: Blend 8, T, Region (a), T, Region (b)
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Figure E9: Blend 9, T, Region (a), T, Region (b)
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Figure E10: Blend 10, T, Region (a), T, Region (b)
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Figure E11: Blend 11, T, Region (a), T, Region (b)
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Figure E12: Blend 12, T, Region (a), T, Region (b)
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Figure E13: Blend 13, T, Region (a), T, Region (b)
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APPENDIX F: Material Safety Data Sheets for Stainig Compounds

SIGMA-ALDRICH

Revision Date

Material Safety Data Sheet

Version 3.1
11192007

Print Date 05/20/2002

1. PRODUCT AND COMPANY IDEMTIFICATION

Product name © Sodium (meta)periodate
Product Mumber o T1855

Brand : Fluka

Company : Sigma-Aldrich Canada, Ltd

21459 Winston Park Drive
OAKVILLE ON LEH 8J3

CANADA
Telephone o +1 5058259500
Fax o +1 90552992592
Emergency Phone & © BOO-424-3300

2. COMPOSITION/INFORMATION ON INGREDIENTS

Synonyms © Sodium pericdate
Formula o104 Ma
Molecular Weight o 213.85 gimol
CAS-No. [EC-No. [ Index-Mo. [ Concentration

Sodium periodate
7790-28-5 [232-197-5 [ - [ -

3. HAZARDS IDENTIFICATION

WHMIS Classification
1B Toxic Material Causing Immediate and Toxic by ingestion
D2B Serious Toxic Effects Irritant

HMIS Classification
Health Hazard: 2
Flammability: 0
Physical hazards: 3

MNFPA Rating
Health Hazard: 2
Fire: O
Reactivity Hazard: 3
Special hazard.. OX

Potential Health Effects

Sigma-Aldrich Corporation

Fluka - 71338 waw.sigma-aldrich_com

Page 1 of 5
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Inhalation May ke harmiful if inhaled. Causes respiratory tract irrtation.

Skin May be harmful if absorbed through skin. Causes skin imitation.
Eyes Causes eye irmtation.
Ingestion Toxic if swallowed.

4. FIRST AID MEASURES

General advice
Conzult 3 physician. Show this safety data shest to the doctor in attendance Move out of dangerous arsa.

If inhaled
If breathed in, move perzon into fresh air. If not breathing give artificial respiration Consult a physician.

In case of skin contact
Wash off with 2cap and plenty of water. Consult a physician.

In case of eye contact
Rinse thoroughly with plenty of water for at least 15 minutes and consult a physician.

If swallowed
Mever give anything by mouth to an unconscious person. Rinse mouth with water. Consult a physician.

5. FIRE-FIGHTING MEASURES

Flammable properties
Flash point no data available

Ignition temperature  no data available
Suitable extinguishing media
Use water spray, alcohol-resistant foam, dry chemical or carbon dioxide.

Special protective equipment for fire-fighters
‘Wear self confained breathing apparatus for fire fighting if necessary.

Further information
Use water spray to cool unopened containers.

6. ACCIDENTAL RELEASE MEASURES

Personal precautions
Use personal protective eguipment. Avoid dust formation. Aveid breathing dust. Ensure adeguates veniilation.
Evacuate personnel to safe areas.

Environmental precautions
Do not let product enter drains.

Methods for cleaning up
Pick up and arrangs disposal without creating dust. Keep in suitable, closed containers for disposal.

7. HANDLING AND STORAGE

Handling

Avoid contact with skin and eyes. Avoid formation of dust and aerosols.

Provide appropriate exhaust ventilation at places where dust is formed. Keep away from sources of ignition - Mo
smoking. Keep away from combustible material.

Storage
Keep container tightly closed in a dry and well-ventiiated place.

Light senzitive. hygroscopic

Fluka - 71858 Sigma-Aldrich Corporation

ww_sigimia-aldrich.com Fage 2 of
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3. EXPOSURE CONTROLS / PERSONAL PROTECTION

Contains no substances with cccupational exposure limit values.

