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Abstract

Polymer blending emerged as an attractive strategy to obtain new materials with tai-
lored properties from already existing ones. It has focused mainly on the development of
blends from commercial polymers. Fewer works have studied in depth the fabrication of blends
from high-performance polymers, since fundamental studies in polymer-polymer interactions
are not usually performed with these challenging materials. This work aim to study blends ob-
tained from three high-performance polymers with good flammability characteristics:
poly(ether imide) (PEI), poly(butylene terephthalate) (PBT) filled with a flame retardant com-
pound, and poly(tetrafluoroethylene) (PTFE); and presents for the first time, the relationship
between processing conditions, viscoelastic properties, interfacial tension, and composition

with the morphology and final performance for this kind of systems.

Two sets of blends, binary PEI/PBT and ternary (PEI/PBT)/PTFE blend, are prepared by melt
processing in an internal mixer. A complete miscibility study is performed from thermal analysis
using MDSC and DMA, accompanied by a theoretical approach of the interfacial tension by us-
ing the harmonic mean equation. In relation to ternary blends, phase’s interaction is predicted
from the Harkin’s spreading coefficient model. Morphological study is contrasted to miscibility
results and the distribution of blends constituents is evaluated by SEM and TEM analyses. As
blends resulted being partially miscible, the use of selective extraction technique allows us to
better evidence the PEl and PBT distribution in binary blends. To evaluate the mechanical per-
formance, tensile tests are performed to Type V samples obtained by injection molding. The
thermal stability is studied by TGA and DTG techniques, and flammability tests from a horizon-

tal burning tests according to the UL-94 standard.

The first set of blends is obtained between PEl and PBT, which have notable differences in their
processing characteristics. Previous works were found on PEI/PBT blends that mix
simultaneously PEl and PBT phases by different solution and melt processing methods. In this

work a novel two-step melt processing method to fabricate binary PEI/PBT blends in an internal



mixer is proposed. The main processing parameters are defined after the thermal and rheologi-
cal characterization of pure materials, to obtain binary PEI/PBT blends within the entire compo-
sition range using the same processing conditions. The second set of blends is obtained with
the aim of modify the mechanical properties of PEI/PBT blends by adding PTFE concentrations
of 5 wt%, 10 wt%, and 15 wt%. The same two-step melt processing method proposed for binary
PEI/PBT blends is used for (PEI/PBT)/PTFE blends fabrication. It is found that PTFE must be add-
ed during step 1 in order to enhance phases’ integration during mixing. Ternary blends are ob-

tained for PEI concentrations higher than 50 wt% for the same reason.

A complete miscibility study provided information about the phases’ heterogeneity in both,
binary and ternary blends. The binary PEI/PBT blends resulted being partially miscible depend-
ing on PEl composition, and two groups of blends are identified: PBT-rich blends and PEl-rich
blends. Miscibility evaluation by MDSC and DMA reveals that PBT-rich blends are immiscible,
since it is no noticed any shift in the glass transition temperatures (Tg) of the pure components.
PEl-rich blends on the other hand, exhibit a significant displacements of Tg to higher
temperatures suggesting miscibility between PElI and PBT. The study of miscibility in ternary
blends, reveals that PTFE does not interfere with the miscibility behavior of PEI and PBT, since
there are noticed the same thermal transitions as those for binary blends. Interfacial tension
values reveal that all phases are highly immiscible for all possible polymer pairs, due to the no-
table differences between their polar components. Prediction of phase’s distribution in ternary
blends by the spreading coefficient model, reveals there is favored the encapsulation of PTFE

phase by PEl when PBT is the matrix.

Morphological evaluation of binary PEI/PBT blends is in good agreement to blends
microrheology theory proposed by Taylor and Grace. PBT-rich blends exhibit coarse droplets
distribution of highly viscous PEI phase, with sub-inclusions of small droplets of low viscous PBT
phase. By using the Soxhlet selective extraction technique together with SEM and TEM, it is
presented new evidence on the morphological evolution of PBT-rich blends, and we noticed
that PBT-rich and PEl-rich blends are separated by an intermediate cocontinuous morphology
at even PEl and PBT compositions. PEI-rich blends on the other hand, exhibited tiny droplets of
PBT (as small as 120 nm) bonded to PEl matrix through a fibrillar interface, and a new
morphology denominated spore-like morphology is presented. In order to validate the addition

of PTFE to the PEl phase during step 1l in ternary blends fabrication, we evaluate the

Vi



morphology formed between PEI/PTFE blends. It is noticed that under these conditions it is
favored the distribution of PTFE phase in two major fashions: well-embedded PTFE nano-sized
droplets, and debonded PTFE spheres of 1.5 um of average diameter. SEM and TEM analysis of
ternary blends confirm the miscibility study results, and encapsulation of PTFE droplets by PEI

phase in ternary blends when PBT is the matrix, is predicted by the spreading coefficient model.

Mechanical, thermal, and flame resistance performance is strongly influenced by miscibility and
the morphologies obtained in both, binary and ternary blends. The experimental results are
discussed in terms of theoretical additivity approaches. In binary bends, the tensile modulus
reveal a positive deviation from additivity, and even a synergic contribution is obtained for
blends containing 50 wt% and 80 wt% of PEI. The yield strength on the other hand, is strongly
affected by phase’s immiscibility and the interfacial adherence between constituents, and a
combinatorial deviation from additivity is obtained: negative for PBT rich-blends and positive
for PEl-rich blends. In addition, the elongation at break for all blends is compromised by the
morphology of PBT-rich blends, and by the densification of PEl-rich blends. The blend with
50 wt% of PEI exhibits the best elongational at break result due to its co-continuous morpholo-
gy. PTFE phase does not affect PEI/PBT stiffness since any significant variation in tensile modu-
lus values is observed. On the other hand, a progressive decrease in tensile strength with in-
creasing PTFE concentration caused by the low yielding strength characteristic of PTFE is no-
ticed. The results of elongation at break show that PTFE addition decreases even more the duc-
tility of binary PEI/PBT blends. However, surprising results are found when only 5 wt% of PTFE
phase is added to the blends containing 80 wt% of PEI. It is noticed a considerable improve-
ment of blends ductility due to the highly crystalline PTFE phase inhibits the densification of
PEI/PBT blends. On the contrary, PTFE improves substantially PEI/PBT blends thermal stability

and flammability, since it enhances blends charring formation.
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Chapter 1 Introduction, objectives and

organization of the thesis

1.1 Introduction

Polymer blending is a versatile way of obtaining new materials by combining existing
ones. From the very first blend patented in 1846 between natural rubber and gutta percha,
several polymer-polymer combinations were developed from either solution or melt processing
methods,! being melt-blending of greater technological importance because it is possible to

develop new materials from using industrial processing approaches.

Blending polymers is comparable to a stepwise process that involves formulation and perfor-
mance evaluation. During formulation, there are considered either polymers viscoelasticity,
interfacial interaction, processing conditions, composition, or all;> whereas in performance
there are evaluated thermal, mechanical, electrical, or chemical resistance. Blend’s formula-
tions have to be repeated as many times as necessary until they match the performance pur-
sued for a specific application. The understanding of all possible parameters involved in a
blending process leads to developing tailored structures in miscible blends, or morphologies in
immiscible blends. As a rule of thumb, miscibility is the first parameter to be evaluated in poly-
mer blends studies. Depending on the physicochemical properties of the individual components
—that is the molecular weight, crystallinity, glass transition, chemical composition, etc.—, pol-

ymer blends are classified as miscible, partially miscible, or immiscible.?

Two polymers are miscible when they interact intimately at molecular scale and form a single-
phase structure; they are considered partially miscible if they are miscible within a certain
composition range; and they are called immiscible polymers if well-separated phases are no-
ticed, consisting of a dispersed phase and a matrix. When polymer pairs are immiscible, the
kinetic and thermodynamic conditions will lead blends components to be distributed in differ-

ent fashions giving rise to multiple morphologies, some conventional such as droplets, fibers,
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and laminar; or some more complexes such as core-shell and co-continuous. The control of

these morphologies is of great importance since they will define the final properties of blends.

Even though several studies are found on the development of new materials from polymers
blending technology,®>2? the greatest attention has being placed on blends obtained from
commercial or commodity polymers. These polymers are mass-produced, their processing con-
ditions are very well understood, and they represent the 71% of the world’s plastic consump-
tion in the market.?> Nevertheless, this scenario discloses an opportunity for studying the de-
velopment of new blends by using industrial processing methods from the remaining 29% of

polymers: the high performance polymers (HPP) family.

Polymers families are classified from either their structure, molecular nature, origin source, or
performance under thermal conditions. The continuous use temperature (CUT) classification is
commonly applied in the automotive and aerospace industries to evaluate which polymers
meet their demanding requirements. It points to four major groups: commodity, engineering,
specialty, and ultra polymers.! The last three comprise the HPP family, and similarly to com-
modity polymers, their properties are commonly modified by using additives, fillers, or by
blending them with other polymers. However, blends between HPP are barely studied due to
fundamental studies in polymer-polymer interactions are not performed with HPP, since they
are challenging materials to work with. They are more expensive than commodity polymers and

they usually need processing temperatures higher than 300 °C.

However, from a technological point of view, combining the outstanding properties of HPP into
a single material is highly attractive for applications that require extreme mechanical, thermal,
fire, or electrical performance such as aerospace, military and defense industries, fabrication of
medical devices, gas and liquid separation membranes, solar cells, and fire protection.>?42> The
mentioned industries make great efforts developing new materials for human safety against
fire events. This is linked to the increasingly demanding applications that force users to wear
extra protection for the hazardous conditions they are exposed.?®=%2 In 2015, Kahn and cowork-
ers reported 2775 fatality cases of firefighters between 1990 and 2012, only in the United
States. During that period, the deaths caused by burns decreased by 3.8% to a certain extent,

due to the improvement of thermal, fire, and mechanical resistance of materials.?’

According to Horrocks, polymers exposed to flames (convective heat), contact heat, radiant

heat, sparks, molten metals, or hot gases and vapors?® must fulfil both, heat and flame re-
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sistance.3° However, it is difficult for polymers alone to meet these requirements and some-
times it is necessary using thermal stabilization and flame retardant additives, although these
commonly lead to detriment of mechanical properties. The development of high-performance
polymer blends (HPPB) appears as an engaging manner to develop novel materials for fire pro-

tection applications without compromising the mechanical properties.

As reported by Utracki,! the HPPB technology must pursue two main objectives: i) to improve
the processability of one blend component and ii) to improve the performance of the other.
One strategy used to accomplish these objectives is by combining pairs of high-performance
polymers with low and high glass transition temperatures (Tg).%?3 Low Tg engineering polymers
such as PET, PA, PBT are easily processed during extrusion and injection molding; while high Tg
specialty and ultra polymers such as PEEK, PI, PPS, PEI, LCP are difficultly processed, but they
provide thermal and fire resistance, stiffness, and dimensional stability over broader tempera-
ture and humidity ranges.?> However, not too many publications are found on the development
of HPPB, and even fewer on the study of the morphology control from melt-blending pro-

cessing.

To address the present study, we focused on two main issues still existing in HPPB develop-
ment. The first involves the fabrication of these blends from melt processing methods. The ele-
vated temperatures required during blending process (above 300 °C) lead to polymers decom-
position to become a competitive process with melting, particularly if the blend is based in
commodity or engineering polymers. The second issue, is linked to the lack of studies on the
control of the structure or morphology of HPPB obtained from melt processing. Since specific
applications may pursue immiscible phases in the blend, it must be understood how is the in-
terfacial interaction between the polymers in order to obtain the desired physical and mechan-
ical properties. For these reasons, we selected the blends components based on to their indi-

vidual structure, mechanical performance, thermal properties, and flame resistance.

We obtain binary blends between poly(ether imide) (PEI), and poly(butylene terephthalate)
(PBT), and ternary blends between PEI, PBT, and poly(tetrafluoroethylene) (PTFE) by means of a
melt-processing method. The results obtained from the experimental evaluation of blends mis-
cibility and performance, are contrasted and explained from using classical blends theories. We
take as starting points questions as: how to handle the great Tg values differences between

amorphous and semicrystalline HPP in order to obtain a homogeneous blend?; can the compo-
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nent with lower Tg make easier the processing of that with higher Tg?; will there be miscibility
between blends components?; how will be affected the blends structure or morphology by the

physicochemical differences between components and by the processing conditions?

In terms of the morphology and interfacial analysis: can we control blend’s morphology evolu-
tion from varying processing conditions like temperature, rotation rate, and mixing time?; do
high-temperature processing conditions (above 300 °C) affect the study of interfacial interaction
between polymers?; the existing theoretical models used to calculate interfacial tension values,

can be applied to HPPB systems?

In the light of above questions, the main objectives of this work are following mentioned.
1.2 Objectives

1.2.1 General objective

To develop high-performance polymer blends (HPPB) between PEI, PBT, and PTFE for fire pro-
tection applications by using a melt processing method, and to control their structure or mor-
phology from understanding the kinetic parameters involved in the blending process, in order

to tailor blends performance.

1.2.2 Specific objectives

To understand the relationship between viscoelasticity, interfacial tension, composition, and
processing conditions with phase morphology; as well as their effect on the mechanical, ther-

mal, and flame resistance properties of blends.

To develop a melt processing method to produce binary and ternary blends between engineer-
ing and specialty polymers, from setting the major processing parameters based on individual

thermal and rheological characteristics of materials.

To evaluate blends miscibility and the effect of individual characteristics of materials and pro-

cessing conditions on the evolution of HPPB structure or morphology.

To propose new HPPB with lower processing temperatures and outstanding performance, and

make a comparison to conventional materials used in fire protection applications.
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1.3 Organization of the thesis

The following chapters of this thesis will show the development of the experimental work. In
Chapter 3, it is discussed the methodology to fabricate binary blends with flame retardant
characteristics between two HPP with notable differences in their processing characteristics:
poly(ether imide) (PEI) and flame retardant poly(butylene terephthalate) (PBT), and it is pro-
poses a novel two-step processing method. It is presented the miscibility study by thermal
analysis (MDSC and DMA), and it is discussed for the first time, the effect of the viscoelastic
properties, interfacial tension, processing conditions, and composition on PEI/PBT blends mor-
phology. New evidence is revealed on the morphological evolution of PEI/PBT blends in the
entire compositional range after SEM and TEM analyses, and we present a morphology we
called spore-like morphology. The mechanical, thermal stability, and flame resistance proper-
ties are also discussed in terms of morphology, and thermal stability and flame resistance anal-

yses on PEI/PBT blends are reported for the first time.

In Chapter 4, it is presented the modification of the mechanical and thermal properties of
PEI/PBT blends by adding PTFE. For that, it is used the same two-step melt processing method.
It is found that PTFE must be added during step 1 to PElI compositions greater than 50 wt%, to
ensure phases integration during mixing. Evaluation of blends morphology by SEM and TEM
reveals that step 1 favors PTFE phase spheroidization. The morphology of ternary
(PEI/PBT)/PTFE blends is discussed from the interfacial tension differences between blends
components, and prediction from the spreading coefficient model is made. The effect of PTFE

addition on mechanical, thermal, and flammability properties of PEI/PBT blends, is also studied.

The final section of the thesis, Chapter 5, is focused on presenting the concluding remarks, the

main implications of the research and further work recommendations.
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Chapter 2 Literature Review

2.1 High-performance polymers (HPP)

2.1.1 Overview

Based on the high-temperature tests performed to polymers for aerospace applica-
tions, high-performance polymers (HPP) —also called high-temperature polymers— are defined
as materials that can stand service temperatures of at least 175 °C. Most HPP are amorphous
polymers with glass transitions temperatures (Tg) of about 200 °C. Contrary to amorphous HPP,
the service temperature of semicrystalline HPP is defined by their melting temperatures (Tm),33
where Tm values below 400 °C are desirable to avoid the melting point starts to compete with

decomposition during melt-processing.3%32

Utracki stated a similar classification for polymers based on the CUT which include both, amor-
phous and semicrystalline polymers, and it is defined as the temperature at which the mechan-
ical properties of materials decrease by 50% within a certain period of time. The CUT classifica-
tion points to four major groups: commodity polymers (CUT < 75 °C), engineering polymers
(100 °C < CUT < 140 °C), specialty polymers (CUT 140 °C — 240 °C), and ultra-high performance
polymers (CUT > 240 °C), as presented in Table 2.1.3! For ease of interpretation, we include the

last three categories in the high-performance polymers (HPP) family.

Table 2.1 Polymers classification based on the CUT.3!

Category Amorphous Semicrystalline
Commodity PVC, PS, PMMA, SAN PP, HDPE, LDPE
Engineering PC, PPE PBT, PET, PA, TPU

Specialty PEI, PES, PSU PPS, PTFE, LCP

Ultra Pl, PAI, PBI PEEK, PAEK
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In Figure 2.1, it is presented a global evaluation of the production of plastics carried out by Par-
dos Marketing.3! It is evidenced that the production of commodity plastics was approximately
100 million tons (Mtons) at the end of the 90s, and the projection indicates that it will grow five
times for the year 2020. Although the production of engineering polymers will also increase
fivefold, it will reach only 25 million tons for the same period.3! In addition, it is noticed that the
production of specialty polymers is very low compared to other polymers, and has remained

stable for the last 60 years.
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Figure 2.1 Plastics production worldwide in million tons, extrapolated to 2020. (Source: “High Temperature Poly-
mer Blends” by DeMeuse).3!

The low production of specialty polymers is related to the high requirements that high-
performance polymers must accomplish, and their niche markets usually require low volumes.
This situation leads to exponential increases in their prices compared to commercial poly-
mers.33 In Figure 2.2, we contrasted the prices of different groups of resins, finding that some
HPP cost up to 20 times more than any commodity polymer, e.g. poly(imide). Nevertheless,
these materials are still necessary in multiple applications that require high mechanical, chemi-
cal, electrical, thermal, or flame resistance performance, which cannot be substituted by any

commodity polymer.
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Figure 2.2 Prices of representative commaodity, engineering, specialty, and ultra polymers. (Data obtained from
http://www.plasticsnews.com/resin, updated to 2017).

2.1.2 Properties of HPP

The outstanding properties of HPP lead to aerospace, automotive, military, and firefighters in-
dustries to use them for applications such as fuel tank sealants, coatings, adhesives, composite
matrices, separation/barrier materials, high-strength fibers, fire barriers, protective clothes,
etc.3® Most of these mechanical and thermal properties are associated to the physicochemical
properties of HPP, and factors such as: primary bond strength, molecular structure, secondary
bonding forces, molecular weight and distribution, molecular symmetry, purity, etc.; being the

primary bond strength the most relevant.3?

Depending on the energy needed to break the primary bond of the backbone, the polymer will
exhibit certain mechanical or thermal resistance. The chemical bonds with higher dissociation
energies are C=C, C=N, and C-F, as it is listed in Table 2.2. These polymers chain structural fea-
tures produce stiffer macromolecules in high-performance polymers than those of commodity
polymers; even more, aromatic rings provide highly thermal stabilization.?® Polymers with aro-

matic rings in their backbone structure usually have Tg values higher than 200 °C.
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Table 2.2 Typical primary bond dissociation energy for polymers.33

Chemical bond Dissociation energy

(kcal/mol)
c-C 83
Cc=C 145
C-H 99
C-N 70
C=N 147
C=0 84
C-F 123

2.1.3 HPP used in this work

In order to fulfill the two main objectives stated by Utracki in the development of high-
performance polymer blends technology: i) to improve the processability of one component and
ii) to improve the performance of the other;! different alternatives of low Tg semicrystalline and
high Tg amorphous HPP were considered for our studies. Low Tg engineering polymers such as
PET, PA, PBT have good chemical resistance and are easily processed during extrusion and in-
jection molding; while high Tg specialty and ultra polymers such as PEEK, PI, PPS, PEIl, PTFE have
thermal and fire resistance, stiffness, and dimensional stability over broader temperature and

humidity ranges.

As the most popular HPP consist of polyimides, polyesters, and fluoropolymers families, three
different polymers are selected based on the technological importance and the characteristics

of the individual components: PEI, PBT, and PTFE.

Poly(ether imide) (PEI)

In 1982 General Electric introduced the first poly(ether imide) (PEl) under the trade name Ul-
tem. PEl is an amorphous, amber-to-transparent thermoplastic with high thermal stability, high
Tg value (around 215 °C), exceptional elastic modulus, and toughness. This material is catego-

rized as a specialty and sometimes as an ultra polymer due to its outstanding temperature and
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inherent flame resistance. It combines low smoke evolution and high oxygen index. Its proper-

ties are related to its robust backbone structure comprised by aromatic rings, Figure 2.3.

O O
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Figure 2.3 Repeating unit of poly(ether imide) (PEl).
PEI applications

PEl is commonly used in printed circuit boards and hard disks for computers, under the-hood
automotive uses, and reinforced composites for aerospace applications.?* It is also hydrolysis
resistant and tolerates repeated autoclaving cycles, which makes it suitable to be used in reus-
able medical devices that require steam sterilization. Other characteristic uses include analyti-
cal instrumentation and structural components that require high strength and rigidity at ele-
vated temperatures.3>=38 Due to its inherent flame resistance, it is also used in flame-resistant
garment fabric for firemen and race car drivers.? It needs high processing temperatures around
340 °C — 425 °C, even though it is processed by most conventional thermoplastics techniques.?’

Besides, its amorphous nature makes it susceptible to dissolution in organic solvents.*941

Poly(butylene terephthalate) (PBT)

PBT is a semicrystalline engineering polymer that belongs to thermoplastic polyesters families,
like PET. PBT molecule has flexible segments (four methylene group) and a hard segment (a
terephthalate group) in its repeating unit, as presented in Figure 2.4. It has outstanding resili-
ence and toughness due to the chain flexibility derived from the four methylene units. Its semi-
crystalline nature makes it highly resistant to organic solvents and it has low melt-viscosity at-
tributed to its Tg value (close to 50 °C). It melts at 220 °C and is easy to process from almost all

the thermoplastic conventional techniques.344143
(0]

I

n

Figure 2.4 Repeating unit of poly(butylene terephthalate) (PBT).
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PBT applications

PBT is used in everyday applications including switches and relays to motor housings, key caps
for computer key boards, valves and valve bodies, timing screws, gears, bushings and bearings,
wear strips, fuel pump components, and fuel system connectors and rotors. As PBT is approved
by the FDA for direct food contact, it is used for food processing equipment and food piston
pumps.3*44 Although PBT is one of the best resins to use for injection molding, it has some limi-
tations. PBT is sensitive to hot water, strong bases, oxidizing acids and ketones. PBT with no
glass reinforcement is notch sensitive, and it is susceptible to direct flame contact.** To improve
its flame resistance, it is commonly filled with flame retardant additives such as antimony triox-
ide and brominated compounds. Even though this approach enhances flammability properties,

the mechanical properties are usually compromised.33

Poly(tetrafluoroethylene) (PTFE)

PTFE is a semicrystalline specialty polymer with a melting temperature around 342 °C and melt-
viscosity of 10 GPas. It has the lowest coefficient of friction from all polymers and due to its
simple molecular structure shown in Figure 2.5, it reaches high crystallinity degrees (until 98%).
The last gives it outstanding organic solvents resistance.?® The bond energy of C—F bonds is sig-

nificantly high, what makes it highly thermal stable?® with excellent flame resistant.?3

Lt
¢-¢
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Figure 2.5 Repeating units of poly(tetrafluoroethylene) (PTFE).
PTFE applications

There exist three major presentations of PTFE: granular, fine powder, and micropowders. Gran-
ular and fine powder forms are commonly used in electrical wire insulation, seals, valves, pipe
fittings and linings for aggressive chemical applications. Fine powders are also prepared in fiber,
filament, and porous fabric forms. PTFE dispersions are used in glass cloth coatings to provide
weather protection, mechanical strength, and chemical resistance. PTFE micropowders on the
other hand, are used as additives to inks, lubricants, and plastics to provide lubricity, antiburn-

ing, and nonstick properties.3*
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2.2 Melt blending of high-performance polymers

2.2.1 Overview

Whether polymer blends are processed by melt or solution, the aim is to highlight the positive
attributes of both materials while attempting to eliminate the negative ones.3%* That is why
several studies are found on this topic, driven by both, academic and industrial sectors.*3#446-53
However, most of the efforts are focused in the production of blends from commodity poly-
mers,*121454-56 gand blends between HPP are barely studied. The last is caused by the high cost
of raw materials, the difficulty to control their processing conditions —particularly for those
blends obtained from melt processing— and because fundamental studies in polymer-polymer
interactions are not performed with these complicated systems. Nevertheless, from a techno-
logical point of view, it is of great interest to obtain high-performance materials and study the

interaction between the constituents in order to tailor their final properties.>34

Blends properties will depend on whether there is molecular interaction between polymers or
not. This leads to three main categories: miscible, partially miscible, or immiscible blends. A
miscible polymer blend is a homogeneous single-phase structure, where blends components
interact intimately at molecular level and behave as a single polymer. If two polymers are mis-
cible only within a certain composition range, the blend is defined as partially miscible. Finally,
an immiscible blend is formed by two separate phases usually consisting of a dispersed phase

and a matrix.

2.2.2 Thermodynamics of polymer blends

The most commonly criterion used to define if blends components are miscible or immiscible is
the glass transition temperature. One Tg detected e.g. by differential scanning calorimetry
(DSC), it is considered there is interaction between polymers at molecular level and they form a
single-phase structure. From a thermodynamic approach, miscibility in polymer blends is com-

monly explained from the Gibbs free energy of mixing, AG,,;,, defined by Equation 2.1 as:*’
AGpix = AHpix — TASpix Equation 2.1

where AH,,;, is the enthalpy of mixing and AS,,;, is the entropy of mixing at a given tempera-
ture T. The condition for two polymers to form a miscible blend is that Gibbs free energy of

mixing should be negative (AG,,i, < 0). In low molecular weight materials, the entropy of mix-
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ing is the most important parameter leading miscibility. However, due to the macromolecular
nature of polymers the term TAS,,; is positive, but quite small, and the free energy of mixing
is entirely leaded by the enthalpic term. In such case, AH,,;;,, —which is the heat consumed as a
result of the mixing of components at a constant pressure— must be negative to promote mis-

cibility. That means, if heat is liberated the enthalpy of mixing is negative.

Exothermic mixing thus gives a negative contribution to the Gibbs free energy of mixing leading
to polymers miscibility. The enthalpy of mixing is normally positive unless the two materials
have attractive forces to each other through specific interactions, such as dipole-dipole and

hydrogen bonding.>%>°

However, merely having a negative free energy does not guarantee miscibility. The second de-
rivative of the free energy in a composition x at fixed temperature and pressure must be great-

er than zero to guarantee a thermodynamic equilibrium state, Equation 2.2:

2 ;
Mﬂ >0 Equation 2.2
d0x?
T,P

In his work, DeMeuse*> found numerous miscible blends between HPP. Many of these polymer
pairs are miscible when cast from solution techniques, but immiscible when are obtained from
melt processing. The author concluded that phases separate when are heated above their glass
transition temperature indicating that kinetic factors more than thermodynamic are controlling

misciblity.

Due to all the necessary parameters to achieve miscible blends, immiscibility predominates in
polymer blending technology.

2.2.3 Immiscible polymer blends

Commonly, during morphology study of two immiscible polymers (A and B) are found three
phases distributions, as presented in Figure 2.6. In i), the phase A is the matrix and B is the dis-
persive phase; in ii), an intermediate region of dual-phase inversion appears, where A and B are

continuous phases; and finally in iii), phase B is the matrix and A the dispersive phase.
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Figure 2.6 Scheme of the generalized morphologies in immiscible polymer blends.

Several works study the phase morphology of immiscible blends obtained from melt pro-
cessing.3~68-10,12-17,19-21,60 The results reveal that morphology is influenced by a combination of
some or all of the following causes: materials characteristics (physicochemical, viscoelastic,
thermodynamic, etc.), processing conditions (solution or melt processing, steps processing,
temperature, mixing time, etc.), and finally, blends composition. If blends composition is the
only variable during a morphological study, it is expected the dispersive phase distribution and
particle size to be controlled by viscoelastic properties of individual components, as well as by

the coalescence phenomena (interfacial tension).
Interfacial tension

In general, polymer blends result in an immiscible system with two differentiable phases. The
morphologies obtained will strongly depend on composition, viscoelastic properties, processing
conditions, and the most important, interfacial tension. The direct measurement of interfacial
tension between all polymer pairs is a challenge, due to difficulties related to the intrinsic prop-

erties of components or experimental difficulties.®?
Interfacial tension calculation

Some theoretical approaches are useful to estimate the interfacial tension based on the surface
characteristics of each component. The surface tension of each component (y) is the amount of

energy required to build an unit area of a given material, Equation 2.3:52

y = (O_G) Equation 2.3
0A T,P,n

where G is the Gibbs free energy and A is the interfacial area, T is the temperature, P is the

pressure, and n is the total number of moles in the system.
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The mentioned theoretical approaches include Antonoff’s rule, Good and Girifalco theory, and
harmonic mean equation.®? Antanoff proposed the first theoretical method to calculate the

interfacial tension between components i and j, by using Equation 2.4:
Yii=Vi—vi i2v) Equation 2.4

Above equation is valid only if: i) there is zero contact angle between phase i and phase j, and
ii) both phases are in vapor equilibrium. Since polymers have negligible vapor pressure, the

second condition is not accomplished, then Equation 2.4 is not valid for polymer blends.

Later was proposed an expression based on the work of adhesion W% —required energy to

separate the interface of two materials— Equation 2.5:
We=y + Yi —Vij Equation 2.5

where y; and y; are the surface tensions of components i and j, and y;; is the interfacial ten-
sion. Good and Girifalco introduced an interaction parameter @ related to the molar volume,
polarizability, ionization potential, and dipole moment of the polymers, and defined the inter-

facial tension as follows:
Yij=vi+ty, —WwW? Equation 2.6
where W% = Z(D(yl-yj)l/z, leading to the interfacial tension expression shown in Equation 2.7:
Vij = Vi +v; = 28(rav)"? Equation 2.7

However, Equation 2.7 gives good predictions on the interfacial tension for small-molecule or-

ganic liquids.

Later, Wu proposed the harmonic mean equation,®? where it is considered the theory of frac-
tional polarity in which molecular forces such as dispersive ;% and polar y;? (being d and p the
superscripts corresponding to dispersive and polar components, respectively), are linearly addi-

tive, Equation 2.8:

Vi = )/id +y? Equation 2.8

This expression is valid for low energy materials and polymers, and represents the combination

of the polar and the dispersion components of the work of adhesion, Equation 2.9:
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Yij = Vi + Yj — Equation 2.9
Moving to experimental methods to calculate interfacial tension between polymer blends, De-
marquette and coworkers compared five methods to obtain interfacial tension in molten poly-
mer blends: pendant drop, Neumann triangle, breaking thread, embedded fiber, and rheologi-

cal measurements.®3

The pendant drop method consists of the study of a drop profile of one denser liquid suspend-
ed in a led dense liquid at mechanical equilibrium. The interfacial tension is inferred from an
expression that relates the surface tension to the difference of density between both liquids
and the geometrical profile of the droplet. Similarly to pendant drop, the Neumann triangle or
sessile drop method consists of studying the profile of a drop of one liquid resting on a flat
plate surrounded by another liquid of smaller density. It suggests interfacial tension can be cal-

culated from the shape of the drop at mechanical equilibrium.3

The breaking thread method relates the evolution of a long fluid thread embedded in another.
Due to Brownian motion, small distortions are generated on the thread surface. The pressure
differences between the inside and the outside of the thread, induce deformation effects
caused by the interfacial tension that tends to reduce the interfacial area. Similar to breaking

thread method, is the embedded fiber, but in this one the fiber is shorter.®3

The rheological method used to calculate interfacial tension is an effective approximation when
it is not possible to use the mentioned experimental methods. Valera and coworkers tried to
determine experimentally interfacial tension values for PMMA/PS/PP ternary blend, with
PMMA as the matrix.®* The highly viscous matrix did not allow to determine the interfacial ten-
sion values between the discrete components and the matrix of PMMA by conventional meth-
ods. They fit experimental rheological values to a theoretical rheological model: Palierne model.
This model is based on the emulsion model developed to predict the linear viscoelastic behav-
ior of polymer blends,® and correlates rheological measurement with the study of phase mor-

phology from image analysis, Equation 2.10:

1+3Yi¢;H (w)
1-2%9 H" ()

G (w) = Gy (@) Equation 2.10
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where Gg* and G,," are the complex dynamic modulus of the blend B and the matrix M, re-
spectively; @; is the volume fraction of the dispersed phase, and H;"(w) is expressed as:
4 () [26u" (@) + 564" (@)] + [64" (@) — Gy @)][166y" (@) +196," (@)]

40 (1) 16w (@) + G4’ (@)] + 264" (@) = 363" @)][16Gy" (@) + 196, ()]

H (w) =

G," corresponds to the complex dynamic modulus of the dispersed phase d, y refers to the
interfacial tension of the binary blend, and R,, is the volume average radius of the particles of

the dispersed phase:

_ 2i(Ripy)
fy = 2i Pi

where R; is the average radius of the dispersed phase.

Palierne model correlates the dynamic response of blends to their morphology, composition,
and interfacial tension. This model assumes that polymer blends can be treated as emulsions in
both, diluted and molten state; and can be used only for spherical morphologies, viscoelastic
and incompressible fluids, and fluids under linear viscoelastic regime.®® The analysis is made
from very low frequencies of small amplitude oscillatory shear measurements, to determine

the relaxation times corresponding to the interfacial response of the blend.

Whether it is calculated by theoretical approaches or by experimental methods, the interfacial

tension value allows predicting the morphology of polymer blends.

Morphologies of immiscible blends

During the mixing process of two polymers, the applied flow field deforms the domains of each
component leading to combinatorial breakup and coalescence phenomena. Taylor studied the
deformation and breakup of one diluted Newtonian liquid suspended into other Newtonian
liquid, and observed that whether the size of drops or deformation rate is high enough, it will
lead to drops break up.*”>° He derived an expression based on the “competition” between de-
formation or viscous force (shear stress, 1,,¥) and recovery force (interfacial force, y;;/R), and

defined the capillary number (Ca), Equation 2.11:

_ mVR
Yij

Ca Equation 2.11
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where 7, is the matrix viscosity, y is the shear rate, R is the radius of the drop, and y;; is the
interfacial tension. When a critical value Ca_,;; is reached, the stress destabilizes the elongated

particles and break up occurs.

Grace®’ found that Ca,,;; is a function of the viscosity ratio p —that is the relation between

viscosity of the dispersive phase 7,4, and viscosity of matrix n,, —, Equation 2.12:

= Ja
Thm

Equation 2.12

The relation between Ca_,;+ and p suggests that droplets will be stable when their Ca number
is lower than the critical value, and break up will be easiest when p is between 0.25 — 1 for
shear flow. The Ca,,;; values are reached under elongational flow in a wider viscosity ratio

range.

Regarding the coalescence between blend components, Everaert and coworkers explained that
from all variables involved in the coalescence of droplets, interfacial tension is the most im-
portant. They describe coalescence as a four-step process: first, droplets will approach to each
other as a results of flow field or Brownian motions; second, collision and deformation of drop-
lets will take place, removing the matrix phase between them; third, the remainder concentra-
tion of matrix between droplets will break up; and finally, the coalescing drops will form a sin-

gle and coarser one.?

Usually, coalescence leads to a phenomena called “dual-phase transition”, as described in Fig-
ure 2.6. Several models have been proposed to either explain or predict the critical point of

occurrence of the dual-phase inversion.®871

Theoretical models for predicting dual-phase transition point on polymer blends

The first model was proposed by Paul and Barlow,’? and later Jordhamo and coworkers defined
the Equation 2.13.%° This empirical model is based on the volume fraction (¢) of each compo-
nent and the viscosity ratio. According to this model, phase inversion should occur when

¢1_Mm
Q2 N2

Equation 2.13
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Later, Miles & Zurek’® used the same Equation 2.13 in their experiments, but found that viscosi-
ty ratios values have to correspond to specific dynamic viscosities under melt-mixing condi-

tions, and proposed a variation on Jordhamo’s expression, Equation 2.14:

P11

— . Equation 2.14
2 N2

However, this model was designed for low shear rates conditions and favors the phase inver-
sion when viscosity ratio is close to one (p = 1). Jordhamo’s model is not accurate to predict
the phase inversion point on blends between materials with large differences in their melt-

viscosity values.

A similar approach made by Ho and coworkers® on plastic/rubber blends systems, and later
applied by Chen and Su’® on poly(phenylene sulfide) (PPS), and poly(ethylene) (PE), considers

large differences in melt-viscosities between blend components, Equation 2.15:

0.3
Phv - 12 (Wﬂ) Equation 2.15
Pw N

where hv and v denote the high and the low viscous phases, respectively. These authors claim

that Equation 2.13 overestimates the volume fraction of the highly viscous phase.

Equation 2.15 was obtained empirically from the least squares fitting of experimental data vari-
ation of volume ratio with viscosity ratio. The fractional exponent indicates that the effect of
viscosity ratio is weaker than the suggested in Jordhamo’s model. Chen and Su explained Equa-
tion 2.15 results from the disperse phase coarsening after melt-blending, which depends more
heavily on the matrix viscosity: lower matrix viscosity favors coalescence, and hence, dispersed

phase coarsening.

A second model was proposed later by Metelkin & Blekht.”* Authors considered the capillary

instabilities during the blending process, Equation 2.16:

2
0, =1+ Tl 2.25log (E) + 1.81( log (ﬁ) Equation 2.16
N2 N2 N2
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All models described above are based on the effect of viscosity ratio, and their predictions lead
to less viscous phase will tend to form the matrix.>° Besides, these models give a single compo-

sition point for the phase inversion rather than a composition range.””

The final morphology in a polymer blend is a result of dispersion and coalescence processes
that depend on the viscoelastic character of the components, the interfacial tension, and the
stress history. However, when there are more than two blend constituents things can change

substantially.

Morphologies of multicomponent blends

Interfacial studies in multiphase polymers systems have been mainly focus in binary blends.
Near the 90’s, bigger efforts began to be made in studying combinations of more than two pol-
ymers,547680 finding different and complexes morphologies than those obtained in binary
blends. Some ternary blends exhibit core-shell morphology (encapsulation of one phase by oth-
er), which behavior is attributed to the wettability phenomena, that is consider as the driving
force of encapsulation. Wettability can be compared to the “droplet sandwich analysis” pre-
sented in Figure 2.7, for three different polymers 1, 2, and 3.8! Depending on the interfacial

tension interaction between the polymers, three possible interaction cases may occur:

I. A thin layer of polymer 2 spreads between polymers 1 and 3. This is the most thermo-
dynamically undesirable situation, since it occurs when the interfacial tension value be-
tween the three phases is too high.

II. Adroplet of polymer 2 embeds in polymer 3. This will occur when the matrix is polymer
1, and the interfacial contact between polymers 1 and 2 is the most unstable.

[ll. A droplet of polymer 2 locates between polymers 1 and 3. In this situation, the three
polymers can be directly in contact with each other since there is not much difference

between phases stability.
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Figure 2.7 Droplet sandwich scheme to describe encapsulation in ternary blends.8!

Based on the mentioned analysis, some theoretical approaches are proposed to predict the
distribution of the constituents in a ternary blend. The most popular are: the spreading coeffi-
cient model proposed by Hobbs et al.,”® the minimum free energy model proposed by Guo et
al.,®? and the interfacial energy dynamic model proposed by Reignier et al.;?° being the spread-
ing coefficient model the most used due to the accurate prediction results contrasted to exper-

imental observations 818385

Spreading coefficient model

In their work, Hobbs and coworkers’® studied the morphologies of blends consisting of three
phases by applying Harkin’s principle, which describes the tendency of a liquid to spontaneous-
ly spread across a solid or liquid subtract, by means of the relation between their surface ener-

gies values, Equation 2.17:
/1ij =Y —Yi—Vij Equation 2.17

where y; and y; are the surface tensions of phases i and j, and y;; is the interfacial tension be-
tween the two phases. 4;; is defined as the spreading coefficient, and it predicts spreading of

phase i over j only if positive values of 4;; are obtained, Figure 2.8.

Air

i

k|

Figure 2.8 Schematic diagram showing spreading of phase i over j.
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A first modified version of Harkins’s theory was reported by Torza and Mason for three immis-
cible liquids.®® Later, Hobbs’® rewrote Harkins’ equation for polymeric systems comprise by
three immiscible phases where two of them are dispersed in the other. Considering three com-
ponents 1, 2, and 3 where 2 is the matrix, and by substituting the surface tensions by the ap-
propriate interfacial tensions, the spreading coefficient of phase 3 over the phase 1, is given by

Equation 2.18:

A31 = Y12 = V32 — V13 Equation 2.18

where Vi, Y32, and y;3 are the interfacial tensions for each components pair, and A3, is the
spreading coefficient for component 3 on component 1, and describes the physical situation in
which component 3 is capable to displace the matrix 2 from component 1 to encapsulate it.

This situation is valid if A3 is positive.

Calculation of spreading coefficient allows predicting the morphology that will be formed in
multiphase systems. In Figure 2.9 is presented the schematic representation of different cases

that may occur according to spreading coefficient values.

b) c) d)
Phase 1
Q Phase 2
@ Fhases
As; <0 A3 <0 As; >0
A3<0 Ai3>0 A;3<0
Ay <0

Figure 2.9 Schematic representation of the morphologies in a ternary 1/2/3 system: a) separate dispersions, b)
partial encapsulation, c) complete encapsulation of phase 1 to phase 3, and d) complete encapsulation of phase 3
to phase 1.87-%0

If 231 and 1,3 are negative, phases 1 and 3 will be dispersed separately in the matrix of 2. In the
case A,; is also negative, there will be partial encapsulation of phases 1 and 3. Finally, the
spreading coefficient must be positive for any of the dispersive phases to encapsulate the oth-
er. This equation represents the tendency for the phase that forms the highest interfacial ten-

sion with the matrix to enter inside the other.
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Minimum free energy model

This model relates the surface areas of the interfacial regions between blend components with

the interfacial tension values, Equation 2.19:648191,92

G= Z nip; + Z Ai)’ij Equation 2.19
i

i#j

where G is the free energy; u; and n; are the chemical potential and the number of moles of
specie i, respectively; and A;; and y;; are the interfacial area and interfacial tension between

components i and j, respectively.

For a morphological prediction analysis from this model, it must be considered only the second
term, because the first one is the same for all types of morphologies.®® If we come back to the

example in Figure 2.9d), where phase 1 is encapsulated by 3, the model is written in the form:

ZAiFij = (47T)1/3[n11/3x2/3y13 +n33(1 - x)2/3]/23](3V3)2/3 Equation 2.20
Ty
where =V, /V3, being V; the volume fraction of phase i; n; and n; are the number of particles

of phases 1 and 3, respectively; and y;; is the interfacial tension between the components i and
j.
This model works under the assumption that all surfaces tend to minimize their free energy.

Thus, the lower free energy value corresponds to the phase structure of the multicomponent

system more stable, and this will be the morphology preferably formed.

Dynamic interfacial energy model

Reignier and Favis® proposed a model that considers the effect of the flow rate during the
blending process on the interfacial tension values. This model is based on the assumption of
Vanoene: “the elastic contribution to interfacial tension can lead to encapsulation of the less
elastic component by the more elastic one”. Thus, substituting Vanoene’s postulate in Guo’s

equation, the minimum free energy required for phase 3 to encapsulate phase 1 is written as:

Re Re
ZAl-yij =4nR, |y, + ?(Nm — Nl,z)] + 4mR;? [y13 + < (Ny1— Ny3) Equation 2.21
el 3/,
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where N, ; refers to the first normal stress of each phase, and R, and R; are the external and
internal radii for a core-shell morphology (Figure 2.9c) and Figure 2.9d)). Again, the lowest free
energy value will correspond to the more stable phase morphology, and that will be the mor-

phology of the blend.

2.2.4 Morphology evolution by melt processing of polymer blends in an in-

ternal mixer

From all the melt processing equipment that exist on the market (single or twin screw extrud-
ers, injection molders, etc.), the internal mixer is a very useful tool for preparing small quanti-
ties of compounds and thermoplastic polymer blends, including the HPP. After the materials
are processed in an internal mixer, they are characterized so that the product and process de-
velopment can be scaled later to a continuous industrial process, such as extrusion.®® During
materials homogenization in an internal mixer, the torque is monitored while the processing
parameters such as temperature, residence time, and intensity of mixing (rotors speed) are
being controlled.*! In polymer blends studies performed in an internal mixer, it is possible to
track the morphology evolution of immiscible blends at different compositions, as presented in

Figure 2.10.

In their work, Lee and Han?'? obtain blends in an internal mixer between five different semicrys-
talline and amorphous polymer pairs (nylon 6/HDPE, PMMA/PS, PC/PS, PS/HDPE, and PS/PP),
and studied the morphological evolution of blends as a function of mixing time and polymers
composition. They proposed a schematic representation to describe what happens to the mor-
phology when two immiscible polymers with different glass transition or melting temperatures
are mixed. They observed that depending on viscosity ratio and composition differences, the
morphology evolves from dispersed droplets to either dual-phase transition or droplets

breakup.
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Figure 2.10 Schematic representation of the evolution of blends morphology of two immiscible polymers (A and B)
in an internal mixer as a function of temperature and mixing time. In the figure, Tm is the melting temperature, ¢ is
the volume fraction, and 7 is the viscosity.

2.3 High-performance polymer blends (HPPB)

2.3.1 Overview

High-performance polymer blends consist of at least one HPP in its formulation. Similarly to the
previous description of HPP, the service temperature of high-performance blends is around
175 °C.34> Even though their commercial activity is limited somehow to military and aerospace
applications, a great number of technological advances and commercial opportunities were

achieved in the past decade from blending high-performance polymers.242533:4594-104

HPPB technology still deals with some issues related to polymers degradation caused by the
high temperatures needed to process HPP —particularly for those blends obtained from melt
processing—, and the lack of control of phase’s distribution in the blends.3¥*> In this work, it is
apply the compensation principle proposed by Utracky, which claims: “the advantage of one

component should compensate for the deficiencies of the other”.?3

Different combinations between PEI, PBT, and PTFE were melt processed, and it is expected the
new materials obtained to be thermally and mechanically improved, as well as with excellent

melt processability.
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2.3.2 PEI and PBT high-performance polymer blends

Two decades ago, an increasing amount of works were focused on the study of blends between
two major HPP families: specialty poly(imides) and engineering poly(esters) blends.*%-
43,94,95,97,99-101,104,105 |n those groups, were found blends based on PEl and polyesters like PET
and PBT, due to the interest on developing new polymeric materials with outstanding combina-

tion of performance and processing characteristics.

PEl is a specialty polymer from the poly(imide) family, used in blends fabrication with PAr, PPS,
PSO, PEEK, PA, PEST, PC, PPE, PSF, LCP. On the other hand, PBT is an engineering polyester
commonly used to obtain blends with PET, PC, PA-6, and PA-66. In Table 2.3 are summarized
some HPPB that use PEl or PBT in their formulation, as well as the processing method used. In
these works, authors improved the electrical, thermal, and mechanical resistance of engineer-

ing polymers, and enhanced the processability of poly(imides).

Table 2.3 High-performance polymer blends using either specialty PEl or engineering PBT in their formulation.

High-performance polymer blends Acronym Processing method References

Melt-blending in an internal mixer.
Nylon 66/Poly(ether imide) PA66/PEI 101
Improved PEI processability.

Poly(ether ether ketone)/poly(ether im- Melt-mixing by extrusion. Thermal-
PEEK/PEI 103,104
ide) induced phase separation.
Poly(ether imide)/Polyarylate PEI/PAr Melt-mixing in a Brabender Pasticoder. 99
Poly(ether imide)/poly(ethylene tereph- Melt-mixing in a Brabender Pasticoder
PEI/PET 102
thalate) and direct blending by injection.

Poly(ether imide)/poly(trimethylene

PEI/PTT Melt-mixing twin screw extruder. %4
terephthalate
Poly(phenilene sulfide)/poly(ether imide) PPS/PEI Melt-mixing in a Brabender Pasticoder. 95
Sulfonated poly(ether ether ke-
SPEEK/PEI Solution blending in DMAC. 97
tone)/poly(ether imide)
Poly(ethylene tereph-
thalate)/poly(trimethylene tereph- Solution blending in dichloroacetic-

PET/PTT/PBT/PEI 106

thalate)/poly(butylene tereph- acid.

thalate)/poly(ether imide)
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High-performance polymer blends Acronym Processing method References

Solution precipitation in methanol
Poly(butylene terephthalate)/Polyarylate PBT/PAr 100
from a TCE/Ph solution.

Poly(ether imide)/poly(ethylene tereph-
thalate); poly(ether imide)/poly(butylene PEI/PET; PEI/PBT;
Ball milling. 107
terephthalate); poly(ether im- PEI/PEEK

ide)/poly(ether ether ketone)

2.3.3 PEI/PBT blends

With blending PEI and PBT it is expected a unique combination of properties, due to PEIl pos-
sesses mechanical and thermal stability, and PBT offers crystallinity and good flow property at
processing temperatures.*®*! However, not too many studies are found about binary PEI/PBT
polymer blends, all of them reported miscibility between PEI and PBT in the whole composition
range evaluated,*®*3%6195> and only one evaluates an industrial melt processing method for

blends fabrication.

In 1997 Woo and Yau?®®1% obtained PEI/PBT blends by direct melt mixing by using an aluminum
plate with 2 g capacity and hand stirring. After blending, they performed heat treatment of
quenching to PEI/PBT samples before miscibility evaluation by DSC and DMA. They observed a
single Tg in the entire composition range as a sign of miscibility between PEl and PBT phases.
Besides, they noticed PBT exhibited cold crystallization temperature (Tc) that shifted to higher

temperatures while PEI concentration increased.