Personal protective equipment

Respiratory protection

Where risk assesement shows air-purifying respirators are appropriate use a full-face particle respirater type
M100 (US) or type P3 (EM 143) respirator carfridges as a backug to engineering contrals. If the respirator is the
zole means of protection, use a full-face supplied air respirator. Where risk azsesament shows air-purifying
respirators are appropriate use a dust mask type N35 (US) or type P1 (EN 143) respirator. Use respirators and
components tested and approved under appropriate govermment standards such as NIOSH (US) or CEN (EU).

Hand protection
Handle with gloves.

Eye protection
Safety glasses

Skin and body protection
Choose body protection according fo the amount and concentration of the dangerous substance at the work

place.

Hygiene measures

Handle in accordance with good industrial hygiens and safety practice. Wash hands before breaks and at the end

of workday.

9. PHYSICAL AND CHEMICAL PROPERTIES

Appearance
Form
Colour
Safety data
oH
Melting point
Boiling point
Flash point
lgnition temperaturs
Lower explosion limit
Upper explosion limit
Density
Water solubility

crystalline

white

3.5-55at 107 gil at 25 °C (77 °F)

300 °C (572 °F)

no data available

no data available

no data available

no data available

no data available

3.860 glem3

107 aft at 20 °C (62 °F) - completely soluble

10, STABILITY AND REACTIVITY

Storage stability

Stable under recommendad storage conditions. hygroscopic

Conditions to avoid
Exposure to light

Materials to avoid

Organic materials, Forms shock-sensitive mixtures with certain other materials., Reducing agentz, Powdered metals,

Magnegium

Fluka - 71850

Sigma-Aldrich Corporation _
waw_sigmia-aldrichcom
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Hazardous decomposition products
Hazardous decomposition products formed under fire conditions. - Hydrogen iodide, lodine, iodine oxides, Sodium
oxides

11, TOXICOLOGICAL INFORMATION

Acute toxicity

LDS0 Oral - rat - 264 makg
Irritation and corrosion
no data available
Sensitisation

no data available

Chrenic exposure

IARLC: Mo component of this product present at levels greater than or equal to 0.1% is identified as
probkable, possible or confirmed human carcinogen by IARC.

Signs and Symptoms of Exposure

To the best of our knowledge, the chemical, physical, and foxicological properties have not been thoroughly
investigated.

Potential Health Effects

Inhalation May ke harmiful if inhaled. Causes respiratory tract irrtation.
Skin May be harmful if absorbed through skin. Causes skin irmitation.
Eyes Causes eye imtation.

Ingestion Toxic if swallowed.

12, ECOLOGICAL INFORMATION

Elimination information (persistence and degradability)
no data available

Ecotoxicity effects
no data availakle
Further information on ecology

no data available

13. DISPOSAL CONSIDERATIONS

Product

Observe all federal, state, and local environmental regulations. Contact a licensed professional waste disposal
service to dizpose of this material. Dissclve or mix the material with a combustinle zolvent and bum in a chemica
incinerator equipped with an afterburner and scrubber.

Contaminated packaging
Dizpose of as unuzed product.

14, TRANSPORT INFORMATION

DOT (US)
UN-Mumber: 3087 Class: 5.1 (8.1) Packing group: Il
Fluka - 71858 Sigma-Aldrich Corporation

ww_sigimia-aldrich.com Paged of §
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Proper shipping name: Oxidizing =olid, toxic, n.o.s. (Sodium pericdate)

IMDG

UN-Number: 3087 Class: 5.1 (8.1) Packing group: Il EMS-MNo: F-4, 5-0
Proper shipging nams: OXIDIZING SOLID, TOXIC, N.O.5. {Sodium penodate)

Marne pollutant: Mo

IATA
UN-Mumber: 3087 Class: 5.1 (8.1) Packing group: Il
Proper shipging name: Oxidizing solid, foxic n.os. (Sodium pericdates)

15, REGULATORY INFORMATION

TSCA Status
On TSCA Inventory

DSL Status
All components of this product are on the Canadian DSL list.

WHMIS Classification
DB Taxic Material Causing Immediate and Toxic by ingestion
D2ZB Serious Toxic Effects Irritant

16, OTHER INFORMATION

Further information

Copyright 2007 Sigma-Aldrich Co. License granted to make unlimited paper copies for internal uze only.