The same year, Chen and coworkers* fabricated PEI/PBT blends by solution precipitation in
dichloroacetic acid at room temperature. They used different annealing times to study the
blends crystallinity evolution at 250 °C. Although they observed a strong PEIl phase segregation
due to PBT crystallization, they conclude that PEl and PBT are miscible. Additionally to Woo and
Yau work, they stated that PBT crystallization rate decreased with increasing PEIl content. In

other words, PEl hindered PBT crystallization by raising the whole blend’s Tg.

One vyear later, Jang and Sim*® also used precipitation technique codissolving PEl and PBT in
1,1,2,2-tetrachloroethane and phenol mixture at 100 °C. Thin films were obtained by press
molding at 250 °C, and miscibility of PEI/PBT blends by FT-IR ATR (Fourier Transform Infrared

Spectroscopy with Attenuated Total Reflectance) was studied. They found that C=0 stretching
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peak of PEI/PBT blend shifted to lower wavenumber as the crystallization of PBT took place, as

a sign of miscibility between PEI and PBT in the entire compositional range.

Later in 2001, Vallejo and contributors*! prepared PEI/PBT blends by using a co-rotating double
screw extruder. They established the processing temperature depending on the major
components in the blends. For PEl-rich blends, processing temperature was 290 °C, while for
PBT-rich blends it was 270 °C. They tested the solid state behavior of blends by DSC, DMTA, and
specific volume measurements. Results showed again that PEI and PBT were completely misci-
ble. They also detected an increase on Tc with PEl addition by DSC scanning and an important
decrease in crystallinity of PBT attributable to a PEI hindering effect on PBT crystallinity, which
is in good agreement with previous PEI/PBT works. Additionally, they found that PBT improved
PEI processability, and a synergism in elasticity modulus and yield stress for 90/10 and 80/20
PEI/PBT blends.

2.3.4 HPPB containing PTFE

It is well known that PTFE has the lowest coefficient of friction from all polymers, it is highly
thermal stable, fire resistant, and also has an outstanding solvent resistance due to its highly
crystalline structure.'%113 However, it has poor wear resistance due to that crystalline struc-

ture which is easily cut or pulled out during the process of friction and wear. 109110

Some studies on high-performance blends show that PTFE is mostly used in improving friction
resistance of polymers.109116 |t is added either as a filler in the solid state to form polymer
composites or as a new phase to produce polymer blends, depending on the processing meth-
od used (solution or melt processing). In their work, Anbinder and coworkers'®® obtained
blends of PU with different compositions of PTFE, from 2 wt% to 50 wt%. Blends were prepared
by using an aqueous dispersion technique to later fabricate films by casting dispersion, evapo-
rating the water content at 30 °C. The resulting hydrophobic materials exhibited much higher

contact angles than pure PU, and enhanced thermal stability due to PTFE addition.

Other reports show strategies to improve wear resistance of PTFE by mixing it with other HPP.

Chen and collaborators1®

used compression molding to fabricate binary PTFE based blends.
They obtained four blends by reinforcing PTFE with 20% of either PI, PEEK, poly(phenyl p-
hydroxybenzoate) (PHBA), or perfluoro ethylene propylene (FEP). Blends were prepared by

pressing powders into sheets at room temperature, and sintering them at 380 °C. Authors
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found that wear resistance of PTFE was improved by adding some of the mentioned resins, due

to variations in the PTFE structure.

PTFE has also being added to high-performance polymers such as PI, PPS, and poly(hydroxy
benzoic acid), and to commodity polymers such as PP, which exhibited enhanced tribological
and mechanical properties.1?2117-119 |t js found that adding up to 20 wt% of PTFE is enough to

obtain the desire modification of properties of blends.

2.3.4.1 PEl and PTFE blends

PTFE has been added to poly(imides) e.g. PAI, PEI, Pl, to improve their friction resistance.!09112
Bijwe and coworkers!!? studied the effect of PTFE in a commercial wear-resistance PEI resin
(ULTEM 4001). This resin originally from General Electric Company, is found to be filled with
13 wt% to 15 wt% of PTFE, amount enough to make PTFE as the dominant material in the fric-

tion resistance.

In their work, Ma and coworkers?® combined PEl with 5 wt% to 15 wt% of two solid lubricants,
PTFE and graphite. They compared the effect of both lubricants in PEI friction resistance, and
found that friction coefficient for PEl reduced from 0.41 to 0.3 when was filled with PTFE. Addi-
tionally, they found that both, tribological and mechanical properties (tensile strength, bending
strength, impact strength, and Rockwell hardness) of PEI filled with PTFE were higher than
those filled with graphite. Similar results are reported by Ren in his work.1% They filled different
HPP such as PEEK, PPS, Pl, and PEIl with PTFE powders. All materials exhibited interesting prop-
erties such as excellent strength at high temperatures, low coefficient of friction, remarkable

chemical resistance, and tribological properties.

2.3.4.2 PBT and PTFE blends

PTFE is also used as a solid lubricant in blends with PBT for under-the-hood applications in au-
tomotive industry. HPPB are very attractive in this industry since they may save costs and

weight by replacing the commonly used metallic materials.'?!

In their work, Danila and coworkers?? added 10 wt% of PTFE to PBT and studied their tribologi-
cal characteristics. Even though friction resistance was improved, the wear resistance of

PBT/PTFE blends was lower than that of single PBT.
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In 2016, Hussain and coworkers!'# fabricated blends between thermoplastic elastomer (TPEE)
with poly(butylene terephthalate) (PBT) via melt processing, and added small quantities of
PTFE. They studied the mechanical and thermal properties of TPEE/PBT blends. Results re-
vealed that TPEE improves PBT mechanical properties, but the thermal resistance is compro-
mised. Authors found out that adding 0.5 wt% of PTFE to TPEE/PBT blends was enough to sig-
nificantly improve their mechanical and thermal properties. It was the first time it was studied
the effect of PTFE on the mechanical and thermal properties of a blend, since major works on
blends based on PTFE are related to abrasion resistance assessment. The resultant material was

proposed as a baffle plate for use under-the-hood of an automobile.

Later the same year, it was published a study of the effect of PTFE on the mechanical properties
of PBT. Musteata and collaborators'?® varied PTFE content (10 wt%, 15 wt% and 20 wt% of
PTFE) on PBT/PTFE blends, and contrary to Hussain findings, authors do not recommend PTFE
for improving PBT mechanical properties since elongation at break is highly affected. However,
interesting improvement in modulus and yield strength of PBT/PTFE blends was noticed, get-
ting values significantly higher than those for pure PBT. The yield strength of pure PBT is
40.58 MPa, and increased to 46 MPa with 10 wt% of PTFE.

2.4 HPPB in fire protection applications

2.4.1 Overview

The increasingly demanding applications of today’s world, force users to wear extra protection
in their garments, uniforms, architectonical structures, protective housing of electronic devices,
etc., to face the hazardous conditions they are exposed.?6=8 In this scenario, materials play a
crucial role in human and goods protection. In 2015, Kahn and coworkers reported in their
study “Line of duty firefighter fatalities: An evolving trend over time”, 2775 fatality cases of fire-
fighters between 1990 and 2012, only in the United States. During that period the deaths
caused by burns decreased by 3.8%, to some extent, thanks to the improvement of thermal,

flame, chemical, and mechanical resistance of materials.?®

In this matter, polymers are not the exception. Industries such as firefighters, military, public
buildings, maritime transportation, medical, metal casting, automotive, aerospace, etc.?’:124125
have driven the development of new polymeric materials with better resistant to heat and

flame conditions. However, it is necessary to make great efforts to avoid the loss of other prop-
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erties, such as mechanical resistance. The industry of technical fibers for instance, is always
looking forward for developing new protective fabrics that are flame retardant, non-toxic, and

environmentally friendly, but at the same time comfortable to wear (soft, light, aesthetic,

etc.).124126127

According to Horrocks, materials for human protective garments should fulfil both, heat and
flame resistance.3® These materials are usually exposed to contact heat, radiant heat, sparks,
molten metals, flames (convective heat), and hot gases and vapors. As these materials are used
for human protection, it should also be avoided the production of smokes and toxic gases evo-

lution.

Human tissue is very sensitive to temperature. The degree of injury depends on the heat trans-
fer to the skin (0.64 cal/cm? causes pain sensation, and 1.2 cal/cm? secondary burns).?® In the
electric power industry for instance, workers are constantly exposed to arc flash events. The
protective garments for these situations must withstand at least 4 cal/cm? according to the
standard IEC 61482-2:2009. Because of that, protective clothing should provide enough time to
interact, escape, and avoid and minimize burns. Materials used in this field must accomplished
three main principles: i) flame resistance (materials do not burn after flame contact); ii) integri-
ty (materials wont shrink or melt, and they will form brittle charring); and iii) insulation (retard

heat transfer and avoid liquids production).3°

2.4.2 Principles of heat and flame resistance for polymers

When solid polymers are heated or exposed to direct flame contact, they undergo both physical
and chemical changes. As a consequence, they may experience undesirable changes in their

properties that lead them to decomposition, degradation, or both.3?

It should be stated the difference between decomposition and degradation. During decomposi-
tion polymers experience changes at a chemical level (break-up of their molecular structure,
e.g. chain scission). Degradation on the other hand, is related to loss of physical, mechanical, or
electrical properties when they are heated. In terms of fire, the most relevant change in poly-

mers is the thermal decomposition.3?
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2.4.2.1 Thermal decomposition of polymers

During thermal decomposition, polymers go through four main steps: heating > decomposition
(gasification and fuel generation) > ignition (flame) > flame propagation, Figure 2.11.12* During
the combustion process, polymers generate a gaseous fuel —also called volatiles— that can
burn above the solid material surface. The flame propagation takes place if the combustion
process is self-sustaining, which means it is necessary that burning gases have to feed sufficient
heat back to the material to continue the production of fuel vapors. These volatiles react with
the oxygen in the air and part of this is transferred back to the polymer to continue the pro-

cess.3?

Solid polymers go through several transformations while heating. Their decomposition is com-
monly lead by changes in their chemical structure. However, physical changes such as melting
and charring may also take place during polymers combustion before passing to the gaseous
phase, and may change the decomposition and burning characteristics of the material.3? If car-
bonaceous layers are formed —also called charring products or intumescent layer— the poly-
mer is protected against direct fire exposition, and if they are appropriately formed, they slow

down further thermal decomposition.
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Figure 2.11 Combustion process of solid polymers.
2.4.3 Study of flammability in polymers

The thermal stability and flame resistance of polymers is commonly measured by techniques
that relates the kinetics and thermodynamics of the decomposition process such as thermo-

gravimetric analysis (TGA) and derivative thermal analysis (DTA). Also, by techniques that con-
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cern with the nature of the decomposition from the point of view of combustion and toxicity,
such as pyrolysis-gas chromatograph-mass spectrometry (Py-GCMS).3?2 However, thermal de-
composition studies are not always the best indicators of polymers fire performance. One first

approach to study the flammability of polymers is by measuring the limiting oxygen index (LOI).

The LOI is the minimum oxygen content necessary for the polymer ignite or burn. Its measure-
ment is based on the oxygen concentration in air, which contains 21% of O, and it is expected
to be higher in polymeric materials used in direct fire contact applications. If the LOI < 21% the
polymer is considered flammable. When LOI = 25% it is classified as a material of low flamma-

bility. Materials with LOI > 21% will not burn in normal air conditions.

Table 2.4 lists some polymers commonly used in the technical textiles industry (in Table A- 1 are
listed the main trade names and main applications of some of these polymers). The HPP used in
this work and presented in italics. Polymers are organized from the lowest to the highest LOI
values. As mentioned, thermal stability is not an indicator of polymers flammability. The de-
composition temperature of PA for instance, is much higher than PPS temperature. However,

PPS has better flame resistance than PA, as indicate its LOI values.

Table 2.4 Thermal events in materials commonly used in textile industry and the HPP used in this work (shown in
italics). Materials are organized from the lowest to the highest LOI value.

Polymer Tl;h(yozj)cal ch;;)g;sc) Chem;;a(lozl;ange LOI (%)  References
Cotton 105 19.9 124
PA 50 215 431 20-21 32,33
PBT pure 60 225 397 21 34
Wool 245 25 124
PBT + flame retardant filler 60 225 342 30 a

Modacrylic <80 >240 273 29-30 124

PPS 85 285 300 34-35 34124

PI 315 500 36-38 32,34

PBI 426 600 41 34,124

PEI 217 527 47 35,0
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Physical changes Chemical change
Tg (°C) Tm (°C) Td (°C)

PTFE 130 325 472 95 32,340

Polymer LOI (%) References

9 Data obtained from supplier material’s data sheet

Some authors have related the LOI with polymers charring measured by TGA as the residual
material after polymer pyrolysis at 850 °C.27:32 The formation of char is one of the most effec-

tive attributes that a material has against fire propagation.

2.4.3.1 Heat and fire burns prevention

For a polymer combustion to take place, there must coincide three factors: oxygen (air), heat
(fire source), and fuel (polymer). These are known as the “fire triangle”, and depends on all

three factors. If one of them is removed, fire will be prevented or extinguished.?812°

The prevention of structural damages, and specially, burns in humans are the major motiva-
tions to improve materials fire resistance. Some strategies used in this matter include: i) dilu-
tion of combustible gases (oxygen) with non-combustible gas in order to eliminate oxygen from
combustion zone, ii) trapping of the active radicals by using halogenated compounds, iii) use
materials with inherent charring formation or induce it with additives to reduce the amount of
flammable fuel formed by polymers, and iv) use heat-absorbent additives that decompose en-

dothermically to reduce the heat generation.?”,30:125,127,130,131

Even though the most effective flame retardants are those which promote the transformation
of a polymer backbone to carbonaceous char —because char does not burn in normally air
conditions (LOI > 50%)%’—, one of the most common technique includes the use of compounds
based on antimony: antimony trisulphide, triphenyl stibine, sodium antimony, antimony triox-
ide (the most popular) to name a few.??%132 These are normally combined with halogenated
compounds to reach synergetic effects. However, one of the principal issue is related to the
toxicity during the processing and combustion stages. To avoid this problem, some authors
tried adding aluminum and magnesium hydroxides. However, they have to be added in greater
amounts in order to the polymer reaches fire retardancy properties (>40%), affecting tremen-

dously the mechanical properties of the materials.'33
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Conclusions - Chapter 2

It is highlighted the attractive thermal and mechanical properties of HPP family, as well as their
applications in industries with particularly demanding high performance. The implementation
of the blending technology to HPP is a striking manner of obtaining new materials, especially if
the fabrication of the HPPB is made from melt processing methods. In addition, the high costs
of HPP linked to their low production volumes compared to commodity polymers, can be

whether reduced or justify by doing a performance/cost analysis.

Some authors developed new materials between engineering polymers such as PBT, in combi-
nation with specialty amorphous or semicrystalline polymers with elevated Tg. This is a suitable
approach for combining remarkable performance and processability into a single material since
PBT is a low Tg semicrystalline polymer, which enhances the melt processability of highly vis-

cous polymers.

Blends between PBT and PEI are also found. Most authors obtained blends from casting solu-
tion techniques, resulting in miscible blends along the entire composition range. Only one work
uses an industrial melt processing approach to fabricate these blends. As expected, low viscosi-
ty PBT enhances PEI processability. However, authors changed processing temperature based
on PEIl content (290 °C for PEl-rich blends, and 270 °C for PBT-rich blends). Surprisingly, they
also obtained miscible blends despite the melt processing method used, which leads to suppose
that temperature ranges from blends’ Tg and the phase separation temperature is wide enough

to process miscible PEI/PBT blends in the melt state.

There are still some gaps left on the study of blends between PEI and PBT, particularly from

melt processing methods:

- The effect of constant processing parameters on the entire composition range on blends
miscibility;

- An interfacial interaction analysis as well as a micrographic study of phases, to better
understand the miscibility phenomena and phases distribution;

- The relationship between the rheology, interfacial tension, composition, and processing
conditions and the mechanical, thermal stability and flame resistance performance of

blends.
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Industry sectors such as technical textiles may be interested in using these materials. Combin-
ing these two polymers may result in a new material with remarkable thermal stability and
flame resistance with excellent processability. Since it is difficult to obtain high-performance
and comfort in a single material, blends between PEI and PBT appear as an attractive solution

for this purpose.

Even though some authors found synergism on modulus and yield strength for PEl-rich blends,
blends revealed poor ductility. Some authors tried adding rubbery polymers to a blend contain-
ing 80 wt% of PEl and 20 wt% of PBT. They improved the impact strength, but results revealed
that ductility was even lower due to poor interfacial interaction between blends components.
There is still missing a study of adding a third component to enhance the mechanical properties
without affecting the thermal and flame performance, and analyses the phases’ interaction at
interfacial scale. In this scenario, PTFE enters as an attractive option to modify binary PEI/PBT

blends.
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Chapter 3 Fabrication of binary high-
performance polymer blends (HPPB) be-
tween PEI and PBT obtained by melt pro-

cessing

3.1 PART I - Development of a two-step melt processing method to
fabricate binary blends between high-performance polymers

with notable processing conditions differences: PEIl and PBT

3.1.1 Introduction

Blending high-performance polymers (engineering, specialty, and ultra-high performance) rises
as an opportunity to obtain materials with outstanding mechanical, thermal, and chemical
properties, with good processability from melt processing techniques. Engineering polymers
combine high-performance (100 °C < CUT < 140 °C, and tensile strength > 40 MPa) with good
processability. This group comprises poly(amides) (PA), poly(carbonates) (PC), poly(esters) (PBT,
PET, PTT), poly(acetal) (POM), and poly(p-phenylene ether) (PPE). On the other hand, specialty
and ultra-high performance polymers have remarkable mechanical properties, thermal stability,
some of them display inherent flame resistance, and poor processability. They include polymers
such as poly(fluoro carbons) (PTFE, PVDF), poly(siloxanes), sulfur-containing polymers (PPS),

poly(imides) (PI, PEI), poly(ether ketones) (PEEK), among others.12324

In this section, it is discussed the methodology we use to fabricate blends with flame retardant
characteristics between two HPP with notable differences in their processing characteristics:
poly(ether imide) (PEl) and flame retarded poly(butylene terephthalate) (PBT). In this thesis, we

propose a novel two-step melt processing method to fabricate PEI/PBT blends using an internal
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mixer. We settled the processing temperature (Tp), mixing rate (n), and mixing time (t) after a
complete thermal and rheological characterization of pure materials. Conversely to Vallejo and
coworkers,*! we prepare PEI/PBT blends within the entire compositional range at the same

processing conditions, varying only blends composition.
3.1.2 Experimental

Materials

Blends between PEl and flame retardant PBT were obtained. Both commercial grade polymers
were purchased from Sabic Innovative Plastics: poly(ether imide) (PEI) Ultem 1000, and
poly(butylene terephthalate) (PBT) filled with a flame retardant compound (brominated and

antimony trioxide compound) Valox 310SEO.

Unfilled PBT (Uf-PBT) Valox 325 was also characterized to contrast its thermal and rheological
properties to those of the flame retardant PBT. Some relevant raw materials characteristics

obtained from suppliers’ data sheet are listed in Table 3.1.

Table 3.1 Characteristics of raw materials. Values were obtained from suppliers’ data sheet.

Density Melt flow index

Polymers Acronym . Color
Y M (g/emd) (g/10 min)
Poly(ether imide) PEI 1.27 9 Ambar transparent
Flame retardant poly(butylene tereph-
PBT 14 8b White opaque
thalate)
Unfilled poly(butylene terephthalate) Uf-PBT 131 18b White translucent

@ Obtained at 337 °C and 6.6 kg
b Obtained at 250 °C and 2.16 kg

Blending process

Before blending, PElI and PBT were vacuum dried at 110 °C for 16 hours to prevent PBT hydroly-
sis. Materials were taken out of the oven just before the mixing process in a Haake Rheomix
3000 OS internal mixer fitted with roller type rotors. Blends were prepared under standard at-
mosphere within the entire compositional range. For each blend composition, it was calculated

the amount of PEl and PBT by using Equation 3.1:

m = pg Vf Equation 3.1
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where p g is the density of the blend calculated from the weight fractions of both polymers
(p g = wyp 1 +wyp ), Vis the free volume inside the mixing chamber (V = 310 cm? for roller

type rotors), and f is the filling factor (f = 0.9).

The major processing parameters involved during mixing are the processing temperature (Tp),
the rotors speed (n), and the mixing time (t). All these parameters were defined from thermal

analysis and the viscosities of both, PEl and PBT.

Thermal analysis

The processing temperature (Tp) was defined after DSC and TGA analyses under a nitrogen at-

mosphere.

DSC was performed in a Q200 model from TA Instruments on 20+1 mg samples. The thermal
program started with heating from 0 °C to 290 °C at 20 °C/min, and held on for one minute;
followed by cooling down to -90 °C at 20 °C min™’. The second heating was performed in modu-

lated mode up to 300 °C at 2 °C/min.

The thermal stability study was carried out in a TGA Q500 model from TA Instruments on 40+2

mg samples, within a temperature range from 25 °C to 900 °C at 10 °C/min.

Polymers viscosities

The rotors speed (n) was defined from studying the viscosities of PEl and PBT in a Haake
MARS Il rotational rheometer from Thermo Scientific. It was used a cone/plate configuration of
20 mm diameter with a cone angle of 1°. The analysis was made in a shear strain sweep from
0.01 s* to 60 st at 300 °C for PEI, and 280 °C for PBT. Tests were carried out under standard
atmosphere. As the cone angle used is less than 3°, it was possible to associate the shear rate
values with the rotors speed in the internal mixer according to standard BS 2782 — Part 7,134

using the equivalence equation, Equation 3.2:

)‘/ =—=kn Equation 3.2

where y is the shear rate, w is the angular speed, f is the cone angle, k is a non-dimensional
number that depends on the cone angle (at a cone angle of 1°, k = 6; at an angle of 2°, k = 3;

and at an angle of 4° k = 0.75), and n is the rotational speed.
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Molten polymers evolution in the mixer

The time needed to prepare the blends (t) was defined by means of torque stability, viscous
dissipation, and decomposition of PEl and PBT. For this, it was tracked the evolution of torque
and temperature for pure materials inside the mixing chamber as a function of time. Materials
decomposition was identified by visual inspection taking off samples from the mixer at different

times.
3.1.3 Results and discussion

Defining processing conditions

Processing temperature (Tp)

The differential scanning calorimetry (DSC) of pure materials is presented in Figure 3.1. PEIl ex-
hibits a single variation in the baseline at 215.7 °C indicating its glass transition temperature
(Tg). PBT, on the other hand, shows a change in the baseline at 58 °C during the first heating
corresponding to its Tg, followed by an exothermic reaction close to 110 °C attributable to
thermal reactions between brominated and antimony trioxide compounds (flame retardant
fillers). This exothermic response was not evidenced for unfilled PBT samples, as presented in
Figure A- 5.1. A major endothermic peak shows its melt transition temperature at 222 °C (Tm).
The Tg of amorphous PEl and Tm of semicrystalline PBT overlap in the temperature range be-
tween 213 °C and 225 °C. During the cooling program, the PBT reveals its crystallization tem-

perature (Tc) at 196 °C.
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Figure 3.1 Thermal characterization from DSC for pure materials: a) PEl, and b) PBT.
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In Figure 3.2, the thermogravimetric analysis (TGA) for both materials display a single step de-
composition reaction where the initial (Ti) and the final (Tf) decomposition temperatures are
well defined. For PEI, Ti is around 497 °C, while for PBT decomposition starts at 300 °C, which
suggest that PBT should not be processed above 300 °C to avoid degradation of its backbone
structure.3® At the end of the tests, the residue of PEl is more than half its initial weight,
53.56%, and it is much higher than that of PBT, 15.28%. This corroborates that the thermal de-
composition of PEl is leaded by charring formation phenomena. As it is observed in the deriva-
tive thermogravimetric curves (dashed lines), PBT displays a second decomposition event at
500 °C that overlaps with PEl decomposition temperature. This signal corresponds to the oxida-

tion of antimony trioxide filler, that takes place at temperatures close to 500 °C.13>136

According to DSC and TGA analysis, the processing temperature of PEI/PBT blends should be
within a range between 260 °C and 290 °C to keep the structural integrity of PBT during the

blending process.
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Figure 3.2 Thermogravimetric analyses (solid lines) and their derivatives (dash lines) for pure PEI (gray), and pure
PBT (black).

Mixing rate (n)

PEIl and PBT viscosity curves are shown in Figure 3.3a). PEl viscosity is higher than PBT in the
entire shear rate range evaluated. PEl exhibits a Newtonian plateau at a low shear rate that
evolves to shear-thinning behavior while deformation increases. In comparison to PEI, PBT does
not display plateau as a consequence of the inorganic fillers content which inhibits viscosity
stability of the molten polymer at low shear rates, resulting in a continuous decreasing of vis-
cosity with increasing shearing. This is a common rheological response of molten polymers

filled with inorganic particles, where a gel-like behavior predominates at low shear rates be-
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cause the collision between particles limits chains mobility and avoids viscosity to stabilize.’37~

139

Mixing rate (n) is settled by using the shear rate/rotors speed equivalence equation, Equation
3.2, together with the viscosity curves of pure materials. We calculate the rotational speed at
the end of the shear thinning region of PEIl curve between 20 s and 50 s, which is equivalent
to 30 rpm to 80 rpm. As 30 rpm is a very slow speed to process highly viscous PEI, we choose an
intermediate value of 45 s —just before the test finishes— that is equivalent to a rotors speed

of 70 rpm.

Mixing time (t)

Mixing time (t) is defined by tracking torque and temperature evolution of pure materials inside
the mixer. In Figure 3.3b), it is observed that PEI reaches torque values of 250 Nm within the
first minute, and after nine minutes, torque stabilizes and temperature reaches values close to
350 °C as a consequence of PEI high viscous dissipation. PEl does not suffer decomposition at
these experimental conditions, which suggests it can be processed at temperatures as high as
350 °C during 10 minutes. On the other hand, PBT reaches torque values close to 200 Nm with-
in the first minute and decreases just after putting it in the mixer. Within the first three
minutes, torque reaches 1 Nm and stabilizes. The temperature remains constant at approxi-
mately 280 °C. After four minutes, PBT starts to change its white color to a light yellow as a sign
of decomposition. This change of color indicates that PBT must be homogenized at times lower

than 4 minutes.
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Figure 3.3 Melt flow behavior of pure PEl and PBT: a) viscosity as a function of shear rate for PEl at 290 °C + 10 °C
and PBT at 280 °C £ 5 °C; and b) torque and temperature as a function of time for pure PEl at 330 °C and pure PBT
at 280 °C.
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PEI and PBT show clear differences in their thermal and viscoelastic properties. PEl exhibits a
higher Tg, thermal stability, and shear viscosity contrasted to PBT, that exhibits a lower Tg,
thermal sensibility, and shear viscosity. These characteristics suggest that PEI/PBT blends need
to be processed by steps. Thus, we proposed a two-step melt processing method using temper-
atures and mixing times according to the characteristics of individual materials, and keeping the

rotational speed constant.

Figure 3.4 exemplifies the blending process in the case of 70 wt% of PElI and 30 wt% of PBT.
During step 1, PEl is added at a temperature of 330 £ 10 °C. At this temperature PEIl pellets flow
and homogenize properly inside the mixer. Six minutes later, the mixing chamber is cooled
down to incorporate the PBT at a lower temperature to avoid its thermal decomposition. When
time reaches ten minutes, step 2 takes place with the addition of the PBT phase. The tempera-
ture is kept constant at a lower temperature of 280 £ 5 °C. This temperature is kept during the
remaining mixing process that takes 3 more minutes, until the torque values reach an equilibri-

um state. The entire mixing is settled to maximum 13 minutes for all blends.
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Figure 3.4 Two-step melt processing method for a blend containing 70 wt% of PEl and 30 wt% of PBT.

Conversely to our work, other authors processed PEI/PBT blends using a non-industrial melt
mixing methods* or a solution blending techniques,*>*31% which are expensive for the post-
processing required to remove the solvent traces, and hence are difficult to scale to industrial
level. In their work, Vallejo and coworkers, used an industrial melt processing technique mixing
simultaneously PEl and PBT in a corotating double-screw extruder.** However, they used differ-

ent temperatures depending on PEl concentrations: for PEl-rich blends the Tp = 290 °C; and for
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PBT-rich blends the Tp = 270 °C. In our work, we obtained PEI/PBT blends in the entire composi-

tion range using a melt processing method at the same processing conditions (Tp, n, and t).

In Table 3.2 are summarized the characteristics measured of individual materials, as well as the
parameters settled to fabricate PEI/PBT blends using the two-step melt processing method. We
obtain blends within the entire compositional range with PEI compositions of 10, 30, 40, 50, 60,

70, and 80 in weight percent (wt%).

Table 3.2 Summary of thermal and rheological characterization results of pure materials, and processing parame-
ters to obtain PEI/PBT blends using the two-step melt processing method proposed in this work.

Thermal events Viscosities Processing parameters
Material Q) (:at.s) - - ;
. a shear p n
Tg® Tme Tco Tb
9 m ¢ " rateof4sst  (°C) (min)  (rpm)
PEI 215.72 - - 497.45 300 330°C 10 70
PBT 58 222.58 196 299.65 35 280 3 70

@ Values obtained from the MDSC analysis.
b Values obtained from TGA analysis.

Processability of PEI/PBT blends

It is known that torque obtained in an internal mixer is associated to the viscosity at constant
shear strain,%%1° and hence to the melt flow tendency of blends at a constant shear strain.
Keeping this in mind, we study the relation between blends composition and processability.
There were analyzed the torque values obtained after 13 minutes of mixing —when all blends

reach an equilibrium state— as a function of PEI concentration.
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Figure 3.5 Effect of composition on processability of blends.
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In Figure 3.5 it is evidenced that higher amounts of PBT (gray markers: PBT-rich blends) reduce
the torque needed to homogenize the blends. Even 20 wt% of PBT (black markers: PEl-rich
blends) reduce torque values by 40% compared to pure PEl. These results suggest that addition
of PBT during step 2 contributes to improving blends processability. Previous works have re-
ported similar results when PEl is blended with lower viscosity polymers (PBT, PAr, PET,
PA).4199,101,102 |n their work, Vallejo and coworkers found that relative processability of PEI/PBT
blends was improved by PBT addition.*! They attributed this effect to the increasing PBT con-

centration and its low viscosity contribution.

Nevertheless, melt flow of polymer blends depends also on phases interaction —if polymers
are miscible or not—, as well as on the processing steps.'%® This explains the change of the
slope observed in Figure 3.5 around 50 wt% of PEIl, which suggest there is a transition strongly

dependent on blends composition.

3.2 PART II - Miscibility and morphological study of PEI/PBT
blends obtained by two-step melt processing method in an in-

ternal mixer

3.2.1 Introduction

The importance of miscibility level and its relationship with blends properties is well known,?7?

and it is commonly the first parameter evaluated when polymer blends are studied. A single
glass transition temperature is the most widely accepted criteria for miscibility, since it is as-
sumed that blends display a single Tg when are mixed at molecular level,*”7214! while multiple
Tg’s indicate phase separation or partial miscibility.'? Transitional and rotational characteristic
motions in polymers are associated with glass-rubber relaxation. Thermal analyses such as DSC
and DMA allow detecting relaxation on the chain segments in a polymer blend, and hence, the

interaction, miscibility, and phase separation of each blend component.14%143

Nevertheless, polymers miscibility depends on several kinetic (processing conditions and rheol-
ogy) and thermodynamic parameters. One approach widely used to study the correlation be-

tween these parameters and the miscibility level, is the deviation from additivity rule, Equation

3.3:144,145
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logF = z w;logF; Equation 3.3

where F and F;.are the rheological functions, e.g. shear viscosity, torque, shear storage (G’) or
loss (G”’) moduli; and w; is the weight fraction of polymer i. This rule allows understanding the

melt flow tendency of blends, when contrasted with the experimental rheological results.

The structure and morphology of polymer blends is strongly linked to the fundamental rheolog-
ical properties of blends components.14414 According to Utracki, it is possible to predict if a
pair of polymers is miscible or not during melt mixing process by means of the log-additivity
rule, Equation 3.3. He proposed the use of this semi-empirical equation to identify the three
types of polymer blends: i) positive deviating blends (PDB), ii) negative deviating blends (NDB),
and iii) positive and negative deviating blends (PNDB) with a sigmoidal dependence.#4146 A
higher viscosity than the predicted by the log-additivity rule (PDB), is characteristic of miscible
and immiscible blends with strong interfacial interaction. A lower viscosity than the log-
additivity rule (NDB), is typical of incompatible blends where interaction of phases is weak,
leading to slip effect or delamination at the interface. When both behaviors are observed, it is a
sign of a strong composition-dependence transition that leads to changes in structure or mor-
phology of blends.1#84° The additivity rule application yields to interesting information about
phases’ interaction. However, this method should be based on the zero shear viscosity or the

viscosity at a constant shear stress.'3>

As the characterization of blends viscoelastic properties should be performed under conditions

that guarantee minimum modification of their structure,#

small amplitude oscillatory shear
(SAQS) tests may provide an accurate response of phases under flow since experimental condi-

tions are made within the linear viscoelastic region (LVR).

Miscibility of PEI/PBT blends

In previous studies of blends between PEI and PBT,%%-%3195 gquthors described complete miscibil-
ity within the entire compositional range after DSC, DMA, or FTIR analyses, regardless the
blending method used.*%#3105 |n their works, Chen,*? Wo0,%° and Vallejo*' evaluated miscibility
by thermal analysis. They found that PBT’s Tg and cold crystallization temperature (Tcc) shifted
to higher temperatures as a consequence of the increase in chains stiffness caused by PEI addi-
tion. Woo and Yau*® complement their thermal results with optical microscopy and SEM. They

observed in optical microscopies a transparent and homogeneous phase, and from SEM results
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no heterogeneous phase domains were identified. However, the morphological evaluation pre-
sented in some of those studies lacks clear evidence of phase differences between PEl and PBT
blends,*? and it is not possible to conclude if PEl and PBT are truly miscible since images have

very poor resolution.

In a different work, Jang and Sim* also evidenced a single Tg on PEI/PBT blends by thermal
analysis. Additionally, they performed FTIR measurements and found that C = O stretching
peak of PEI/PBT blends shifted to lower wavenumber as PBT crystallization proceeded as an

indicator of miscible phases.

Previous works on PEI/PBT blends do not present viscoelastic behavior studies that supports
miscibility analysis. In Vallejo et al,*! the only approximation to rheological properties was made
from evaluation of processability by relating torque as a function of PBT addition. In this work,
it is discussed for the first time for PEI/PBT blends, the relationship between viscoelastic prop-
erties, interfacial tension, processing conditions, and composition with blends morphology.
Since all blends in this work are obtained under the same processing conditions, we are able to
evaluate the effect of melt processing on the interfacial interaction between PEl and PBT, and

perform a complete analysis on blends structure or morphological evolution.

We approach the miscibility study from thermal analysis and tracking structure and morpholog-
ical evolution for the entire compositional range. In thermal analysis, it is used modulated dif-
ferential scanning calorimetry (MDSC) and dynamic mechanical analysis (DMA). For morpholog-
ical evolution we use the Soxhlet selective extraction technique together with SEM and TEM
analyses. In this work, it is presented new evidence on the morphological evolution of PEI/PBT

blends.

For PBT-rich blends, we found miscibility study is in good agreement with morphological
analyses. Thermal analyses show Tg corresponding to each phase signal, and from SEM and
TEM there are noticed PEl droplets dispersed in the PBT matrix. On the contrary, thermal
analysis on PEl-rich blends displays a noticeable shift of PBT Tg to higher temperatures, while
SEM and TEM micrographs show small droplets of PBT bonded to the PEI matrix through a
fibrillary interface, giving the appearance of what we called spore-like morphology. We also
demonstrate that PEI/PBT blends experience dual-phase transition at even PEl and PBT

concentrations. Experimental observation of phase inversion phenomena is contrasted to exist-
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ent prediction models, and it is proposed a phase transition scheme of Dn and Dv as a function

of PEIl concentration.
3.2.2 Experimental

PEI/PBT blends

PEI/PBT blends within the entire compositional range were prepared in an internal mixer using
the processing conditions described in Table 3.2. Blends designation, weight fraction, and vol-

ume fraction are listed in Table 3.3.

Table 3.3 Compositions for PEI/PBT blends in weight fraction and volume fraction.

Weight fraction Volume fraction
PEI/PBT blends designation (w) (9)?

PEI PBT PEI PBT
0/100 0 1 0 1
10/90 0.1 0.9 0.11 0.89
30/70 0.3 0.7 0.32 0.68
40/60 0.4 0.6 0.42 0.58
50/50 0.5 0.5 0.52 0.48
60/40 0.6 0.4 0.62 0.38
70/30 0.7 0.3 0.72 0.28
80/20 0.8 0.2 0.81 0.19
100/0 1 0 1 0

9 Calculated from the solid densities of PEI and PBT list in Table 3.1.

Rheological characterization

Viscoelastic properties of all materials were measured by means of a Physica MCR 501 rheome-
ter from Anton Paar. Discs of 20 mm diameter and 2 mm width were obtained by injection
molding in a HAAKE Minilet Pro Injection System from Thermo Scientific, using the conditions
listed in Table A- 2. It was used a parallel-plate geometry with a gap of 1 mm under a nitrogen
atmosphere at a constant temperature of 280 °C. Strain sweeps were performed at different

angular frequencies to define the linear viscoelastic region (LVR). SAOS experiments were per-
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formed to pure materials and PEI/PBT blends at 0.1 % of amplitude in a scanning range from
300 rad/s to 0.1 rad/s. All specimens were vacuum dried at 110 °C during 16 hours before LVR
and SAOS tests to avoid the prompt hydrolytic degradation of the PBT phase.

Miscibility study

Miscibility between PEl and PBT was studied by tracking the Tg of both components using mod-

ulated differential scanning calorimetry (MDSC), and dynamic mechanical analysis (DMA).

Modulated differential scanning calorimetry (MDSC)

Glass transition of pure materials and their blends were examined using a DSC Q200 from TA
Instruments. Samples of 20+1 mg were heated from 0 °C to 290 °C at 20 °C/min, and held on at
this temperature for 1 minute, followed by cooling to -30 °C at 20 °C min'%, and heated again in
modulated mode from 0°C to 300 °C at 2 °C/min with a modulation amplitude of +1.27 and a

period of 60 seconds.

Dynamic mechanical analysis (DMA)

DMA measurements were completed under torsional mode using solid clamps assembly of a
HAAKE MARS Il rheometer from Thermo Scientific. Injected molded samples of 8 + 0.2 mm
length, 10 + 0.2 mm width, and 4 + 0.2 mm thickness were heated from 30 °C to 250 °C, at
5°C/min, at 1 Hz frequency, and 0.5% strain to ensure the linear viscoelastic region. Samples

were preconditioned before testing within a strain program from 0.1% to 1.2% at 30°C.

Morphological analysis

Morphological evolution was studied using a scanning electron microscope SEM JOEL JSM-
7100. All samples were immersed in liquid nitrogen for 20 minutes, mechanically cryofracture,

and later coated with a gold layer.

Selective dissolution of PEl phase was made with chloroform by using the Soxhlet extraction
technique. It was only performed on PBT-rich blends because it was impossible to find a solvent
that selectively dissolved PBT phase without affecting PEl. Each sample was summited to a
certain number of cycles according to PEIl concentration, as it is shown in Figure A- 5.4. Samples

were vacuum dry at 100 °C during 8 hours to remove the excess of solvent.
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For a better morphology evolution assessment, we used a transmission electron microscope
TEM Tecnai G2 F20 from FEI. Thin sections of approximately 60 nm thickness were cut with a

diamond knife at 25 °C using a Leica ultramicrotome.
3.2.3 Results and discussion

Viscoelastic properties of PEI, PBT, and PEI/PBT blends

In Figure 3.6a) and Figure 3.6b), are plotted the complex viscosity (n*) and storage modulus (G’)
as a function of angular frequency, respectively. PEI exhibits much higher n* and G’ values than
PBT within the entire frequency range. PEl concentration display similar results in SAOS and
torque. A higher amount of PEl leads to a higher viscous and elastic blends. Conversely, small
PBT amounts improve the flow behavior of blends. For PBT-rich blends, in both n* and G’ plots,
the disturbance observed at low frequencies (<0.5 rad/s), corresponds to the hydrolytic degra-

dation of PBT phase due to long exposition times at 280 °C during the SAOS tests.
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Figure 3.6 Viscoelastic properties of PEl, PBT, and PEI/PBT blends: a) complex viscosity, and b) storage modulus.

In order to evaluate the effect of PEl composition on the morphology of blends under the linear
viscoelastic regime, we compare experimental n* and G’ results obtained at 300 rad/s to those
calculated from the log-additivity rule (see Figure 3.7). Both, n* and G’ exhibit experimental
values lower than the calculated from the log-additivity rule obeying to a NBD behavior that
extends along the entire PEI compositional range. These results suggest that PEI/PBT blends
tend to be immiscible in the molten state at 280 °C. Several authors have attributed the NBD to
lack of interaction between components and the formation of an interlayer slip phenomenon

which gives rise to a reduction in the viscosity of the blend.19%147.148 |n the present study, the
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occurrence of the slip layer may be originated by the low viscosity of PBT that enables the lubri-
cating effect between the two phases. The interlayer slip is also attributable to dilatation at the

interface in immiscible blends that causes a discontinuity in both, shear strain and shear

stress.14®
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Figure 3.7 Comparison of PEI/PBT blends experimental viscoelastic values with those calculated using the log-
additivity rule.

It should be pointed out that classification of polymer blends using the deviatory behavior from
the log-additivity rule is pertinent for blends’ flow behavior, but not for chemical nature of the
blends. Changes in molecular weight or in test temperature may vary significantly the deviation
from the rule.!#® Besides, miscibility in the molten state does not necessarily mean miscibility
on solid state, e.g. if one component is semicrystalline, the crystallization usually leads to phas-

es separation. 101144

Miscibility study by means of thermal analysis

Modulated differential scanning calorimetry (MDSC)

In Figure 3.8 are presented MDSC results for pure PEIl, PBT, and their blends. It is noticed that
Tg of PEl appears at 215.72 °C, and Tm of PBT at 222.5 °C. Both, transitions overlap in the range
between 213 °C and 225 °C, hiding the variation of PEI Tg in the blends and making impossible
to study miscibility by tracking Tg shifts of PEl and PBT. Therefore, the following discussion will

be focus on variations of PBT Tg.

Figure 3.8a) presents the cooling program results after erase the thermal history of PEI/PBT

samples. PBT crystallization temperature (Tc) appears at 196 °C as a sharp peak, and its intensi-
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ty decreases with increasing PEl concentration. Tc is almost completely inhibited in 70/30 and
80/20 blends. The crystallinity of PBT phase —calculated from the melting peaks in Figure 3.8b)
using a 100 % crystalline PBT with heat of fusion of 145 J/g*°%— varies from 18% for pure PBT to
6% for 70/30 blend and 0.8% for 80/20 blend. The decrease in PBT crystallinity is caused by the
segregation of PEl into the amorphous domain of PBT phase, which enriches the amorphous
domain of blends. Similar results were found in previous works on PEI/PBT blends.** However,
authors reported Tc shifts to lower temperatures when PEI concentration increases. In our re-

sults, the dashed vertical line shows that Tc remains invariable for all PBT-rich blends.
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Figure 3.8 Miscibility study of PEI/PBT blends from DSC thermal analysis. The thermal transitions are presented
during: a) cooling, and b) second heating on modulated mode (MDSC). The data was reorganized on the y-axis.

A magnification in Figure 3.8b) within the temperature range from 20 °C to 90 °C, shows the
thermal events of PBT-rich blends. It is observed a smooth shift of PBT Tg between 51.8 °C and
58 °C, indicating PEIl and PBT are partially miscible at high PBT concentrations. Within the mag-
nification region, PEl-rich blends no longer exhibit PBT thermal transition, suggesting PBT Tg
shifts to higher temperatures. It is noticed a smooth variation in PEl-rich blends (60/40, 70/30,
and 80/20) between 136 °C and 161 °C that may correspond to PBT Tg shift to higher tempera-
tures. However, as DSC is not a technique sensitive enough to detect small thermal relaxation
events, these results will need to be corroborated with a different highly sensitive technique

such as DMA.
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The smooth exothermic signal observed between PBT Tg and Tm in blends with 40, 50, 60, and
70 wt% of PEI, corresponds to PBT cold crystallization temperature (Tcc). Tcc is characteristic of
polymers that have passed through a quenching thermal treatment during cooling and appears
at temperatures higher than Tg.*>! When the quenched-in amorphous structure becomes mo-
bile enough, crystallization occurs during heating giving rise to an exothermic response before
Tm. In our work, in spite of PEI/PBT blends are cooled in air after the mixing process, and no
thermal treatment is performed, PEI solidification takes place before PBT, avoiding PBT mobile
phase crystallization. The differences in solidification between both phases produce an “in-situ”
quenching on PBT structure. Tcc is not observed in 80/20 blends, as a sign of strong molecular

interaction between amorphous phases of components, leading to miscibility.

In previous results on PEI/PBT blends, authors performed heating treatments of quenching just
after the blending process,*%** and annealing at different times and temperatures conditions.*?
Chen and coworkers*? obtained PEI/PBT blends by solution precipitation and performed melt
annealing at 250 °C to study PEI and PBT compatibility. They observed cold crystallization sig-
nals of PBT phase and found that higher annealing times lead to higher Tcc and also, that Tg
shifts to higher temperatures. They reported PElI and PBT are completely miscible in the entire

compositional range.

In contrast to other author’s findings,*0-#3°6.105 pPE| /PBT blends obtained under the experimental

conditions used in this work are partially miscible depending on PEI composition.

Dynamic mechanical thermal analysis (DMA)

Figure 3.9 displays DMA results for pure PEI, PBT, and their blends. Tg values are calculated
from the onset of the storage modulus G’, and are contrasted to those from DSC. Intermediate
transitions are analyzed from both, storage modulus onsets and tan (d). Generally, intermediate

thermal events are easy to visualize from tan () results.

Thermal transitions of pure materials obtained by DMA are in good agreement with those from
DSC results. In Figure 3.9a), the G’ plot of PEIl exhibits a sharp drop at 213 °C revealing its Tg. On
the other hand, PBT displays a G’ decline near 50 °C corresponding to its Tg. In Figure 3.9b), the
tan (8) plot reveals that PEI Tg and PBT Tm overlap at 235 °C. Therefore, miscibility analyses

from DMA results will be made according to PBT Tg behavior.
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Figure 3.9 Miscibility study of PEI/PBT blends from DMA analysis performed under torsional mode. It is presented:
a) the storage modulus and b) tan (3). The data was reorganized on the y-axis for ease of analysis.

Magnification on G’ plot shows the Tg values of PBT, PBT-rich blends, and PEI. It is noticed that
Tg values are close to those obtained from DSC tests. However, PEl-rich blends do not exhibit
PBT Tg within the range between 51 °C and 63 °C. This is caused by the “rejection” of the non-
crystallizable segments on PBT from the emerging crystals, acting as a diluent phase that en-
riches the amorphous phase of the blends.'*? As a result, blends with high PEIl concentrations
tend to be miscible. Similar results are reported on blends between PBT and bisphenol A

poly(arylate) (PAr);%%1% and between poly(ether ether ketone) (PEEK) and PE|.103104

In G’ plot, PBT exhibits a second thermal transition at 180 °C undetected by MDSC analysis. Ac-
cording to EDS, XRD, Raman, and XPS results showed in Figure A- 5.2, the flame retardant (FR)
compound present in PBT sample, is a combination of antimony trioxide and bromides. Bro-
mides are susceptible to state changes in the range between 170 °C and 190 °C, as reported by

Rzyman and coworkers in their work.’®> They studied the thermal behavior of tetrabromo
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bisphenol A (TBBPA) by DSC —a flame retardant additive commonly used in unsaturated poly-
esters flame retardancy>3—, finding that its melting temperature appears around 180 °C.%°? In
order to verify if this transition is originated by bromide compounds, we contrasted the DMA
results of flame retardant PBT to unfilled PBT (Uf-PBT). Results presented in Figure A- 5.3 show

no evidence of thermal transitions around 180 °C for PBT.

The thermal transitions corresponding to flame retardant compounds are evidenced as a
smooth peak at 100 °C and a peak at 188 °C in tan (0) plots. It is observed that both transitions
remain constant for all PBT-rich blends. Conversely, PEIl-rich blends exhibit marked differences
in their signals at temperatures higher than 180 °C. 60/40 blend shows a Tg shift caused by the
partial miscibility between PEI and PBT; 70/30 blend reveals a sharp signal produced by the
overlapping of PBT cold crystallization, flame retardant compounds, and PEl thermal events;
and finally, 80/20 blend shows a Tg shift together with a double-peak signal due to PEI phase is

in higher proportion and the enrichment of blends amorphous phase is more notable.

Morphology evolution of PEI/PBT blends

When two immiscible or partially miscible polymers are mixed, they distribute in different
manners according to their individual properties and processing conditions. As stated by Favis:
“if the minor component has a lower viscosity than the major one (as in the case of PEl-rich
blends), then the minor component will be finely and uniformly dispersed. Conversely, the mi-
nor component will be coarsely dispersed if its viscosity is higher than that of the major com-
ponent (as in the case of PBT-rich blends)”.>® This claim as simple as it sounds, involves several
factors such as: the weight or volume fractions, the structural paramenters of the constituents
(viscosity ratio, elasticity ratio, and interfacial tension), and the processing conditions (shear or

elongational deformation); that will affect phases’ distribution and the morphologies formed.*>*

Viscoelastic properties and interfacial tension of PEI/PBT blends

The following morphological analysis will be made based on pure PEIl and PBT viscoelastic char-

acteristics and surface tensions, as well as on PEI/PBT interfacial tension.