The above information is believed to be correct but does not purport to be all inclusive and shall be used only as a
guide. The information in this document iz based on the present state of our knowledge and is applicable to the
product with regard to appropriate safety precautions. It does not represent any guarantee of the properiies of the
product. Sigma-Aldrich Co., shall not be held liakle for any damage resulting from handling or from contact with
the above product. See reverse side of invoice or packing slip for additional terms and conditions of sale.

Sigma-Aldrich Corporation

Fluka - 71358 waw.sigma-aldrich_com
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SIGMA-ALDRICH

MATERIAL SAFETY DATA SHEET

Date Drinted: 05/25/2008
Date Updated: 01/29/200&
Version 1.%

Section 1 - Product and Company Information

Droduct Name RUTHENIUM (III) CHLORIDE HYDRATE,
REAGENTPLIUS

Product Humber 206229

Brand AIDRICH

Company Sigma-Aldrich Canada, Ltd

Addressa 2149 Winston Park Drive
Oakville ON L&H &J8 CA

Technical Phone: 9058289500

Fax: 90582959292

Emergency Phone: 200-424-9300

Section 2 - Composition/Information on Ingredient

Subatance Name CRE # SARA 313
RUTHEMNIUMI(III) CHLORIDE HYDRATE ld4g9g-57-0 HNo
Formula FuCl3 . xH2O

Sectiocn 3 - Hazards Identification

EMERGENCY OVERVIEW
Corrogsive.
Cauaes burns.

HMI&= RATING
HEALTH: 2
FLAMMABILITY: @
REACTIVITY: 1

HFFPA RATING
HEALTH: 2
FLAMMABILITY: O
REACTIVITY: 1

For additional information on toxicity, please refer to Section 11.

Section 4 - First Aid Measures

ORAL EXPOSURE
If swallowed, wash out mouth with water provided person is
congcious. Call a physician immediately.

INHALATION EXPOSUEREE
If inhaled, remove to fresh air. If not breathing give
artificial regpiration. If breathing is difficult, give ocomrgen.

DEEMAL EXPOSUERE
In case of skin contact, f£lush with copious amounts of water for
at leaat 15 minutes. Bemove contaminated clothing and ahoesa.
Call a physician.
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APPENDIX G: SEM Images of Annealed Blend

Figure G1: Blend 1 SEM Result

Figure G2: Blend 2 SEM Result
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Figure G3: Blend 3 SEM Result

Figure G4: Blend 4 SEM Result
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Figure G5: Blend 5 SEM Result

Figure G6: Blend 6 SEM Result
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Figure G7: Blend 7 SEM Result

Figure G8: Blend 8 SEM Result
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Figure G9: Blend 9 SEM Result

Figure G10: Blend 10 SEM Result
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Figure G11: Blend 11 SEM Result

Figure G12: Blend 12 SEM Result
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Figure G13: Blend 13 SEM Result
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APPENDIX H: Linear Regression MATLAB Code

% Program to analyze data from DSC Experiments

% Author: Allan Rogalsky

% All Equation References are to D.C. Montgomery "D esign and Analysis of
% Experiments" 6th Edition, John Whiley & Sons, 200 5

% Erase Workspace
clear

% Read in x matrix.

Xave = dimread([pwd \RegresionX.txt' D;

% Read in Y matrix.

Yave = dimread([pwd \RegresionY.txt' D;

% Read in Coded Value Matrix

C = dimread([pwd \RegresionC.txt' D;

% Initalize Statistical Constants

kmax = length(Xave(1,))); %Maximum Number of Regresor Veriables

n = length(Xave(;,1)); %Number of Data Points

m = length(Yave(1,:)); %Number of Data Sets

%Initalize Analisis Veriables

B = zeros(kmax,m); %B Coefishant Matrix

SS = zeros(4, m); %Sum of Squares: 1 - SSr, 2 - SSe, 3 - SSlof, 4 - SSpe
MS = zeros(4, m); %Mean Squares: 1- MSr, 2 - SSe, 3 - MSlof, 4 - MSpe
Fo = zeros(2, m); %F values: 1=Fr, 2 - Flof

to = zeros(kmax, m); %t values for individual B Coefishants

df = zeros(4, m); %Degrees of Freedom

%Main Analisis Loop

for i=1:m
if sum(Yave(:,i)) ~=0
k = sum(C(:,)); %Number of regressor variables
X = zeros(n,k); %Initalize X matrix to be used
index = 1;
for j=1:kmax
if CG,i)==1
X(:,index) = Xave(,)); %If regresor used populate col
index = index + 1;
end
end