PEI/PBT blends viscoelastic ratios

The viscosity ratio when PEl or PBT is the matrix, is calculated from the measured viscosities of

blends components shown in Figure 3.6a) and by using Equation 3.4:
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__ NpEr __NpBr
P(PBT matrix) = or p(PEI matrix) —
NpBT NpEr

Equation 3.4

where p is the viscosity ratio when either PBT or PEIl is the matrix, npg; is the viscosity of PEI,

and nppr is the viscosity of PBT.>°

The elasticity ratio can be evaluated in analogy to the viscosity ratio by calculating the storage
moduli for PEIl and PBT from the SAOS tests presented in Figure 3.6b) by using Equation 3.5:
G,PEI G,PBT

IP(PBT matrix) — G or l/)(PEI matrix) = G
PBT PEI

Equation 3.5

where 1 is the elasticity ratio when either PBT or PEl is the matrix, G'pg; is the storage modulus

of PEl, and G'pgy is the storage modulus of PBT.>®

As both, viscosity and storage modulus are temperature and frequency dependent, and the
frequency should correspond to shear rates similar to those in the processing equipment,®* p
and v ratios are calculated at the same blends’ processing temperature of 280 °C and at a con-

stant frequency of 300 rad/s. The values are listed in Table 3.4.

Table 3.4 Viscosity ratios and storage modulus ratios for PBT-rich blends (PEI dispersed) and PEl-rich blends (PBT
dispersed), calculated at 280 °C and 300 rad/s.

- Complex viscosity ~ Storage modulus Viscosity ratio — p Storage modulus ratio
Materia (Pa.s) (Pa) P(PBT matrix) P(PEImatrixy W(PBTmatrix)y W (PEI matrix)
PEI 5910 1690000
19.77 0.05 56.52 0.02
PBT 299 29900

Since PEl is much more viscous and elastic than PBT, both p and y ratios show a wide differ-
ence between values when PEl or PBT is the matrix. Looking back at Figure 3.6, it is observed
that this behavior is kept for the entire frequency range studied. These differences on viscoelas-

tic properties have a direct effect on blends morphology, and will be discussed later on.
PEI/PBT blends interfacial tension

As mentioned, interfacial tension values between polymers pairs give relevant information
about blends interaction and phase’s miscibility. Several theoretical and experimental ap-
proaches are used for calculating this parameter. In this work, the direct measurement of inter-

facial tension between experimental methods was a challenge due to difficulties related to in-
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trinsic properties of components, such as: high temperatures needed for PEl and PTFE, and the

thermal sensitivity of PBT.

Due to the last issue, it was not possible to use the rheological approach to calculate interfacial
tension by means of the Palierne model, since PBT could not reach the low frequencies needed
for this model to be applied (0.01 rad/s — 0.001 rad/s) without affecting its molecular structure.
Hence, the interfacial tension between PEI and PBT is calculated from a theoretical approach

using the harmonic mean equation shown in Equation 2.9.

According to Wu,®? the interfacial tension between two polymers can be calculated from har-
monic method measuring the contact angles of two liquids —one polar and one dispersive— on
the surfaces of the two polymers. If the polar and dispersive components, and thus the surface
tension of the liquids are known, the total surface tension of each polymer (y, = y% + y?) can

be obtained by using Equation 3.6:

d, d Py P
4y:"vL 4ys"v1 Equation 3.6

(14 cos@)y, =
Uyl 4y v +yP

where 6 is the contact angle between the liquid and the polymer.

Some polar and dispersive liquids combinations used in the calculation of polymers surface ten-
sion include water/a-bromonaphthalene, glycerol/diiodomethane, water/diiodomethane, and
formamide/diiodomethane due to their high polarity differences.'>> We calculate the theoreti-
cal surface tension values of PEl and PBT from using literature reports of contact angles ob-
tained with water and diiodomethane. In Table 3.5, are listed the results of PEl and PBT surface

tensions, as well as the calculated PEI/PBT interfacial tension.

A first look into the total surface energies (y7), reveals that both PEl and PBT values are very
close. However, the polar component of PBT is much higher than that for PEI, which favors pol-
ymers immiscibility to some extent. The polarity difference between both polymers is high-

lighted in PEI/PBT interfacial tension value.

In thermodynamics terms, if the interfacial tension between two polymers is zero, or close to
zero, they will tend to be miscible. In their work, Guerrica-Echavarria and coworkers!>® evaluat-
ed the interfacial tension between some commodity, engineering and specialty polymer pairs

using the harmonic method. Their results revealed that interfacial tension values lower than 2
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dyn/cm lead to phases’ miscibility, while values greater than 2 dyn/cm caused phases’ segrega-
tion. According to those results, the calculated interfacial tension for PEI/PBT blends
(vper/per = 3.14 dyn/cm) indicates that PEl and PBT will tend to form separate phases. This
results are in good agreement with those of the viscoelastic and thermal characterization pre-
viously described, which state that both phases tend to form separated domains during melt

blending.

Table 3.5 Theoretical PEI and PBT surface tension values, and PEI/PBT interfacial tension values calculated from the
harmonic mean equation.

. Contact angle (°) Surface tension (dyn/cm)¢ Interfacial tension (dyn/cm)?
Material Water  Diiodomethane pd yP yr YPEI/PBT
PEI 752 27? 41.12 4.94 46.06
3.14
PBT 63b 30 36.65 11.92 48.57

@ Values obtained from reference!>®

b Values obtained from reference!®’

¢ Values calculated from Equation 3.6 using liquids surface tension values obtained from referencel®> [(water y; =
72.8 dyn/cm; y* = 22.1 dyn/cm; yP = 50.7 dyn/cm); (Diiodomethane: y; = 50.8 dyn/cm; y¢ = 48.5 dyn/cm; yP =
2.3 dyn/cm)]

dValues calculated from the harmonic mean equation, Equation 2.9

Morphology of PEI/PBT blends

In Figure 3.10, there are presented PEI/PBT blends morphologies in the entire compositional
range. Figure 3.10a) and Figure 3.10h), display the cryofracture surfaces of pure materials after

being processed in the internal mixer at the same processing conditions as for blends.

In Figure 3.10a), it is observed that PBT fractured surface has an uneven appearance. The white
particles correspond to the flame retardant compound. Contrary to PBT, PEI fracture looks like
a smooth surface characteristic of amorphous polymers, Figure 3.10h). Regarding blends sam-
ples shown from Figure 3.10b) to Figure 3.10g), it is noticed a considerably variation of mor-
phology when PEI concentration is increased. PBT-rich blends (30/70 and 40/60) exhibit PEI
domains with grouped drops poorly bonded to the matrix. Figure 3.10d) shows the morphology
changes at even PEl and PBT concentrations, where PEl phase is no longer distributed as drop-

lets, and both phases are bonded through a fibrillary interface, as exemplify in Figure 3.11.
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Figure 3.10 SEM micrographs of PEI/PBT blends within the entire compositional range: a) 0/100, b) 30/70, c) 40/60,
d) 50/50, e) 60/40, f) 70/30, g) 80/20, and h) 100/0. All images were taken at a magnification of 10kX.




On the other hand, PEl-rich blends (70/30 and 80/20) show the matrix entirely dominated by
the smoother PEI phase, which is covering fire retardant particles as well as tiny PBT droplets.
There are noticed some PBT droplets attached to the PEI matrix through the fibrillary interface,

just as observed for the other blends compositions.

>

Figure 3.11 Scheme of the proposed fibrillary interface between a matrix A and a dispersive phase B.

Having in mind only SEM results, it is difficult to differentiate the phase shape and to measure
the size of the dispersed phases along the different compositions. In order to better understand
PEI/PBT blends morphology, we addressed the morphological study from two complementary
approaches: Soxhlet extraction technique and TEM analysis and the detailed study of the mor-

phology for PBT-rich blends and PEl-rich blends.

PBT-rich blends morphology

In Figure 3.12, it is displayed the morphology of three PBT-rich blends after PEl selectively ex-

traction (images on the left) contrasted with TEM results (images on the right).

10/90 blend

Figure 3.12a) shows the morphology of the 10/90 blend.! It is noticed that extraction of PEI
phase let well-defined droplets of different sizes along the PBT matrix, together with small
spheres inside PEl domains that did not dissolve. The inserted image in SEM micrograph of Fig-
ure 3.12a), displays a single PEI droplet completely covered by PBT matrix before selective ex-
traction. PEl phase is adhered to the matrix by the fibrillary interface that is characteristic of

PBT phase. The TEM micrograph for the same blend shows the PBT matrix as a cloudy region

1|t should be clarified this blend will be included only in this part of the document to illustrate the distribution of
highly diluted PEI concentration. When PEI concentration as low as 10 wt% is added to the internal mixer during
step 1, it is not properly homogenized when PBT phase is added during step 2 due to a lack of shear deformation
of the dispersive phase. Hence, PEIl concentration in this blend is surely less than 10 wt%.
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because of its semicrystalline nature. The black spots correspond to antimony trioxide crystals,
and the PEI droplets are revealed as the smoother and transparent regions, with smaller

cloudy-droplets inside corresponding to PBT phase, which gives the idea of composite droplets

formation.

SEM TEM
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Figure 3.12 Contrast of the morphology of PBT-rich blends observed by SEM (left) and TEM (right), for PEI/PBT
blends with: a) 10/90, b) 30/70, and c) 50/50. SEM micrographs show specimens with the extraction of PEl phase,
and TEM micrographs show samples without PEI extraction.
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In binary systems, the formation of composite droplet morphology is well known for blends
between brittle polymers and rubbery particles when it is necessary to improve the impact re-
sistance and toughness of the matrix.?>*-161 According to Favis, this morphology is hard to ob-
tain, and even more difficult to control, from melt processing methods.” In this work, we ob-
served a well-defined morphology of composite droplets on PBT-rich blends that comprise
three main parts: PBT matrix, PEIl dispersive phase, and PBT sub-inclusions within PEI droplets.
This morphology is caused by a combination of two main effects: the steps processing method
we used to fabricate the blends, and the significant differences in the viscoelastic properties

between PEIl and PBT previously described.

During step 2 of processing, three minutes is the maximum mixing time for simultaneous mixing
of PEl and PBT phases. Within this time, the highly elastic PEI droplets encapsulate the low elas-
tic PBT phase forming the core-shell morphology. Besides, the viscosity of PEI at 280 °C is too
high compared to that of PBT, causing high retention of PBT in PEI droplets. This phenomenon
is described by Vanoene'®? and it was observed by Berger and coworkers in their experiments
with PET/PA blends.’®3 In the PC/PP system studied by Favis and coworkers, they found that
increasing the mixing time will diminished droplets retention. In our experiments, mixing times

longer than three minutes will result in PBT thermal decomposition.
30/70 blend

So far, phase distribution observed in PBT-rich blends seems to fit more to the classical theory
of Taylor and Grace, which explains the effect of the viscosity ratio on blends morphology.
When highly viscous PEl is the dispersive phase, the viscosity ratio is greater than one (p >> 1),
exceeding the breakup limit established by Taylor and Grace under shear deformation field (p >
3.7)*%0 and preventing PEI droplets to deform and breakup into smaller particles. However,
when the dispersive phase concentration increases the morphology formation is more influ-
enced by the processing conditions. For instance, PEI particles in 30/70 blends have smaller size
contrasted to those in 10/90 blends. This is due to PEI higher concentrations are better homog-
enized by the kneaders during the mixing process, and hence, PEI particles in the 30/70 blends

are elongated and broke up into finer particles.

Additionally, as it is expected, higher concentrations of the dispersive phase enhance the num-

ber of particle-particle collisions and as a consequence, they coalesce. Figure 3.12b) shows that
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PEI droplets in 30/70 blend are not as even and spherical as those observed in 10/90 blend.
From TEM micrograph, it is confirmed that PEI particles coalesce when the concentration in-
creases, giving as a result an uneven dispersive phase, with some droplets connected to each
other. Several authors have studied the coalescence effect on the development of blends mor-
phology,3>21014-182260 3nd they defined the basic influencing parameters during coalescence
as: weight or volume fraction of dispersive phase, particle radius, phase’s viscosity, and interfa-
cial tension. Since the calculated interfacial tension between PEI and PBT (3.14 dyn/cm) points
to immiscibility between both phases, coalescence between PEI particles will be enhanced dur-

ing processing.

However, in TEM image shown in Figure 3.13 we performed a close up of one PEl droplet in the
30/70 blend. The semicrystalline PBT matrix is composed by well-defined spherulites formation
that surrounds some antimony trioxide crystals (black spots), and the PEI droplet. The magnifi-
cation reveals that spherulites around PEI droplet interpenetrate the PEI/PBT interface. This
phenomenon is known as inter-spherulitic interaction and is common in blends between rigid
amorphous and flexible semicrystalline polymers.14%164165 \When PEI and PBT are mixed, PEI
acts as an amorphous diluent of PBT amorphous phase, and some miscibility degree is

achieved. Once again, this explains the small Tg shifts observed for PBT-rich blends in the DSC

and DMA results, which are attributable to partial miscibility between PEl and PBT phases.

Figure 3.13 30PEI/70PBT TEM micrograph showing PBT phase crystals and one PEI droplet. The magnification dis-
plays the interface between the two phases (dashed line).
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50/50 blend

In both, SEM and TEM micrographs shown in Figure 3.12c), it is revealed that when even PEI
and PBT concentrations are mixed it takes place a dual-phase transition event. In a complete
compositional range study of immiscible polymers blend, it is expected a phase inversion point
where the two phases are fully co-continuous and it is impossible to differentiate the matrix
from the dispersive phase.”>1 If the composition continues increasing the former matrix be-

comes the dispersed phase and the former dispersed phase becomes the matrix.

The mentioned morphological transformation will lead to considerable changes in blends’
properties. For this reason, it is of great interest to determinate the composition where the

phase inversion takes place.***

Dual-phase transition of PEI/PBT blends

Earlier in this chapter, it was made a discussion on the effect of PEI concentration on rheologi-
cal properties and phases’ interaction of PEI/PBT blends by means of the log-additivity rule by
using Equation 3.3. The analysis performed to PEI/PBT samples in the linear viscoelastic region
during SAOS tests indicated that PEI/PBT blends are immiscible in the entire compositional
range (Figure 3.7), which is somehow in a good agreement with SEM and TEM findings. Howev-
er, from log-additivity rule it was not possible to identify, and even less to predict, the occur-

rence of the phase inversion.

In order to understand at which composition the dual-phase inversion takes place, a discussion
from the qualitative understanding of the driving forces behind the formation of the phase in-

version region from existent theoretical models will be made.

Experimental vs. calculated dual-phase transition point of PEI/PBT blends

In Chapter 2, there were described some theoretical models for predicting dual-phase transi-
tion point on polymer blends. In Table 3.6 are listed the volume fractions by using Jordhamo’s,
Chen’s, Metelkin’s, and Bourry’s theoretical approaches to predict the dual-phase inversion
point. For PEI/PBT blends, experimental volume fractions are based in the range where it is ob-
served the dual-phase inversion in SEM and TEM images, which is approximately between
40 wt% and 60 wt% of PEl. These values converted to volume fraction are ¢@pei= 0.42 and

orel = 0.62, respectively.
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Table 3.6 Prediction of dual phase-inversion point of PEI/PBT blends, and experimental values observed from SEM
and TEM micrographs.

Jordhamo model Chen & Su model Metelkin & Blekht model

Vol fracti
olume fraction ¢ juation 2.13) (Equation 2.15) (Equation 2.16)

QPEI 0.95 0.75 0.95

Volume fraction obtained experimentally from TEM ¢ PEl = 0.42 — 0.62

The phase inversion point from Jordhamo’s and Metelkin’s models predict that phase inversion
will take place at @pel = 0.95, suggesting that low viscosity PBT phase will tend to be the contin-
uous phase in almost the entire compositional range. These discrepancies between the ob-
served and the calculated phase inversion points are attributable to the hypothesis of both,
Equation 2.13 and Equation 2.16, which is based in the idea that less viscous phase will tend to
be the matrix. Previous viscoelastic characterization of pure components revealed that PBT is
notoriously lesser viscous than PEl, and hence, these models overestimate the viscosities dif-

ferences in PEI/PBT system.

The model proposed by Chen and Su, on the other hand, was estimated for polymer systems
with large viscosities differences. Although the predicted results from Equation 2.15 are closer
to our experimental observations, it is still far from the phase inversion point observed in SEM

and TEM micrographs for PEI/PBT blends.

Some authors modified Chen and Su’s model to better fit their experimental results to a theo-
retical approach.3®7 In their study on phase morphology of PA66/PS blends obtained by melt-
blending in a corotating twin-screw extruder, Sobha and coworkers'®’ varied Equation 2.15 to
obtain phase inversion point values closer to their experimental observations. A similar strategy
was applied by Everaert and coworkers® by removing the term 1.2 from the same equation.
This arbitrary modification resulted in a better fitting of their experimental results on the phase

inversion evaluation of PP/(PS/PPE) blends.

Following the same approach of the aforementioned authors, we found that replacing the coef-
ficient 1.2 by 0.45 we obtained an expression that fit better to our experimental phase inver-
sion point values, Equation 3.7. Contrasted results of original and modified Chen and Su’s mod-

el are listed in Table 3.7.

P _ 045 (Tlﬂ)o"g Equation 3.7
P N
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Table 3.7 Modified Chen and Su equation for phase inversion point prediction.

Chen and Su model

Volume frac-
tion Equation 2.15 Modified by Mo_d|f|ed in
Everaert? this work
OPEI 0.75 0.71 0.52

It is a fact that this model has to be modified to fit some particular experimental results, which
is a clear evidence there is a lack of parameters to be considered, and they do not predict the
behavior of all polymer blends pairs. Similar discrepancies in predicting phase inversion values
are found in several works with different polymer blends systems.37>168-170 A|| quthors agree
these models lack considerations such as materials characteristics —interfacial tension and ma-
terials elasticity— and processing conditions —mixing time and mixing sequence—. In this
work, it is noticed that high PEI/PBT interfacial tension together with steps-blending process,

highly influences PEI distribution in PBT matrix, and hence, dual phase inversion transition.

Even though the values obtained with Chen and Su’s model, with and without modifications,
SEM and TEM evidences shown in this work point out to the occurrence of phase inversion in

PEI/PBT blends with 50 wt% of PEl and 50 wt% of PBT.

PEI-rich blends morphology

When we applied the Soxhlet extraction to PEl-rich blends, it washed away almost the whole
sample, and the remained material did not support itself to be observed by SEM. Therefore, the
morphology study of these blends will be discussed from the cryofractured samples by SEM and

the microtomed samples by TEM, without selective phase extraction.
60/40 blend

Figure 3.14 displays the morphology of blends after the dual phase transition. In Figure 3.14a),
it is noticed that the smooth PEl phase covers more area along the sample surface and that
both phases are adhered through the characteristic fibrillary structure described previously.
The TEM micrograph shown in Figure 3.14b), reveals that PBT phase is distributed along the PEI
matrix as droplets with irregular sizes and shapes —not as well defined as PEI droplets in PBT-
rich blends—. This is caused by the increase of PElI concentration above the dual-phase inver-
sion point, where PEl becomes the matrix and PBT the dispersive phase. These results are in

good agreement with the predicted phase inversion point Equation 3.7, where the phase inver-
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sion point takes place at even PEl and PBT concentrations, for PElI volume fractions greater than

0.42 and lower than 0.62, as indicated in Table 3.6.

A magnification presented in Figure 3.14c), shows more in detail the fibrillary interface be-
tween PBT droplets adhered to the PElI matrix, which is found to be similar to the inter-
spherulitic interaction described previously in Figure 3.13, suggesting this that the fibrillary in-

terface is rich in PBT phase.

Figure 3.14 Morphology of PEI/PBT blends containing 60 wt% of PEIl: a) SEM micrograph, b) and c) TEM micro-
graphs.

70/30 and 80/20 blends

The increasing in PEI concentration leads to significant changes in PEI/PBT blends morphology.
A close up of the morphology of blends containing 70 wt% of PEl and 80 wt% of PEl is presented
in Figure 3.15. There is noticed that small PBT droplets are attached to the PEl matrix with a
fibrillary interface, giving the appearance of what we called a spore-like morphology. In a recent
work, Bahrami and coworkers found that binary PPE/SAN blends compatibilized with SBM
triblock terpolymer exhibit a similar morphology. They attributed the fibrillary linkage between
PPE and SAN to the effect of the chemical compatibilization.?”* In our work, no compatibilizer
agents were used, and the interaction between PEI and PBT phases is a sign of good physical
compatibilization between both phases. This singular morphology in PEl-rich blends is attribut-
able to the partial miscibility caused by the inter-spherulitic interaction between both phases,
and mainly, to the differences of shrinkage between the two materials. PBT is a semicrystalline
polymer with fast crystallization rate and as a consequence, a small shrinkage feature has been

reported.’?
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Figure 3.15 Spore-like morphology of PEl-rich blends: a) 70 wt% of PEI, and b) 80 wt% of PEI.

In their work in HDPE/PC blends, Leclair and Favis'’® explain that when an immiscible polymer
blend is composed by a highly semicrystalline and a highly amorphous phase, a voiding mecha-
nism takes place at the interface when the amorphous phase is the matrix. Immiscibility be-
tween HDPE and PC is attributed to their molecular structure differences, and to their transi-
tions temperatures during cooling. In Figure 3.16 it is presented a schematic representation of
what happens to both PEl and PBT phases during the mixing process, as well as during the cool-
ing stage after PEl-rich blends are removed from the mixer. When PBT is added to the fluid PEI
in step 2, PBT pellets melt, deform, and split into tiny droplets as a consequence of the shearing
and elongation forces caused by the rotors speed and the highly viscous PEI phase. The cooling
stage starts with both materials at 280 °C, with both, PEI and PBT in fluid and molten state, re-
spectively. At 210 °C, PEl phase is below its Tg and the matrix becomes rigid, hosting inside the
still molten portion of immiscible PBT phase. When temperature reaches 196 °C, PBT starts to
crystallize, and due to its semicrystalline nature, PBT droplets experience a significant shrinkage
which leads voids generation between PEl and PBT phases. However, due to the partial
miscibility between both phases, the voids are combined with a fibrillary attachment between

PBT droplets and the PEI matrix.
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Figure 3.16 Schematic representation of spore-like morphology formation in PEl-rich blends regarding its cooling
stages.

In Figure 3.17 it is displayed the evolution of the irregular and coarse particles in 60/40 blends
to small and well defined droplets distributed along the PEI matrix in 70/30 and 80/20 blends.
Two hypotheses came to light to explain this behavior: the first, claims that finer particles size
of PBT phase when PEl is the matrix is in good agreement with the theory of Taylor and Grace.
As PEl is much viscous than PBT —as evidenced in the viscous and modulus ratios in Table 3.4—
at the time the torque stabilizes PBT phase is distributed in the PEI matrix as fine droplets. The
second hypothesis comprises capillary instabilities in the blend in the steady state after mixing
process. However, this hypothesis was discarded since PEI’s viscosity is high enough to stabilize

PBT droplets to avoid capillary instabilities after the shear flow ceased.>®

As expected, PBT particles on TEM micrographs are the same size of those spore-like morphol-
ogies observed by SEM. In 80/20 blend, we measured spores close to nanoscale sizes —until
120 nm—. Some authors reported that the use of surfactants or compatibilizer agents improve
the interfacial adhesion between components,:1>133,160.174175 Kt they may also lead to the
reduction in the size of the dispersive phase to nanoscale.’6'77 According to Sundararaj and
Macosko,’® the main effect of the interfacial modificators is to reduce the particle size to even

a third of its original size, and to narrow the particle size distribution. In this work, the reduc-
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tion reached in PBT particle size results from processing conditions, and it is sensed by DSC and
DMA as a single Tg for PEI-rich blends (Figure 3.8 and Figure 3.9), suggesting there exists misci-
bility between PEIl and PBT. Although some miscibility between PElI and PBT may make a lot of
sense —because the amorphous PEI phase acts as a diluent of the amorphous structure of PBT
(as observed in Figure 3.13 for 30/70 blend)—, the evidences observed by SEM and TEM show
that PEI and PBT tend to be immiscible in the entire composition range, which is in good
agreement to the log-additivity rule analysis performed from PEl and PBT viscoelastic proper-

ties in Figure 3.7.

The reduction of the dispersive particle size is also promoted by processing sequences. In their
work, Cimmino and coworkers studied the interfacial adhesion of PA-6/EPM/EPM-g-SA blends
by changing the mixing sequence of the graft copolymer. They found that one-step mixing re-
sulted in coarse particles, while two-step mixing gave as a result finely dispersed morphology
and excellent mechanical properties.t”® Even though in our work we did not use compatibilizer
agents, we obtained very small PBT particles sizes after adding during step 2, where the highly

viscous PEI deform the PBT phase into small particles.

Figure 3.17 TEM micrographs of PEI-rich blends for: a) 60 wt% of PEI, b) 70 wt% of PEl, and c) 80 wt% of PEl; and
comparison with the spore-like morphology observed by SEM for blends with 70 wt% of PEl and 80 wt% of PEI.

Effect of PEI concentration on blends particle size

The previous morphological study reveals that the morphology of PEI/PBT blends strongly de-

pends on the processing conditions, the viscoelastic differences between pure components,
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and PEl composition. Figure 3.18 shows the effect of blends composition on the particle size of
the dispersive phase. In Figure 3.18a), the dashed lines in Dn and Dv vs. wt % of PEI plot repre-
sent the generalized behavior of particles size before and after the dual-phase inversion. The
results for PEI/PBT blends are presented in Figure 3.18b), where is shown a plot of dispersive
phase diameters as a function of PEl concentration. The number-average diameter (Dn) and
volume-average diameter (Dv) are calculated by using Equation 3.8 and Equation 3.9, for at

least 100 particles.

Dn = 2idi Equation 3.8
n
d 3\ 1/3
Dv = <Zl i ) Equation 3.9
n

Some authors reported that particle size increases gradually with increasing composition as a
consequence of coalescence, and just after phase inversion, the minor phase is deformed and
breaks up into smaller particles.'®’-189 Contrary to these reports, we found that PEl droplets
have coarser size at lower concentrations. This unexpected behavior is explained by the pro-
cessing conditions proposed in this work and the enormous differences between the viscoelas-
tic properties of pure materials. When small amounts of PEl (10 wt%) are added to the mixer
during step 1, the kneaders soften and smoothly deform the PEI phase. At the time high con-
centration of PBT phase is added during step 2, it melts and surrounds PEl phase. As PBT phase
is much less viscous, it do not exert significant shear over PEI phase which distributes freely in
the PBT matrix without suffering major deformation adopting a coarse size droplets. While in-
creasing PEl concentration to 30 wt% and 40 wt%, a combination of shear and elongational
flows takes place inside the mixer and PEIl particles deform and break up into finer sizes. PEI-
rich blends on the other hand, follow the generalized behavior. The increasing concentration of
the highly viscous matrix leads to obtaining finer particles sizes of the less viscous dispersive

phase.
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Figure 3.18 Effect of blends composition on the size of the dispersive phase: a) Generalized behavior for blends
with dual-phase inversion, and b) effect of PEI composition on the dispersed particle size of PEI/PBT blends.

In order to better observe not only the size but also the shape of the dispersive phase mor-
phology when whether PBT or PEl is the matrix, Figure 3.19 shows a schematic representation
of PEI/PBT blends’” morphology evolution as a function of PEI composition. The scale of the TEM
micrograph for each blend is kept in its original size, and the drawn morphology is modified to
take all particles to a common scale of 2 um. The differences observed for each composition are
entirely attributable to the processing parameters and the mixing sequence used in this work.
Important parameter such as interfacial tension —which strongly influences the morphology of

immiscible blends— is considered to be constant for all blends compositions.

According to Wu,%? interfacial tension between two substances will vary when there are chang-
es in components polarities, temperature, and molecular weight of components. As blending
conditions in this work were kept constant for all PEI/PBT blends in the entire compositional
range, there are no changes in the interfacial tension that affect blends morphology. What does
change for each blend while increasing PEI concentration is the morphology shape, and hence,

the contact surface area between PEl and PBT.

Contrary to other works on PEI/PBT blends, our results reveal that PEl and PBT phases are well
differentiated from each other in the entire compositional range. The main differences with
those reports are the characteristics of the commercial resins —we use flame retarded PBT—,

the processing methods, and the step processing conditions.
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Figure 3.19 Schematic representation of the morphological evolution of PEI/PBT blends in the entire compositional
range.

With the aim of verifying if raw materials influences on blend’s miscibility, we fabricate binary
blends between PEl and unfilled PBT (Uf-PBT), using 30 wt% and 50 wt% of PEI. In Figure 3.20a),
the 30/70 blend exhibits dispersed droplets of PEI phase attached to the PBT matrix through
the characteristic fibrillary interface, similarly to observations on SEM results in blends with
flame retarded PBT. In Figure 3.20b), the 50/50 blend displays the co-continuous morphology
as blends with filled PBT, with both phases bonded through the fibrillary interface. These re-
sults confirm that immiscibility found between PEI and PBT in this work, it is mainly favored by
the step processing conditions we used, and that morphology is completely influenced by

blends composition.
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Figure 3.20 Morphology of blends between PEI and Uf-PBT: a) 30/70, and b) 50/50.

3.3 PART III - Effect of morphology on the mechanical properties,
thermal stability, and flammability resistance of PEI/PBT blends

3.3.1 Introduction

Mechanical and thermal performance on polymer blends, will be strongly affected by the mis-
cibility level between the individual constituents. For instance, miscible polymer pairs may ex-
hibit superior properties to those of the individual constituents, leading to synergetic behav-
iors.189181 On the other hand, properties of immiscible blends will depend on the composition
and the type of morphology obtained.?346:182-187 Conversely to miscible polymer mixtures, im-
miscible polymer blends generally exhibit poor mechanical properties due to the components
may lack of enough interfacial interaction, and hence, synergetic behavior is not commonly
obtained in these systems. To counter this issue, there are commonly used chemical compati-
bilizing agents that induce some sort of interaction between blends components at interfacial
level. However, as mentioned in previous sections in this work we avoided the use of any chem-
ical compatibilizer, and the fibrillary interaction bond observed by SEM and TEM is reached by
the proper physical compatibilization during the mechanical mixing process, together with the

partial miscibility between PEl and PBT.
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In this section, it is studied the effect of blends composition on the mechanical, thermal, and
fire resistance properties of PEI/PBT blends by using known experimental techniques together
with semi-empirical additivity approaches. It is known that blending technology is based on the
principle of additivity, and it is a suitable way to relate physical, chemical, mechanical, thermal
and electrical properties with blend’s composition.”>8 The additivity rule allows to evaluate
the effect of components interaction in both, miscible and immiscible blends, and several prop-
erties such as modulus, impact strength, heat resistance, color, hardness, flame retardancy,

thermal conductivity, etc. obey this rule described in Equation 3.10:
P, = wyP; + w,P, Equation 3.10

where w; and P; are the weight fraction and the property of interest of polymer i, respectively.
For instance, when predicting the mechanical properties in immiscible blends, the negative de-
viation from the additivity rule is linked to poor interfacial interaction between blend compo-
nents that promote the early failure. In this situation, blends are said to be non-synergetic or
incompatible. If there exists positive deviation, the blends exhibit a synergetic behavior as a

consequence of strong interfacial interaction or partial miscibility.

A first look into the tensile results for PEI/PBT blends, reveals an intermediate behavior respect
pure materials. When there are plotted the mechanical properties as a function of PEl composi-
tion, the elastic moduli deviate positively from additivity rule and tensile strength values exhibit
both positive and negative deviation. Even a synergetic contribution of moduli values for 50/50
and 80/20 blends phases is observed. This synergic behavior is attributed to strong phase adhe-
sion between PEl and PBT, and to blends’ embrittlement promoted by the PEl addition. Results
from elongation to break, revealed a negative deviation from additivity rule for all composi-
tions, and that the blend with 50 wt% of PEI exhibits the best elongational at break capacity

due to its co-continuous morphology.

Miscibility also plays a crucial role in thermal stability and flame resistance of polymer blends.
Besides, the interactions between the constituents and their products during thermal
decomposition is also of highly importance. In immiscible blends, for example, these interac-
tions involve diffusion of a small mobile product species (molecule or radical) from one phase
to other.182188 |n their work, McNeill and Gorman reported there are four main possible inter-

action in heterogeneous blends: i) small molecule + macromolecule; ii) small molecule + macro-
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radical; iii) small radical + macromolecule; and iv) small radical + macroradical.'® Since these
interactions may stabilize or destabilize the thermal behavior of polymers, the degree of dis-
persion of the phases in immiscible blends is a crucial factor. For example, an immiscible PS/BR
blend is more thermally stable than its pure components because the products from the poly-
olefin degradation diffuses into the polystyrene phase and acts as a scavenger for polystyryl
radicals.'® Conversely, Naffakh and coworkers noticed that the degradation of PEEK/LCP blends
is accelerated by blending process, and that the thermal stability is strongly influenced by the

level of interaction between the two components.84

The study of thermal stability in polymer blends is commonly performed by TGA. From this
technique, it is possible to predict the decomposition behavior of blends and to detect the
mentioned interactions between constituents or their decomposition products.'® When ac-
companied with FTIR, it is possible exploring the reactions that are taking place and provide a

degradation mechanism. Nevertheless, study of these mechanisms is not the aim of this study.

Thermal stability results show that PEIl addition improves considerably PBT’s thermal proper-
ties, even at low PEIl concentrations. Moreover, the flammability tests reveal that the charring
ability of PEI remains in all blends compositions as the main flame protection barrier. It is
known that flame retardancy property is usually desirable to mitigate flame propagation on
consumer goods, protect the integrity of human body, and in extreme cases, save lives.**? In
protective textiles applications, for example, the thermoplastic fibers that are commonly used
such as polyesters, PP, and PA —even with flame retardant additives—, exhibit melt dripping
and form holes when are directly exposed to flame. These polymers cannot be used in applica-
tions such as protective clothing and barrier textiles, since char formation is an essential re-

quirement for protection.?”-125127

For the best of our knowledge, this is the first time there are reported the mechanical behavior
together with thermal stability and flammability study on PEI/PBT blends, and that such proper-

ties are related to phases interaction in the entire compositional range.
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3.3.2 Experimental

Tensile tests

Tensile tests were made according to standard ASTM D638 — 14. Type V samples were injected
molded in a HAAKE MiniJet Pro Injection System from Thermo Scientific. Conditions for injec-
tion molding are listed in Table A- 3. Samples were tested in an Instron 3366 at a crosshead
speed of 1 mm/min using an extensometer with a gauge length of 10 mm. At least five speci-

mens of each blend were measured and the average values were reported.

Thermal stability and flammability tests

Thermal stability of PEI, PBT, and PEI/PBT blends was studied by means of TGA. The flammabil-

ity tests were settled according to the UL94 standard.

Thermogravimetric analysis (TGA)

Thermal stability study was carried out in a TGA Q500 model from TA Instruments on samples
of 40+2 mg, within a temperature range from 25 °C to 900 °C at a heating rate of 10 °C/min. All

thermal evaluation tests were performed under nitrogen atmosphere.

Flame resistance analysis

For flammability tests, samples of 125 mm length, 10 mm width, and 3 mm thickness were ob-
tained by injection molding in a HAAKE™ MiniJet Pro Injection System from Thermo Scientific.
The injection molding conditions are the same as the ones described in Table A- 3. An assembly
was fabricated to perform horizontal burning (HB) tests according to the standard UL 94, Figure
3.21. The lab-made assembly consisted of a laboratory burner positioned at 45°, a supply of
natural gas, a sample holder, and a universal laboratory support. According to the UL94 stand-
ard, two marks were made in the specimens at 25 mm and 100 mm length from the tip that is
exposed to direct flame contact, in order to measure the burning rate in mm/s. Three speci-
mens were tested for each blend. The flame traces in the samples were video and photograph-

ically recorded.
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Figure 3.21 Lab-made assembly for the horizontal burning test according to standard UL 94 — Section 7.

3.3.3 Results and discussion

Mechanical properties of PEI/PBT blends

Figure 3.22 displays the stress vs. strain curves for pure materials and their blends. Pure PEl and
PBT show the characteristic behavior of ductile polymers. PEI goes through a cold-drawing pro-
cess with a maximum value of the yield stress, oy (or tensile strength) at 103.6 MPa, followed
by a stress drop as a sign of necking. The stress stabilizes until PEI breaks at 20% deformation.
PBT on the other hand, reaches its oy at 56.9 MPa and deforms gradually until it breaks after

40% deformation.

Regarding PEI/PBT blends, they exhibit intermediate tensile strength with respect to pure com-
ponents, which increases with PEl phase addition. However, there are clear differences in the
elongational break performance of blends. Most blends exhibit cold-drawing behavior, but only
50/50 blend, and to some extent 40/60 and 60/40 blends, exhibit deformation similar to pure
components. Two brittle blends are observed: 30/70 blend, and surprisingly 80/20 blend —with

spore-like morphology— that break just after they reach the yield stress.
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Figure 3.22 Tensile stress-strain curves for PEl, PBT, and PEI/PBT blends.

In Figure 3.23 are displayed the tensile moduli for PEI/PBT blends as a function of PEIl concen-
tration. The moduli values are calculated from the slope of the elastic region of stress-strain
curves at early deformations where no interfacial debonding takes place.'®:1% The solid line
corresponds to the moduli values calculated from the additivity rule by using Equation 3.10,
and the dashed horizontal line delimits the modulus of pure PEI. It is noticed that all blends
whether comply or deviate positively from additivity rule, which suggests that PElI and PBT
phases are not incompatible in any composition. This is in good agreement with blends’ partial
miscibility attributed to the inter-spherulitic interaction, and with the interfacial bonding
through the fibrillary structure observed by SEM and TEM results. The monotonic increase of
moduli values is attributed to the increase in the PEl phase that enhances blends’ rigidity due to

its robust chemical structure composed of aromatic rings and imide functional groups.

Despite 30/70 and 70/30 blends show a brittle behavior, their tensile moduli values comply
with the additivity rule. The brittleness is attributed to these blends have the poorest interfacial
interaction between PEIl and PBT phases compared to the rest of PEl compositions. The SEM
and TEM micrographs of the blend with 30 wt% of PEIl, show a coarse size of the PEI particles
together with PBT sub-inclusions that lead to low mechanical performance. On the other hand,
although the 70/30 mixture exhibits a spore-like morphology, at this composition there are
large spaces between the PBT domains and the PEI matrix from which early fracture is promot-
ed, as observed in Figure 3.15a). The blends containing 40 wt% and 60 wt% of PEI display
moduli values above additivity, due to the proximity of these compositions to the dual-phase

inversion (co-continuous morphology).
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Figure 3.23 Young modulus of PEI, PBT, and PEI/PBT blends as a function of PEl concentration. The standard devia-
tion was calculated for n = 5.

The blends with 50 wt% and 80 wt% of PEI, exhibit a synergetic contribution —values above
those of PEI— associated with the fashion in which phases are distributed. PElI and PBT phases
in 50/50 blends have a co-continuous structure and the contribution of the highly rigid PEI
phase is noticed as a substantial increase in modulus values. The synergic behavior observed in
the blend containing 80 wt% of PEl is a combination of the higher concentration of PEl in the
blend, the distribution of the tiny crystalline PBT phase in the shape of spore-like structure, and

the rigidity gained by the densification caused by the inter-spherulitic interaction.

Vallejo and coworkers reported similar synergic results for PEI-rich blends.*! They attributed it
to the reduction in the specific volume of blends when high PEI concentrations are mixed with
PBT. Barlow and Paul explained the effect of free volume on the mechanical properties of pol-
ymer blends from a thermodynamic approach.?'%! They said that when an exothermic reaction
occurs during blends’ components interaction, Gibbs free energy of mixing is negative and the
blend will be miscible. What should be expected then, is a volume contraction in the blend
known as densification. This phenomena known as “thermal embrittlement” explains the em-
brittlement occurs when miscible blends with high Tg polymers —such as PEI— experiences
free volume loss. As discussed in the previous section, PEI/PBT blends exhibit partial miscibility
that favors the free volume loss —particularly PEl-rich blends because of the high amount of
amorphous phase— and hence, densification of the blends. This behavior leads blends to exhib-

it higher moduli than those of pure materials, and as a consequence, synergism is observed.
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Figure 3.24 exhibits the yield stress —calculated as the maximum stress in the elastic-to-plastic
transition region— as a function of PEI concentration. Contrary to the elastic modulus, the yield
stress in polymer blends is sensitive to adhesion of components, and generally indicates if the
interface is strong enough to transmit the tensile stress up to break.'8%1% Similarly to moduli, it
is observed that oy values increase monotonically with PEI addition, and despite they are close
from fulfilling additivity, it is observed a smooth deviation in both, negative and positive direc-
tions. PBT-rich blends have negative deviation due to PEl and PBT at concentrations lower than
40 wt% are immiscible, and PEl is distributed as coarse droplets along PBT matrix. Interesting
results are observed for tensile strength in 50/50 blends, which reveal a negative deviation
from additivity. This suggests that the interfacial adhesion between PEI and PBT is not too stiff,
and that PBT mechanical properties predominates over those of PEl when the tensile stress is
close to the yield stress. This makes sense, since the fibrillary morphology observed in SEM and
TEM micrographs is mainly composed by PBT crystallization during the cooling stage, which is

the most ductile phase.
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Figure 3.24 Yield stress of PEIl, PBT, and PEI/PBT blends as a function of PEI concentration. The standard deviation
was calculated for n = 5.

Regarding PEl-rich blends, it is noticed a positive deviation from additivity as a sign of PEl and
PBT partial miscibility, which suggest amorphous PEI dilutes some amorphous domains of PBT.
This is noticed as an increase in the tensile strength of blends. In their study, Leclair and Favis
observed that when semicrystalline and amorphous polymers are blended, it is reached a rein-
forcement effect when the amorphous phase is added to the semicrystalline matrix. They ob-

tained HDPE/PC blends in the entire compositional range, and noticed the mentioned effect
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when PC is added to HDPE. Conversely, when HDPE is added to the PC matrix, no adhesion is
observed at the interface and the mechanical performance decreased for PC-rich blends.'”3 In
our work, we obtained a mechanism to reinforce PEl-rich blends with the formation of the
spore-like morphology, and although PBT-rich blends are not incompatible the coarse size in-
clusions of PElI domains, the sub-inclusions of PBT in PEl droplets, and to some extent the inor-
ganic fillers (flame retardant additives), do not favor mechanical performance of these blends.
The discrepancies found between both works are due to the coarse size obtained in PBT-rich
blends, and the high crystallization kinetics of PBT that enhances the spore-like formation that

acts as the bond between both phases.

Different results are observed in PEI/PBT blends ductility. In Figure 3.25a), it is observed how
ductility of blends experiences a negative deviation from additivity. This behavior is directly
related to PEI/PBT blends morphological structure and partial miscibility. PBT-rich blends have
immiscible PEl coarse particles that reduce the ductility of blends. Additionally, PBT sub-
inclusions inside PEI droplets are completely disconnected from PEI phase, which causes stress-
es concentration and promotes early fracture (Figure 3.10b)). On the other hand, PEl-rich
blends are partially miscible, and their poor elongation at break is attributable to the thermal
embrittlement, resulting in a considerable increase in modulus or strength together with a

dramatic reduction in ductility.?1%2
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Figure 3.25 Ductility of PEl, PBT, and PEI/PBT blends: a) Ductility as a function of PEIl concentration (standard devia-
tion was calculated for n = 5), and b) schematic representation of the effect of morphology on PEI/PBT blends
ductility.
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The effect of morphology evolution on PEI/PBT blends ductility is represented in Figure 3.25b).
Elongation at break is higher close to the vicinity where dual phase transition region takes
place. In their work, Murff and coworkers observed a similar behavior for immiscible PC/PET
blends when PC composition was close to phase inversion point.1?® This suggests that both, PEI

and PBT phases contribute to the ductility of blends.

Thermal stability and flammability of PEI/PBT blends

As presented in the thermogravimetric analysis for pure components (Figure 3.2), PEI exhibited
higher thermal stability than flame retarded PBT. In addition, PEI has an inherent charring abil-

ity,3® which is noticed by the mass loss lower than 50%.

Thermogravimetric analysis (TGA)

In Figure 3.26a), there are presented the TGA results for PEI, PBT, and their blends. Their re-
spective derivative curves are presented for a temperature range between 270 °C and 630 °C —
delimited by the dashed square— as shown in Figure 3.26b). The decomposition of pure mate-
rials takes place in a single step, which is retained in the corresponding blends leading to an
intermediate two-step decomposition behavior. The small signal observed at 500 °C in pure PBT
—enclosed in the orange dashed circle— corresponds to the oxidation of one of the compo-
nents of the flame retardant additive: Sb,03.13>136.194 \When Sb,03 starts to oxidize, it reacts
with the bromide compound to produce an antimony-bromide complex that acts with a syner-
gistic effect delaying the flame propagation —in case the polymer undergoes a combustion

process—, as described by Sallet and coworkers in their work.'%>
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Figure 3.26 Thermal stability of PEl, PBT, and PEI/PBT blends: a) TGA, and b) DTGA.
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In Table 3.8 are summarized the results for the initial decomposition temperature Ti —which is
the temperature measured just before the initial decomposition event— and the residual
weight at 900 °C, as well as the maximum decomposition rate temperature Tmax —measured
at the maximum value of the decomposition peaks— obtained from DTG curves. As PEI/PBT
blends exhibit two peaks corresponding to the thermal event of each phase, they are called
T1max for PBT and T2max for PEI. It is noticed that the increase of PEI concentration results in a
notorious improvement of Ti, as well as in the maximum decomposition rate temperatures
T1max and T2max. These results suggest that PEIl acts as a thermo-protective phase for PBT,
delaying its thermal decomposition and improving its thermal stability. More remarkable re-
sults are observed in the increasing residues percentage with PEl addition, demonstrating that
PEI/PBT blends exhibit charring formation, and hence, the thermal stability of blends is in-

creased with PEIl addition.

The last row in Table 3.8, presented in italics, shows the results of the thermal stability analysis
for PBT sample without flame retardant (Uf-PBT). Curiously, Ti for unfilled PBT sample is higher
than that of the flame retarded PBT. The difference in the Ti values for both PBT samples is ex-
plained from the self-extinguish effect of the flame retardant compound (Sb20s + bromide),
which causes an early decomposition of the filled PBT sample. Similar results were observed by
Sato and collaborators in their study on blends between a flame retardant PBT and bromide-
poly(carbonate) (Br-PC) blends.'3° They noticed these blends exhibit an initial decomposition
temperature lower than that of pure PBT, caused by the flame-retarding effect of the additives.
Generally, it is understood that the effect of halogenated additives reaches a synergetic effect
when they are blended with antimony oxide, forming a volatile antimony halides that act as

free radical traps and anticipates to the polymer decomposition to prevent flame propagation.

Table 3.8 Results of thermal decomposition analysis of PEI, PBT, and their blends.

PEI/PBT blend Ti Weight residue at 900 °C Tlmax T2max

(wt%) (°cr (%) Q) ({9
0/100 299.65 15.28 383.15

30/70 322.29 23.80 388.42  509.12
40/60 328.63 27.11 37745  511.14

50/50 336.25 31.93 385.66 513.17
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PEI/PBT blend Ti Weight residue at 900 °C Tlmax T2max

(wt%) cr (%) (c)P ({9
60/40 345.28 32.48 39052 525.32
70/30 341.23 36.31 38348  518.65
80/20 353.92 43.40 39453  529.85
100/0 497.45 53.56 - 538.64
Uf-PBT* 356.90 0.1146 434.07 -

@ Data obtained from TGA curves.
b Data obtained from DTGA curves.

¢ Data obtained from TGA and DTGA curves in Figure A- 5.1b).

TGA results reveal that PEI/PBT blends decomposition is strongly influenced by each polymer
thermal behavior. However, it is not clear the existence of possible interactions between
blends’ constituents or their decomposition products. Several authors have reported that de-
pending on the nature of these interactions blends may exhibit positive or negative effects on
thermal stability.182-184.188,196 Although it is not the aim of this work to study the mechanisms of
decomposition of PEI/PBT blends, we calculated the theoretical TGA and DTG curves by using
the additivity relation that allows studying the interaction between PEI, PBT, and their decom-
position products. If the experimental data of the individual components is multiplied by a fac-
tor corresponding to the wt% of each component in the blend, the resulting data will represent
the thermal behavior expected for each composition in the absence of any kind of interaction
between phases or their decomposition products.82-1841881% The differences found between
both, the experimental and calculated data, yields information about the existence of some
kind of interaction (molecule-molecule, molecule-radical, radical-radical) during thermal de-

composition.

In Figure 3.27 there are presented the experimental and calculated results of three PEI/PBT
blends containing 30 wt%, 50 wt% and 80 wt% of PEI. The curves for pure polymers are also
shown for comparative purposes. The solid lines represent the behavior observed experimen-
tally and the dashed lines the calculated weight loss curves in the absence of any interaction.
For all compositions, it is noticed that both curves have a similar tendency, with two step de-
composition behavior corresponding to each phase response. During the first decomposition
step, the experimental and predicted curves are in good agreement, it corroborated that PEI

delays the initial degradation of PBT phase improving its thermal stability. In their work on
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PVC/PS blends, Dodson and coworkers'® found that the TGA signal for blends containing 1:1 by
weight of each component exhibited a notorious delay in the weight loss curve within the range
between 250 °C and 350 °C. In this region, the initial decomposition of PVC takes place; hence

the delay is attributable to PS phase help to retard the dehydrochlorination reaction of PVC.