%Sort X into unique subsets
temp = sortrows([X Yave(:,i)]);
X =temp(:,1:k);
Yave(:,i) = temp(;,k+1);

%Calculate B values (10-13)
Btemp = inv(X"*X)*X'*Yave(:,i);

%Fill Global B matrix
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index = 1;
for j=1:kmax
if C(,i)==1
B(j,i) = Btemp(index); %If regresor used populate B value
index = index + 1;
end
end

%Calculate SS Regresion (10-23)
SS(1,i) = Btemp™*X*Yave(;,i) - sum(Yave(;, i))"2/n;

%Calcualte SS Residual(10-24)
SS(2,i) = Yave(:,i)*Yave(:,i) - Btemp™*X'* Yave(:,i);

%Loop to Find:
%Number of Unique Data Sets (Levels)
%df Pure Error
%SS Lack of Fit (10-60)
%SS Pure Error (10-58)

levels = 0; %initalize levels

df4 = 0; %initalize df pure error

ntemp = 0; %initalize counter for number of points per level
for j=1:n

ntemp = ntemp + 1;
if (j==n) || (isequal(X(j,:),X(j+1,:)) == 0) %If last in level

levels = levels + 1; %Increse Level Counter
df4 = df4 + ntemp - 1; %Add to Degree of Freedom Counter

%Calcualte SS Lack of Fit (10-60)
SS(3,i)) = SS(3, i) + ntemp*(mean(Ya ve(j-ntemp+1:j,i)) -
X(j,:)*Btemp)"2;

%Calculate SS Pure Error (10-58)
for jj =j-ntemp+1;j
SS(4,i)y = SS@,i) + (Yave(jj,i) - mean(Yave(j-
ntemp+1:j,i)))"2;
end

ntemp = 0O; %Reset Counter
end
end

%Calculate Degrees of Freedom

df(1,i) = k - 1; %Df Regresion

df(2,) =n-k; %Df Residual Error
df(3,i) = levels - k; %Df Lack of Fit

df(4,i) = df4; %Df Pure Error (10-59)

%Calculate Mean Squares
MS(:,i) = SS(:,i)./df(:,i);

%Calculate F ratios

Fo(L,i) = MS(L,i)/MS(2,i);
Fo(2,i) = MS(3,i)/MS(4,);

148



%Check Individual Beta Values for significance (10-
index = 1;
BigX = inv(X'*X);
for j=1:kmax
if (C(,i))==1)
to(j,i)=B(j,i)/sqrt(MS(2,i)*BigX(in
index = index + 1;
end
end
end

end

%Create FormatString for Output

FormatString = \n'
for i=1:kmax
FormatString=[ "% 12.4f' FormatString];
if (i <kmax)
FormatString=[ " FormatString];
end
end

%Write output file for B values

fid = fopen([pwd "\RegresionB.txt' 1, ‘wt');
fprintf(fid, FormatString, B);

fclose(fid);

%Write output file for SS

fid = fopen([pwd \RegresionSS.txt' 1, ‘wt');
fprintf(fid, '% 12.41,% 12.4f,% 12.4f,% 12.4f\n'
fclose(fid);

%Write output file for MS

fid = fopen([pwd \RegresionMS.txt' 1, ‘wt');
fprintf(fid, FormatString, MS);

fclose(fid);

%Write output file for Fo

fid = fopen([pwd \RegresionF.txt' 1, ‘wt');
fprintf(fid, '% 15.6f,% 12.6f\n’ , Fo);
fclose(fid);

%Write output file for 'to’

fid = fopen([pwd \RegresionT.txt' 1, ‘wt');
fprintf(fid, FormatString, to);

fclose(fid);

%Write output file for 'df'
fid = fopen([pwd \RegresionD.txt' 1, ‘wt);

frintf(fid, '% 5.0f,% 5.0f,% 5.0f,% 5.0An’ , df);

fclose(fid);

%end program
return
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APPENDIX [: Joint Confidence Intervals for Regresson Results

Procedure:

Joint Confidence Intervals were generated using®gu |1 wheren is the number of
samples,p is the number of parameters in the fit equatiafn,is al x pcolumn vector
representing the best fit regression coefficienis,al x pcolumn vector representing possible
values for the regression coefficien¥sis ap x nmatrix containing the coded factor/levels for

the experimentVSgesis the mean square residuals from the regressialysis, andc - piS

the F distribution value for a confidence leve[bf )x100% [1].

(b- DY X' X(b- b) =Fpnp [ Equation 11
pMS?es w
The following diagrams are produced by varying gaf coefficients and setting all
others to their nominal values. The general equatif the ellipse defining the confidence

boundary is given in equation 12 for a pair of dméénts at matrix positions, a, b where &,

the1 x pcolumn vector S™'ed= (5. p) and thep x psquare matrix 9= X’X.
Ab, - b,)* +B(b, - b,)(b,- b,)+C(D, - b,)°
+D(b, - b,)+E(b, - b,)+F =0
A: XaS’anare
B — zxs’(;])uare

C=Xgp™* Equation 12

D — (bisimplified xisguare)

itab

E — (bisimplified X isyguare)

itab
F= bisimplified (biisimplifiedxis’itiquare) ) pMSResFa,p,n-p
itab it ab
This is a general ellipse at some arbitrary angtelative to the axis, and centered at
some arbitrary point (h, k). Equations I3 to Ili¥egthe translations necessary to put the
ellipse in its standard form, equation 112, undéaasformed coordinate system X, y.
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B

g=1tan* rC Equation I3
A'= Acos g +1Bsin2g +Csin’ g Equation 14
B'=0 Equation 15
C'=Ccos g- {Bsin2g+ Asin’q Equation 16
E'=Dcosg + Esing Equation 17
D'= Ecosg - Dsing Equation 18
D'= Ecosg - Dsing Equation 19
, D .

=- 5; Equation 110
k=- %% Equation 111
F'=F- Ah?- B'k? Equation 112

Ax*+B'y*=-F'
From here, points can be easily generated usingtiens 113, and transformed back into
the original coordinate system using equationsaiid 115.

1,2 ] ]
1/ A - o i’ EXE 1/ I; Equation 113

b, (x +h)cosg - (y +k)sing] Equation 114
b, = b, - [(k +h)sing + (y + k)cosg] Equation 115
Reference:

1. D.C Montgomery, E.A. Peck, G.G. Vining “Introdionn to Linear Regression
Analysis” John Wiley & SonsNew York, p107
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Figure 11: Bottom Quartile Phase Size, Compositiorf ;) versus Intercept ( o)

Figure 12: Top Quartile Phase Size, Composition (;) versus Intercept ( o)

Figure 13: Specific Energy Consumption, N/Q ( ;) versus Intercept ( o)
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Figure 14: Die Pressure, Composition (;) versus Intercept ( o)

Figure 15: Die Pressure, N/Q () versus Intercept ( o)

Figure 16: Die Pressure, N/Q () versus Composition (7)
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Figure 17: Melt Exit Temperature, Composition ( ;) versus Intercept ( o)

Figure 18: Melt Exit Temperature, N/Q ( ») versus Intercept ( o)

Figure 19: Melt Exit Temperature, N/Q ( ,) versus Composition ()
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Figure 110: Volumetric Melt Flow Rate, Composition( ;) versus Intercept ( o)

Figure 111: Volumetric Melt Flow Rate, N%/Q ( 4) versus Intercept (o)

Figure 112: Volumetric Melt Flow Rate, N/Q ( ) versus Composition ()
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Figure 113: Main Melting Temperature 5°C/min DSC, 1Q ( s) versus Intercept ( o)
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Figure 114: Small Melting Temperature 5°C/min DSC,Composition ( ;) versus Intercept ( o)

Figure 115;: Small Melting Temperature 5°C/min DSC,1/Q ( s) versus Intercept ( o)

Figure 116: Small Melting Temperature 5°C/min DSC,1/Q ( s) versus Composition (7)
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Figure 117: PC-Rich Phase 5°C/min DSC, Compositiof ;) versus Intercept ( o)

Figure 118: PC-Rich Phase 5°C/min DSC, N () versus Intercept ( o)

Figure 119: PC-Rich Phase 5°C/min DSC, Compositiof ;) versus N ( 3)
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