Nevertheless, our results reveal clear differences between experimental and calculated curves
that appear just before the decomposition signal of the second step. It is noticed that the loss
weight behavior of the experimental curves is lower than that of the theoretical curves, as a
sign of some kind of interaction that is taking place, leading to the less stable polymer (PBT)
destabilize the more stable one (PEIl). Previously, it was mentioned that some interactions could
involve diffusion of small species (molecules, radicals, or both) between phases.®? Some PBT
thermal decomposition products or byproducts (butadiene, tetrahydrofuran, or acetalde-

hyde)®’1% may interact with the PEl molecule causing its prompt degradation during step two.

The presence of the flame retardant additive in the blends (antimony trioxide and bromide
compounds) also affects the thermal stability of PEI. In the morphological analysis of blends, it
is observed that Sb,0; particles are well dispersed along the whole samples, even in the PEI
phase of PEl-rich blends. The decomposition event observed at 500 °C —which correspond to
antimony oxide signal— coincide with the early decomposition of the PEIl phase in the blends,
accelerating the presence of products such as phenol, benzonitrile, and isopropylene groups

decomposition products that commonly appear at 550 °C.2%°

100 + ——————
90
80
70 1
@ 4
< 80
fi 59 ——PBT
g | —3w70
404 50/50
| —80/20
agd — - 30/70_Calculated
50/50 Calculated T e oo
20 -~ --80/20_Calculated
PE
10

-~ 71 r 1 + 1 r T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure 3.27 Experimental and calculated TGA curves for three representative PEI/PBT blends: 30/70, 50/50 and
80/20.
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To better understand the effect of these interactions on the thermal stability of blends, we
evaluate different characteristic decomposition temperatures. The corresponding plots of the
initial decomposition temperature (Ti), and the temperatures at 10% (T10) and 40% (T40) of
mass loss, are shown in Figure 3.28 as a function of PEI content. In general, the analysis is per-
formed when the samples have lost 50% of the weight. However, PEl does not reach weight

loss higher than 50 %, hence 40% will be used.
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Figure 3.28 Experimental and calculated characteristic temperatures at different weight losses (Ti, T10, and T40).

It is noticed that the experimental data of Ti are slightly higher than the predicted, as a sign of a
smooth improvement of PBT thermal stability caused by PEIl addition. In the case of T10 exper-
imental and calculated values, they are superposed for all PEI compositions. These results sup-
port the fact that there are neither interactions between blends constituents nor their degrada-
tion products during the first degradation step. At 40% weight loss (T40), the second degrada-
tion step has already appear, and it is observed that the experimental and calculated tempera-
tures differ considerably in the composition region from 40 wt% to 80 wt% of PEl. Just before
40 wt%, the experimental values are similar to the calculated ones. However, when PEI concen-
trations is higher than 40 wt%, the characteristic temperature T40 increases abruptly as a sign
of improvement in blends thermal stability. This is attributed to a combination of factors: the
increase in PEl concentrations and the phase inversion phenomena that takes place at even
compositions of PElI and PBT, where PEl phase starts being continuous. It is known that in
immiscible blends, the change of continuous to discrete phases as the composition varied can
also affect the thermal stability of blends. In their work, Sonnier and coworkers?°! evaluated the

thermal and fire behavior of immiscible PC/PBT blends, finding that co-continuous morphology
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improves considerably the thermal and fire resistance of PBT. They explained this behavior
from PC charring characteristic, which forms a barrier that impedes decomposition rate of PBT

when char covers the entire sample surface.

However, at difference of Sonnier and coworkers findings, when temperature reaches 450 °C
PEl has not start to form the charring products. At this temperature, decomposition products of
PEl such as phenol, benzonitrile, benzene, and aniline start to appear, just as reported by Perng
in his work.2 The effect of these products on the thermal stability of blends is noticed as a
pronounced gap between the experimental and calculated characteristic temperatures, caused

by the interaction between PBT and PEI degradation products.

Flame retardancy of PEI/PBT blends

As mentioned in Section 2.4.3.1, the most effective flame retardants are those which promote
the transformation of a polymer backbone to carbonaceous products because char does not
burn in normally air conditions (LOI > 50%).2” From TGA results, it is noticed that PEl enhance
the amount of residues produced by blends at 900 °C. In this part of the study, it is discussed
the effect of composition on the limiting oxygen index (LOI) of blends, and on their flammability

resistance.

Effect of blends composition on the limiting oxygen index (LOI) and charring formation

A first approach to study flammability of a polymer is by knowing its LOI. As oxygen concentra-
tion in the air is around 21%, measuring the limiting oxygen index will give key information on
the minimum oxygen content necessary for the polymer to ignite. When the LOI < 21%, the
polymer is considered flammable; when LOI > 21%, the polymer will not burn in normal air con-
ditions; when LOI = 25%, the polymer is considered of low flammability; and when LOI > 50%,

polymer does not ignite in air.?”

In Table 3.9 are listed the LOI values of polymers used in this work, obtained from the supplier’s
data sheet. The PEI LOI value is close to the ignition limit (LOI > 50%), and it is much larger than
that of the flame retardant PBT (LOI = 30). When compare the LOI values in both PBT samples,
it is noticed that antimony and bromide compound increases by 60% the flammability of PBT,

contrasted to that of unfilled PBT.
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Table 3.9 Limiting oxygen index (LOI) values for pure materials. Data obtained from the supplier’s data sheet.

Polymer Lol
Y (%)
PEI 47
PBT 30

Uf-PBT 20-21

We use the additivity rule to predict the LOI of PEI/PBT blends by using the LOI values of pure
materials. Additionally, we compare these results with those of blends charring formation, ob-
tained from the residues percentages values in TGA results. The LOI results are plotted as a
function of PEI concentration in Figure 3.29a). We compare the predicted flammability results
for blends fabricated between PEI and flame retarded PBT (PEI/PBT), and between PEI and un-
filled PBT (PEI/Uf-PBT). The two horizontal dotted lines demarcate the low flammability limit
and the limit of burning in air. All LOI values for PEI/PBT blends are situated between both lim-
its, which means that in theory, none of the blends burn under normal air conditions or display
low flammability. On the other hand, the combination of PEI with unfilled PBT leads to increase
considerably the LOI value with only adding 30 wt% of PEI, overpassing the limit from flamma-
ble to low flammability. At higher PEI concentrations (PEl-rich blends), the effect of PEl on
PEI/Uf-PBT blends LOI is quite similar to blends with flame retarded PBT.
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Figure 3.29 Flame behavior PEI/PBT blends: a) predicted LOI values for blends between PEIl and flame retarded

PBT, and unfilled PBT, and b) experimental and calculated charring percentage as a function of PEIl concentration.

When char formation is measured in TGA results as the residual material after pyrolysis at

850 °C, it can be directly related to LOI.?’ According to TGA results showed previously, charring
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formation of PEI/PBT blends is mainly attributed to PEI concentration. Figure 3.29b) shows the
experimental and calculated charring amount of PEI/PBT blends as a function of PEIl addition.
Even though the experimental results are lower than the predicted ones in the entire composi-
tional range —caused by the interaction between decomposition products of PBT with those of
PEI—, it is noticed that charring products increase monotonically with PEl addition. These re-
sults confirm that even at low concentrations of PEl, its inherent charring ability is transferred

to PEI/PBT blends, improving their resistance to flame propagation.

Above results confirm that PEI improves thermal stability and flame inhibition of PBT, even for
unfilled PBT sample. These findings emerge as a striking option to replace conventional halo-
genated flame retardant compounds by blending engineering polymers with specialty polymers

such as PEI. This assumption is clearly noticed in the results obtained after flammability tests.

Horizontal burning flammability test

Flammability experiments are performed in accordance with the Underwriters Laboratories
standard UL94 for “Plastic Materials for Parts in Devices and Appliances”. This standard is
commonly used for classifying polymeric materials (including polymer blends) used in electrical
applications. We used the horizontal burning test similar to ASTM D635 tests, where bar speci-
mens of 125 mm x 12 mm are directly exposed to flame, as shown in the assembly in Figure
3.21. Materials classified under this test should not have or exceed a burning rate of

75 mm/min over a 75 mm distance, for specimen’s thickness of 3 mm.

Figure 3.30 shows the qualitative results of flame resistance of PEl, PBT, and two
representatives PEI/PBT blends, 40/60 and 70/30. Results are presented as a function of burn-
ing time from 0 to 120 seconds. It is noticed that in neither, the pure constituents nor their
blends, the flame reach the first mark located at 25 mm from specimen’s tip after 60 s expo-
sures. We expose the samples to flame more than 60 s, and no significant burning rate evolu-
tion was observed. These results indicate PEI/PBT blends classify as slow burning specimens
(HB) according to UL94 standard for horizontal burning tests, since their burning rate is much

lower than that stablished by the standard of 75 mm/min.
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Figure 3.30 Time evolution during flammability tests for HB classification of pure PEI, pure PBT, and two PEI/PBT
blends, containing 40 wt% and 70 wt% of PEI.

As observed in TGA results, the decomposition of PBT does not lead to high carbonaceous resi-
dues production (char formation). However, flammability results for PBT show that flame do
not reach the 25 mm mark after 120 s of direct flame exposure, suggesting that PBT flame re-
tardancy is controlled by the synergic self-extinguish effect caused by the antimony oxides and
bromide compound reaction.39.131195202 Thjs gssumption is made on the basis that the carbo-
naceous products formed over PBT surface are not large enough to avoid flame propagation

and material consumption.

Conversely, results for 40/60 and 70/30 blends suggest that the flame retardancy is dominated
by a combination of the self-extinguish effect of PBT additive with a strong influence of PEI
charring formation. Large amounts of charring products are produced over the specimens

avoiding flame to propagate through the inner sample. Finally, a remarkable flame resistance of
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PEI sample is observed. The flame does not propagate along the PEI specimen because of the
layer of charring products formed. Even after four minutes of direct flame contact, the PEI

sample integrity is kept.

Figure 3.31 presents the results for all blends after 4 minutes of direct flame exposure. The up-
per dashed line delimits the maximum length of the specimens (125 mm), and the lower
dashed line the first mark at a length of 25 mm from the specimen’s tip. It is noticed that all
blends exhibited charring products formations, and they are bigger than the initial specimen

length for PEI-rich blends. This is caused by the higher amount of PEI phase in the blends.

As the flame did not overpass the first mark at 25 mm, it is possible to classify the pure materi-
als and all their blends as HB, which according to the UL94 standard is the maximum flame re-
tardant grade. This is due to the carbonaceous chars formed —also called intumescent layer—
protected blends against direct fire exposition, and as they are appropriately form, they slow

down their further thermal decomposition.

PBT 30/70 40/60 50/50 60/40 70/30 80/20 PEI

Figure 3.31 Photographs of the specimens of pure PEI, pure PBT, and PEI/PBT blends, after 4 minutes in direct
contact with the flame in the HB test. PEI content increasing is shown from left to right.

Above results in LOI analysis and the horizontal burning test, indicate PEI/PBT blends have great
potential to be applied in situations where flame resistance is required. In Table 3.10 are pre-
sented some examples of commercial polymer blends used in automotive, medical, sports, ap-
plications, to name a few. PEI/PBT blends LOI are higher than those presented in Table 3.10,
suggesting that blends produced in this work stand more several conditions than those of
commercial ones. Additionally, the horizontal burning flame is quite similar, particularly for PEI-
rich blends where flame propagation is inhibited by charring formation promoted by the PEI

phase.
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Table 3.10 Commercial polymer blends used in flame retardant application.?

UL 94 flame classification —
Pol Bl T LOI (¢ Applicati
olymer/Blend rade name (Flame propagation in mm) Ol (%) pplications

Thin wall applications, cable
PC/ABS Cycoloy HB —(1.54) <21 channels, hospital cleaners,

automotive interiors, etc.

Outdoors and indoors applica-

ASA/PC Geloy HB —(1.60) -
tions for automotive industry
Interior pieces for automotive
PC/PBT Xenoy HB —(1.55) -
industry
Automotive, electri-
PC/ABS Bayblend -- 28

cal/electronic, sports, etc.

3.4 Conclusions - Chapter 3

We developed a new two-step melt processing method to obtain binary blends between two
HPP, PEl and PBT, by means of a melt-processing method. The major processing parameters
were settled in such a way that it is possible to obtain blends in the entire composition range
without varying any parameter, except blends composition. In contrast to other works on
PEI/PBT blends, this sequential melt processing method is easily scaled to industrial methods
such as extrusion, injection molding, etc., since blends were obtain by means of an internal
mixer, which is a technique commonly used in polymers industry to set the melt-processing

parameters.

The results from miscibility study revealed that PEI/PBT blends are partially miscible, and the
degree of miscibility is mostly affected by blends composition. To better understand phases’
distribution within the entire composition range, we presented for the very first time the eval-
uation of morphological evolution of PEI/PBT blends. We identified two major groups of blends
that obey to Taylor and Grace’s theory: PBT-rich blends and PEl-rich blends. The former exhibits
coarse particles of PEl that are distributed along the PBT matrix, together with little sub-
inclusions of PBT retained by the highly viscous PEI phase. The second group on the other hand,
shows tiny PBT droplets well dispersed along the PEl matrix, with the formation of a curious

morphology —that we called spore-like morphology—. Additionally, it was found that at even
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concentrations of PEl and PBT, blends experience a dual-phase transition where PEl and PBT

phases are co-continuous.

The mechanical, thermal, and flammability performance of PEI/PBT blends is clearly influenced
by blends’ morphology. The tensile properties revealed that PBT-rich blends have poor tensile
strength and ductility due to the coarse PEI droplets size; and that PEIl-rich blends display a pos-
itive deviation from additivity in both, modulus and tensile strength, as well as a synergic effect
in 80/20 blend. However, the ductility is also compromised by blends densification. On the oth-
er hand, 50/50 blend exhibits similar modulus value to that of pure PEI, together with higher
ductility than other blends due to its cocontinous morphology. Regarding the thermal and
flammability performance, the addition of PEI increases the thermal stability of PBT phase and
reduces the flame propagation rate in PEI/PBT blends promoting charring formation. From the
prediction of the limiting oxygen index, it was found that blends between PEI and Uf-PBT im-
proves unfilled PBT flame resistance considerably, appearing this as a remarkable opportunity

to obtain new flame retardant materials without using conventional halogenated compounds.
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Chapter 4 Modification of the mechani-
cal properties of binary PEI/PBT blends
by adding a third component: PTFE

4.1 PART I - Development and phase behavior study of ternary
(PEI/PBT)/PTFE blends by using a two-step melt processing
method

4.1.1 Introduction

Improving the performance of existent materials is one of the major motivations on pol-
ymer blends development. Even in binary polymer blends, the addition of a third component is
an attractive way to increase their mechanical, thermal, electrical or chemical resistance, or
enhanced their processability. Nevertheless, to obtain a single material with the desired prop-
erties by mixing together three or more polymeric phases is a challenging task, since polymers
tend to be thermodynamically immiscible, and it may result in incompatibility between the

phases involved.

Elongation at breaks results observed for binary PEI/PBT blends encouraged us to add a third
component to the binary blends. Even though the addition of PEI phase increases the stiffness
of blends —even a synergic behavior is observed in Young modulus values for blends containing
50 wt% of PEl and 80 wt% of PEI—, the final result is an abrupt ductility decrease caused by
densification of blends. In previous works, Zabaleta and collaborators®® studied the improve-
ment of impact strength of PEI/PBT blends by adding rubbery particles composed by a grafted
poly(ethylene octene) copolymer (mPEO) and maleic anhydride. They found that impact
strength was enhanced in tenfold respect the 80PEI/20PBT blend. However, they obtained

highly debonded rubbery particles that decrease even more the ductility of blends.
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In order to modify the formulations of PEI/PBT blends in our work, without altering other pro-
cessing parameters than composition, we needed to find a polymer that stands the processing
conditions established previously on the fabrication of binary PEI/PBT blends by melt pro-
cessing. Conversely to Zabaleta and coworkers, we avoid the use of rubbery materials since the
high processing temperatures used in this work could lead to their degradation. Besides, the
third polymer has to contribute not only with mechanical but also with thermal and fire re-

sistance performance. For this purpose, we selected poly(tetrafluoroethylene) (PTFE).

PTFE is mostly combined with other polymers to improve their tribological properties, since it
has the lowest coefficient of friction from all polymers.198-113117 However, it has also excellent
mechanical properties as well as high thermal stability and fire resistant.!>-116 PTFE is common-
ly added either as a filler in the solid state to form polymer composites or as a new phase to
produce polymer blends, depending on the processing method used (solution or melt pro-
cessing). Polymers such as PU, Pl, PEEK, PHBA, and others, are found to be mixed with PTFE to
improve their hydrophobic properties, thermal stability, friction and chemical resistance,
etc.110112.115 pTEE has also been used in proportions from 5 wt% to 20 wt% as a solid lubricant
in blends with PEI*?° and with PBT for under the hood applications in the automotive indus-

try.12!

In this section, it is described the fabrication of ternary (PEI/PBT)/PTFE blends using the two-
step melt processing method proposed in Chapter 3. During experimentation we noticed PTFE
phase must to be added during step 1 to enhance the integration of PEl and PTFE phases. The
morphology achieved during step 1 reveals that PEI favors PTFE phase spheroidization and a

later addition of PBT during step 2 enhances the integration of all phases together.

The interfacial tension study between all polymer pairs is calculated from the theoretical har-
monic mean method by using Equation 3.6. From these results, it is inferred that due to the
high interfacial tension between components (ypg;/prre and Ypgr/prre ), PTFE phase does not
interfere with PEI and PBT interaction, and the same morphologies as those obtained in binary
PEl-rich blends will be formed. This is confirmed by the SEM and TEM observations, where
there are noticed clear differences between the three immiscible phases. Additionally, we con-
trasted the morphological results with the spreading coefficient prediction described in Equa-
tion 2.18, and a complete wetting of PEIl to both, PBT and PTFE phases was found. This behavior

is attributed to the notable difference between the polar components of the interfacial ten-
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sions between PBT and PTFE phases, which favor the encapsulation of PTFE by the PEl phase in
the PBT-rich ternary blends.

4.1.2 Experimental

Materials

Ternary (PEI/PBT)/PTFE blends were fabricated by mixing commercial grade poly(ether imide)
(PEI), and flame retarded poly(butylene terephthalate) from Sabic Innovative Plastics, and mi-
cronized powder of poly(tetrafluoroethylene) (PTFE), Lanco 1972 from Lubrizol. This commer-
cial reference of PTFE has a maximum particle size of 4 um, density of 2.2 g/cm3. PEl and PBT

characteristics are described in Table 3.1 in Chapter 3.

Blending process

Before blending all three materials together (PEl, PBT, and PTFE), we obtained binary PEI/PTFE
and PBT/PTFE blends in order to study the phase distribution between all polymer pairs. We
obtained blends using 20 wt% of PTFE that is the maximum concentration typically used in PTFE
based blends. Ternary blends between PEI, PBT, and PTFE were prepared using PTFE concentra-
tions of 5 wt%, 10 wt%, and 15 wt%. These PTFE concentrations are commonly used in industri-
al polymer blends and composites modifications, where it has been proven they are enough

percentage for PTFE to provide the necessary mechanical or tribological properties.102-116

Materials were vacuum dried at 110 °C for 16 hours before blending process, and then mixed
under a standard atmosphere in a Haake Rheomix 3000 OS internal mixer fitted with roller type
rotors. The respective amounts of PEI, PBT, and PTFE for each blend formulation were calculat-

ed from each component density by using Equation 3.1.

Ternary blends were fabricated with PEI concentrations greater than 50 wt%, since mixing low-
er concentrations of PEI (wt% of PEI < 50 %) with PTFE during step 1 results in heterogeneous
blends with poor phases integration. PTFE concentrations were calculated according to the bi-
nary PEI/PBT blends compositions 50/50, 60/40, 70/30, and 80/20. In Table 4.1 are listed the
weight percentage and amount of each phase, as well as the nomenclature for each ternary
blend obtained. The feeding sequence of PTFE was based on the results obtained from its

thermal characterization.

119



Table 4.1 Formulation of PEI, PBT, and PTFE to fabricate ternary (PEI/PBT)/PTFE blends with 5 wt%, 10 wt%, and

15 wt% of PTFE.

PEI/PBT blend (;tEoL,) (::Ita;,) ('\:\.II;;/E) '::; ?:)T P(T;)E (PEl/:::;}g:::iEoElends
47.5 47.5 5 168.3 185.5 30.7 50/50/5
50/50 45 45 10 159.4 175.8 61.4 50/50/10
42.5 42.5 15 150.6 166.0 92.1 50/50/15
57 38 5 202.0 148.4 30.7 60/40/5
60/40 54 36 10 191.3 140.6 61.4 60/40/10
51 34 15 180.7 132.8 92.1 60/40/15
66.5 28.5 5 235.6 111.3 30.7 70/30/5
70/30 63 27 10 223.2 105.5 61.4 70/30/10
59.5 25.5 15 210.8 99.6 92.1 70/30/15
76 19 5 269.3 74.2 30.7 80/20/5
80/20 72 18 10 255.1 70.3 61.4 80/20/10
68 17 15 240.9 66.4 92.1 80/20/15

This study is limited to the modification of PEI/PBT by adding a third component, without alter-
ing other parameters different than composition. For that reason, the major processing param-
eters (processing temperature (Tp), rotors speed (n), and mixing time (t)) are the same used in

the two-step melt processing method for obtaining binary PEI/PBT blends.

Thermal characterization of PTFE powders

DSC was performed to PTFE powders in a Q200 model from TA Instruments on 20+1 mg sam-
ples. The thermal program started with heating from 0 °C to 380 °C at 20 °C/min, and held on at
this temperature for one minute; followed by cooling down to -90 °C at 20 °C mint. The second

heating was performed in modulated mode up to 380 °C at 2 °C/min.

The thermal stability study was carried out in a TGA Q500 model from TA Instruments under a
nitrogen atmosphere. Samples of 40+2 mg samples were summited to a temperature range

from 25 °C to 900 °C at 10 °C/min.
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Ternary blends miscibility evaluation by MDSC

An approach to miscibility between PEI/PBT and PTFE phase was studied by tracking Tg of
blends by means of modulated differential scanning calorimetry (MDSC) in a DSC Q200 from TA
Instruments. For that, 20+1 mg samples were heated from 0 °C to 290 °C at 20 °C/min, and
held on at this temperature for 1 minute, followed by cooling to -30 °C at 20 °C min™, and heat-
ed again in modulated mode from 0°C to 300 °C at 2 °C/min with a modulation amplitude of

+1.27 and period of 60 seconds.

Morphological analysis

Morphological evolution was studied using a scanning electron microscope SEM JOEL JSM-
7100. All samples were mechanically cryofracture after immersion in liquid nitrogen for

20 minutes and coated with a gold layer.

To better identify the morphological evolution and to track PTFE dispersion, we used transmis-
sion electron microscope TEM Tecnai G2 F20 from FEI. Thin sections of approximately 60 nm

thickness were cut with a diamond knife at 25 °C using a Leica ultramicrotome.

Interfacial tension and spreading coefficient analysis

The interfacial tension between all polymer pairs was calculated from a theoretical approach

using the harmonic mean equation shown in Equation 2.9 described in section O:

4y;%y;? _ ArPy?
it +v?% v +yP

Yij=YitVyi—

where y;; is the interfacial tension and y; and y; are the surface tensions of components i and
j. The superscripts d and p correspond to the dispersive and polar components of the surface

tensions of each component.

There were first calculated the theoretical surface tension values of PEl, PBT, and PTFE from
using literature reports of contact angles obtained with water and diiodomethane by using the
Equation 3.6 described previously in section O:

4ys4y.% 4yPyLP
Y4 +v® vsP + P

(1+cosB)y, =
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where 6 is the contact angle between the liquid and the polymer, y; is the total surface tension
of the liquid calculated from its dispersive and polar components (y, = y% + yP), and y,¢ and

ysP are the dispersive and polar components of the solid polymer.

From interfacial tension values, we predicted the morphology that will be formed in the ternary

(PEI/PBT)/PTFE blend from using the spreading coefficient approach:

A31 =V12 — V32 — V13

where ¥i,, Y32, and y;3 are the interfacial tensions for each components pair, and A5, is the
spreading coefficient for component 3 on component 1, and describes the physical situation in

which component 3 is capable to displace the matrix 2 from component 1 to encapsulate it.
4.1.3 Results and discussion

Thermal analysis of PTFE

The results from thermal analysis of PTFE is presented in Figure 4.1a) (DSC) and Figure 4.1b)
(TGA and DTA). A broad endothermic signal appears in the first heating close to 0 °C, which cor-
responds to crystallinity state changes of PTFE from a triclinic to a hexagonal structure.?9® At
higher temperatures, a major endothermic event occurs at 321.08 °C, its melting point (Tm).
During the cooling program, there are revealed crystallization temperature (Tc) at 303.68 °C
and a minor exothermic peak at 5.84 °C caused by PTFE low-temperature crystallization transi-

tion.

The second heating shows an endothermic signal as a sharper peak at 14.08 °C, and the melting
transition appears as a double peak close to 320 °C. This behavior is characteristic of PTFE when
it is summited to low heating rates, i.e. 2 °C/min as in this case for MDSC mode. At high heating
rates (10 °C/min or 20 °C/min) melting peak is sharp with a small shoulder at the low-
temperature region. However, when heating rate is slowed down the shoulder evolves to a
second peak.11®2%4 Regarding glass transition temperature of PTFE, neither the first nor the sec-
ond heating reveal a clear signal of this transition. According to McCrum, PTFE Tg should appear
around 140 °C.2% This is due to some authors have reported that PTFE reaches crystallinity val-

ues around 90% — 95%,%32% hence it is difficult to observe its Tg during DSC measurements.
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The thermal stability results presented in Figure 4.1b) show that decomposition of PTFE takes
place in a single step reaction starting at 485.36 °C. After 600 °C almost the entire PTFE sample
has decompose letting only 0.14% of residue. The derivative curve of TGA (dashed line) shows

that the maximum decomposition rate occurs at 574 °C.
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Figure 4.1 Thermal characterization results of PTFE: a) DSC, and b) TGA (solid line) and DTGA (dashed line).
Ternary blends preparation

In order to modify the properties of binary PEI/PBT blends, PTFE phase must be added in some
of the steps of the two-step melt processing method proposed in this work. According to the
thermal characterization results of PTFE, it can be fed to the mixer during any step in the blend-
ing process: at step 1 with PEI phase at 330 °C during ten minutes, or at step 2 with PBT addi-
tion at 280 °C during three minutes. Neither of the processing temperatures will lead to PTFE
thermal decomposition. Additionally, due to the high crystallinity of PTFE —or in other words
due to the lack of presence of amorphous domains in the PTFE phase— it is very unlikely that
miscibility exists between the PTFE and the PEI or the PBT. Nevertheless, in order to evaluate
the phase’s distribution when the PTFE powders are mixed separately with PEl or PBT, we fabri-
cate preliminary binary 80PEI/20PTFE blends and 80PBT/20PTFE blends by keeping the same
processing conditions of each phase in Steps 1 and 2, and phase distribution was observed by

SEM.

In Figure 4.2 are displayed the SEM micrographs for PTFE powders as received, as well as for
binary 80PEI/20PTFE, and 80PBT/20PTFE blends. In Figure 4.2a) the PTFE powders show an ir-

regular geometry and uneven particle size distribution. According to supplier’s material data
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sheet, particles size average is 4 um. In Figure 4.2b) it is noticed that PTFE is distributed along
the PElI matrix as spheres, apparently with non-interfacial bonding with the PEl matrix. Addi-
tionally, some PTFE domains are embedded in the PEI matrix that appear as the brightest white
regions in the image. In spite of the porous/debonded appearance, the PEI/PTFE blend is quite

compact once it is extracted from the mixer.

@ 330 °C and 10 min

PTFE powders PEI/PTFE

Internal mixer

PBT/PTFE :
@ 280 °Cand 3 min &9

: "1@;,;

Figure 4.2 SEM micrographs of: a) PTFE powders (Lanco 1972), b) cryofracture surface of 80PEI/20PTFE blend, and
c) cryofracture surface of 80PBT/20PTFE blend.

On the other hand, Figure 4.2c) shows the resultant morphology of the PBT/PTFE blend after it
is processed at 280 °C during 3 minutes. The SEM results show that the irregular PTFE particles
are distributed along the matrix and some agglomerations of PTFE particles are formed. This
lack of homogenization between both phases suggests that the processing temperature for
PTFE phase is not enough to get soften, hence it remains solid during the entire blending pro-
cess. Besides, the mixing time is too short to achieve a proper homogenization with PBT phase.

In addition, the texture of the blend once removed from the mixer is rough and fragile.

Above results lead us to fabricate the ternary blends feeding PTFE phase during step 1 together
with PEl phase.
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Two-step melt processing to produce ternary (PEI/PBT)/PTFE blends

After removing the dried PEI pellets from the oven, they are manually premixed with PTFE
powders at room temperature and added to the preheated mixing chamber at 330 °C. In Figure
4.3 is displayed the blending process of a ternary 70/30/5 blend, represented by the torque and
temperature evolution as a function of time. For comparative purposes, in the right side, it is
also exhibited the blending process of a binary PEI/PBT blends for equal concentrations of PEI
and PBT. It is noticed that adding 5 wt% of PTFE during step 1 reduces torque values by 75%
approximately. This torque reduction is attributable to the low coefficient of friction of PTFE.
When the temperature starts to decrease after three minutes, the torque reveals an increase to
13.5 Nm until step 1 is finished. This is a sign that both, PEl and PTFE phases are being properly

homogenized during the mixing process.
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Figure 4.3 Torque and temperature as a function of time for a blend containing 70 wt% of PEI, 30 wt% of PBT, and
5 wt% of PTFE. For comparative purpose, in the right side, it is presented the blending process for equal concentra-
tions of PEl and PBT

During feeding PBT phase in step 2, we observed a similar behavior in both binary and ternary
blends. The torque increases to values close to 150 Nm, and temperature decreases to the pro-
cessing temperature settled for step 2. Nevertheless, after 13 minutes of mixing it is noticed
that the torque values for 70/30/5 blend are slightly higher than those of 70/30 blend, suggest-

ing this that viscosity of ternary blends is greater than that of binary blends.

In Figure 4.4, it is exhibited the torque evolution as a function of PEIl concentration for binary
PEI/PBT blends and ternary (PEI/PBT)/PTFE blends with 15 wt% of PTFE. It is observed a similar
PBT effect for both binary and ternary blends. Higher amounts of PBT reduce the torque need-

ed to homogenize the blends, and hence processability is enhanced during step 2. Similarly to

125

Temperature (°C)



binary blends, blends containing PTFE exhibit a similar behavior at PBT concentrations close to
50 wt%, which suggest this transition is also strongly dependent on blends composition. It is
likely that PTFE does not interfere in the interaction between PEl and PBT and also, a cocontin-

uous morphology is formed.

The higher torque values evidenced for ternary blends are explained from PTFE viscoelastic
properties. Even though one may think the torque has to be lower due to the lubricant charac-
teristics of PTFE; these are noticed in the solid state as a considerable reduction in PEI torque
values. However, in the molten state the viscosity of PTFE reaches values of around
10 GPas.?>113206 However, this increase does not have a major effect on the processability of
blends, since the torque values are still between those of the pure components. Similar results

were obtained for 5 wt% and 10 wt% PTFE concentrations.

80
Torque at 13 minutes
704 T=280°C
n=70rpm 7
60 - L
s ’
i Sl
E 801 L
Z- ] Ternary (PEI/PBT)/PTFE blends i ’
T 20 >~ e e
= d I / /
o /
5 30+ e ®
- ’
20+ °-¢ @&
&
10 ey ~
i © @ -~ Binary PEI/PBT blends
|y
0 _iJ T T T T T T T T T | T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
wit% PEI

Figure 4.4 Effect of PBT and PTFE on the processability of binary and ternary blends with 15 wt% of PTFE.
Miscibility study of PEI, PBT, and PTFE phases by MDSC

The following discussion on miscibility study by MDSC is made for ternary blends with 5 wt% of
PTFE, since the analyses for ternary blends with 10 wt% and 15 wt% of PTFE are quite similar
and lead to the same results. In Figure 4.5a) and Figure 4.5b) are presented the MDSC results
for cooling and second heating programs, respectively. Results of pure PEI, PBT, and PTFE are

also shown for comparative purposes.

In Figure 4.5a), it is noticed that thermal transitions remain invariable to each phase in all
blends. The crystallographic transition of PTFE —evidenced at 14.08 °C in the second heating—

neither shifts to different temperatures nor is inhibited by the presence of PEl and PBT phases.
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PBT Tg exhibits cold crystallization temperature close to its melting temperature, with a smooth
displacement to lower temperatures. These results suggest that under the processing condi-
tions used in this work, there is no molecular interaction between PTFE with neither PEIl nor

PBT, and there is immiscibility between all phases.
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Figure 4.5 Tracking of ternary (PEI/PBT)/PTFE blends Tg from DSC analysis. The thermal transitions are presented
during: a) cooling, and b) second heating on modulated mode (MDSC). The data was reorganized on the y-axis for
ease of analysis.

To confirm above statement, we contrasted the thermal transitions between ternary blends
with 5 wt% of PTFE and binary blends, as it is observed in Figure 4.6. Results displayed in Figure
4.6a) reveal that the small crystallization signal corresponding to PBT in the 50/50/5 blend dis-
appears when PEIl phase is increased, and PTFE does not seem to interfere in PBT cold crystalli-
zation event. Just as described in the miscibility study in Chapter 3, the inhibition in PBT crystal-
lization when blending with PEI is a sign of partial miscibility between PEIl and PBT on PEl-rich
blends. These results suggest that the interaction between the thermal transitions of PEI and
PBT predominates over those with PTFE with the blends, or even more, there is not interaction
at all between the PTFE phase and the PEI/PBT blends. This can be corroborated with the low-
cold crystallization thermal transition of PTFE at 5.84 °C, which remain invariable for all blends
compositions. These results are attributable to complete immiscibility between PTFE and PEI
and PBT phases, which may be linked to the differences between their chemical natures (sur-

face tensions and interfacial energy differences).

In Figure 4.6b), it is noticed that PBT and PEI thermal transitions in both, binary and ternary
blends, are the same. These results suggest that, despite having homogenized first PTFE and PElI
phases during step 1, PTFE coexist as a separate phase from PEl and PBT phases, and it does not

interfere with the interaction between PEIl and PBT. This is explained from the poor amorphous
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structure of PTFE (crystallinity around 90% — 95%232%%) that avoids miscibility with neither, PEI

or PBT.

SOPEI/SOPBT/SPTFE
——60PEI/40PBT/SPTFE
—— 70PEI/30PBT/SPTFE
—— 80PEI/20PBT/SPTFE

50 PEI A
IR T V777777 - - - Binary PEIPBT blends

Heat Flow
Heat Flow

Exo
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Figure 4.6 Thermal transitions of ternary (PEI/PBT)/PTFE blends with 5 wt% of PTFE contrasted to those of binary
PEI/PBT blends: a) cooling, and b) second heating on modulated mode (MDSC). The data was reorganized on the y-
axis for ease of analysis.

Morphology evolution of (PEI/PBT)/PTFE blends

It is known that blending immiscible polymers in ternary or multicomponent blends results in
new and more complex morphologies. In Chapter 3, it was observed that processing conditions
of PBT-rich blends favored a composite droplets morphology of PEl with PBT sub-inclusions.
The mentioned morphology is commonly formed when brittle polymers are blended with rub-
bery particles, e.g. high-impact poly(styrene) (HIPS). Sub-inclusion formation takes place during

PS polymerization and is favored by miscibility between the styrene and butadiene phases.

Favis and collaborators, found that PC/PP blends form sub-inclusions at compositions close to
50/50, but also at PC compositions as lower as 20 wt%.” They concluded that increasing the
viscosity of the dispersed phase enhances the retention of PP sub-inclusions, just as it was ob-
served in the binary PBT-rich blends. However, the occurrence of this particular morphology in
ternary blends will strongly depend on the composition and interfacial interaction between

com ponents.76'87'90'207'208

In order to predict the possible morphologies that will be formed during the melt processing of
ternary (PEI/PBT)/PTFE blends, we used a theoretical approach that involves the relationship

between the interfacial tensions of all polymer pairs and blends composition.
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Interfacial tension in ternary (PEI/PBT)/PTFE blends

When a ternary blend consists of one phase as a matrix with two different dispersive phases, it
is possible to study the morphology prediction of ternary blends by some theoretical models
such as spreading coefficient, minimum free energy and dynamic interfacial energy. These
models include the interfacial values between the different polymer pairs. In this part of the
work, we predicted the morphology of (PEI/PBT)/PTFE blends by using the spreading coeffi-
cient, since it is easily applied merely measuring or calculating the interfacial tension between

blends components, and it has shown to be quite accurate for several polymer systems,883-8>

First, we calculate the surface tension of PEl, PBT and PTFE from using the harmonic method
approach described in Equation 3.6. Then, we obtain the interfacial tensions for all possible
polymer pairs PEI/PBT, PEI/PTFE, and PBT/PTFE, by using the harmonic mean equation. In Table
4.2 are listed the surface tension values of pure components as well as the respective interfa-

cial tensions for all polymer pairs.

It is noticed that surface tension values for PEl and PBT are very close to each other. In previous
sections, the interfacial tension analysis for binary PEI/PBT blends lead to predict immiscibility
between both polymers, yet the total surface tensions are quite similar. This is attributable to
the marked differences between the polar components of the surface tensions of the constitu-

ents, which lead to surface tension values of 3.14 dyn/cm for PEI/PBT blends.

When evaluating the surface tension of PTFE, it is noticed that its value is less than half of that
of PEl and PBT (yprrg = 19.5 dyn/cm). In addition, the polar component is too low letting no
doubt that PTFE is completely immiscible with the other two phases in the ternary blends. The
interfacial tension values for both PEI/PTFE and PBT/PTFE polymer pairs are greater than
10 dyn/min. According to other findings in the interfacial study of different polymer pairs,*°8 if

interfacial tension values are greater than 2 dyn/cm the phases are immiscible.

Nevertheless, when comparing the values of the polar components (y?) of the three polymers,
it is noticed that the differences between PTFE and PEl are lower than that of PTFE and PBT,
which suggest that during blending process PTFE will have higher interfacial affinity with PEI
phase compared to PBT phase. This explains to some extent the lack of homogeneity during the
preparation of binary PBT/PTFE blend as described previously, as well as the immiscibility re-

sults obtained in MDSC results.
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Table 4.2 Theoretical PEI, PBT, and PTFE surface tension values, and PEI/PBT, PEI/PTFE, and PBT/PTFE interfacial
tension values calculated from the harmonic mean equation.

) Contact angle (°)
Material  \yater Diiodomethane

Surface tension (dyn/cm)?

Interfacial tension (dyn/cm)®

v? v? Yr Yeer/pBr  YPEI/PTFE VY PBT/PTFE
PEI 752 272 41.12 4.94 46.06
PBT 63 30 36.65 11.92 48.57 3.14 11.84 15.29
PTFE 108¢ 88¢ 18.0 1.5 19.5

9 Values obtained from referencel56
b values obtained from reference!s?

¢ Values obtained from reference2?

4 Values calculated from Equation 2.12 using liquids surface tension values obtained from referencel®s [(water y; =

72.8 dyn/cm; y¢ = 22.1 dyn/cm; yP = 50.7 dyn/cm); (Diiodomethane: y; = 50.8 dyn/cm; y¢ = 48.5 dyn/cm; yP =

2.3 dyn/cm)].

€ Values calculated from the harmonic mean equation, Equation 2.9.

The results for morphology prediction of ternary blends from the spreading coefficient model

are presented in Table 4.3. The spreading coefficients were calculated for two cases: when PBT

is the matrix (for blends containing 50 wt% of PEl and 50 wt% of PBT), and when PEl is the ma-

trix (for PEl-rich blends). Negative values of spreading coefficient, suggest that PEI, PBT, and

PTFE phases are distributed as independent phases and no encapsulation will occur. This situa-

tion is the more likely to happen in the blends when PEl is the matrix. Conversely, positive val-

ues mean that there is encapsulation of one phase, and the core-shell morphology will be more

probable to happen. This is observed in the situation where PBT is the matrix.

Table 4.3 Spreading coefficient values of ternary (PEI/PBT)/PTFE blends.

. . . . A
Spreading prediction where any, PEI or PBT is the matrix (dyn/cm)
ApsT/PTFE = YPEI/PTFE — YPEI/PBT — YPBT/PTFE -6.6
PEI matrix
AprrE/PBT = YPEI/PBT — YPEI/PTFE — YPBT/PTFE -24.0
APEI/PTFE = YpBT/PTFE — YPEI/PBT — YPEI/PTFE 0.3
PBT matrix
Aprre/PEI = YPEI/PBT — YPBT/PTFE — YPEI/PTFE -24.0

The slightly positive spreading coefficient (Apg;/prre = 0.3 dyn/cm) suggests that PEI will tend

to encapsulate PTFE phase because the high interfacial energy between PBT and PTFE displace
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the PTFE phase to PElI domains. In none of the previous situations described, the PTFE phase

encapsulates the other component.

Morphology of binary PEI/PTFE blend

Interesting results are observed in PTFE distribution in PEI matrix. Both materials are complete-
ly immiscible, which is easily explained by the high interfacial tension values previously de-
scribed (Ypgr/prre = 11.84 dyn/cm), and PTFE is distributed in two fashions inside the PEI
matrix: as debonded spheres, and as a well-embedded phase in the matrix. In order to under-

stand these distributions, we study more in detail the morphology by SEM and TEM.

In Figure 4.7, there are observed SEM and TEM micrographs at different magnifications. The
SEM image (Figure 4.7a)), shows that PTFE spheres have an average number diameter of Dn =
1.5 um (measured for at least 100 particles), which is lower than PTFE powders particle size
received. The PTFE powders transformation into well-defined spheres occurs when it is pro-
cessed together with PEl at 330 °C. At this temperature PTFE is slightly above its melting tem-
perature (320 °C), and it can reach viscosity values as high as 10 GPas.?*>2% |n this state, the
material does not behave like a viscoelastic liquid but more like a gel, hence it is easily deform-
able by the PEI matrix during the shear processing conditions inside the mixer. In addition, the
significantly low vyield stress (20.7 MPa?!°) needed for PTFE plastic deformation, especially at

high temperatures,’-119 contributes to the spheres formation.

The PEI matrix on the other hand, does not look as the typical smooth surface presented for PEI
in the previous chapter (Figure 3.10h)). Instead, it has a rough appearance caused by the well-
embedded PTFE phase in the PElI matrix. The TEM image in Figure 4.7b), reveals that PTFE
phase looks like the brightest phase in the micrograph surrounded by a black halo that seems
to correspond to cavities between PTFE spheres and the PEI/PTFE matrix. The droplets sizes in
the TEM image are in good agreement with those of PTFE spheres’ diameters calculated from

SEM images.

At greater magnifications, 20000x (Figure 4.7c)) and 30000x (Figure 4.7d)), it is revealed that
PTFE is distributed in the PEl matrix in a droplets-like fashion, with particle sizes close to 50 nm.
The black halo is also visible in most particles, as well as the differences in the color intensities
characteristic of PTFE particles. The particle size reduction is attributable to fragmentation of

PTFE powders caused by the interaction with PEI during the first minute inside the mixer. Be-
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fore PEI gets softened, it acts similar to a “ball mill” grinder, reducing the former particle size of
PTFE. This is supported by the low yield stress resistance of PTFE, and it is similarly to the frag-

mentation behavior observed in the droplet split in half in Figure 4.7a).

-

Figure 4.7 Binary 80PEI/20PTFE blend morphology: a) SEM micrograph of PTFE spheroidization, b) TEM micrograph
of PEl and PTFE distribution, and c) and d) nano sized PTFE particles embedded in PEl matrix.

It is surprising that the highly crystalline PTFE phase look like white (brighter) particles in the
TEM images. What is expected in crystalline phases is to observe darker domains compared to
amorphous phases —such as PEI—. During the experimental measurements of TEM, there were
observed notable changes in specific domains corresponding to PTFE particles. PTFE phase
characterization in both, binary PEI/PTFE and ternary PEI/PBT/PTFE blends, resulted in a very
challenging process, since it undergoes through chemical transformations when is exposed to
the electron beam, even for short periods. In Figure 4.8 are revealed the changes in PTFE phase
after one minute of electron beam exposure, for two blends containing 80PEI/20PTFE (white
square), and 50PEI/50PBT/15PTFE (black arrows). It is notable how the darker spots corre-

sponding to PTFE phase, rapidly change to brighter domains. In contrast, the black particle in
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the 50PEI/50PBT/15PTFE sample (white circle) does not change after 1 second, since it corre-
sponds to antimony trioxide filler that is not affected during TEM analysis. In their work,
Kaushiva and coworkers?!! found similar results during TEM analysis of blends between PTFE
and fluorocarbon copolymers. They attributed these changes to chain scission and PTFE degra-

dation during electron beam exposure.

After one second

80PEI/2DPTFE

crystal

Figure 4.8 Chemical changes evidence in PTFE phase after one second electron beam exposure during TEM meas-
urements for binary 80PEI/20PTFE blend and ternary 50/50/15 blend.

Morphology of binary PBT/PTFE blend

Regarding the distribution of PTFE in PBT matrix processed at 280 °C during three minutes, it is
noticed that neither the temperature (below the melting point of PTFE) nor the mixing time are
adequate to achieve a proper integration between both phases. Additionally, the calculated
interfacial tension between PBT and PTFE is even higher than that between PEl and PTFE
(vper/pTPE = 15.29 dyn/cm). In Figure 4.9 it is observed the lack of integration between both
phases, with the PTFE particles keeping their irregular shape. Additionally, several agglomera-
tion of PTFE domains are observed, together with some fibers. This fibrillation of PTFE has been

observed in other PTFE based blends processed at temperatures below the PTFE melting tem-
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perature.'’~119 |In a recent work, Huang and coworkers!'’ studied the in-situ fibrillation of PTFE
particles when blended with TPU by melt processing at temperatures range between 165 °C
and 185 °C. They attributed this behavior to the low vyielding strength of PTFE together with
elevated temperatures and long mixing times, and also claimed that when PTFE is added as a
filler, it has a tendency to deform into large aspect-ratio fibrillar structures and form intercon-
nected physical entanglements within the matrix polymer. These results suggest that longer
mixing periods between PBT and PTFE particles —and probably lower amounts of PTFE than 20
wt%— would result in in-situ PTFE fibers reinforcement to PBT matrix. In their works, Ali'?° and
Huang!!” found that the mechanical properties of the respective polymer matrix used, improve

substantially by the fibrillary PTFE reinforcement.

PIFE
particles &

)

Figure 4.9 SEM micrographs of in situ fibrillation in binary 80PBT/20PTFE blend.
Morphology of ternary (PEI/PBT)/PTFE blends

In Figure 4.10, it is presented a general overview of the morphological evolution of ternary
(PEI/PBT)/PTFE blends obtained with 5 wt%, 10 wt%, and 15 wt% of PTFE, and the comparison
with the respective binary blends, named in the figure as 0 wt% of PTFE. It is noticed that the
increase of PEl concentration leads to similar morphological variations as those observed for
binary blends. These evidences suggest that PTFE phase has no influence in the ternary blends
morphology that lead them to significant differences respect the binary blends with similar PElI

and PBT compositions.
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Figure 4.10 SEM micrographs of ternary (PEI/PBT)/PTFE blends. All images were taken at a magnification of 10kX.
(Continue next page)
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Continuation of Figure 4.10 SEM micrographs of ternary (PEI/PBT)/PTFE blends. All images were taken at a magni-
fication of 10kX.
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The mentioned behavior is explained from the high interfacial tension values between both, PEI
and PBT phases, with the PTFE phase, and as it is observed in the morphology prediction by the
spreading coefficient, in any case PTFE will not encapsulate the other two phases domains. Be-
sides, all processing conditions are kept the same as those used in the two-step melt processing
method of binary blends. Hence, the overall morphology of ternary blends will be leaded by the

interaction between the PEI and PBT phases.

In Figure 4.11, it is presented a ternary diagram with all the PEI, PBT, and PTFE compositions

used in this work, as well as the SEM magnifications of some representative ternary blends

morphologies.

0.0

5 wt% PTFE
e 10 wt% PTFE

02,/
15 wt% PTFE

0.8

" Droplets + Cor

7 \Cocontinuoy

Figure 4.11 Ternary phase diagram of ternary (PEI/PBT)/PTFE blends, and morphology evolution observed by SEM:
a) 50/50/15, b) 60/40/5, c) 70/30/5, d) 70/30/10, and e) 80/20/15.
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These results confirm that the morphology evolution in the ternary (PEI/PBT)/PTFE blends
obtained, starts with a co-continuous distribution (continuous PEI + PTFE, and continuous PBT),
followed by PBT droplets and continuous PEl +PTFE morphology, and finaly with a spore like
distribution of PBT phase in the PEl + PTFE matrix. This is the same evolution observed with the
interaction between PEl and PBT in the binary PEI/PBT system. Besides, in all images in Figure
4.11, the fibrillary interface is formed as a sign of good physical compatibilization. However, the
distribution of PTFE phase within the ternary blends is not clearly evidenced in SEM
micrographs. To a certain extent, it is attributable to the nano size distribution of PTFE in the

PEI matrix.

In order to study the PTFE distribution, we obtain TEM images of the ternary blends. In Figure
4.12, there are compared the binary PEI/PBT blends morphology with that of some representa-
tive ternary (PEI/PBT)/PTFE blends, and it is presented a schematic representation of phases

distribution where there are overlapped the morphology of binary and ternary blends.

Since PTFE is found to be highly immiscible with both components —due to the high interfacial
energy values calculated by the harmonic mean equation— there are three possible situations
where PTFE will be preferably located. According to the droplet sandwich scheme described in
Figure 2.7, when three immiscible polymers are mixed together three possible phases distribu-
tion can occur:8! i) thin PTFE layers will be formed between PEI and PBT phases, ii) PTFE drop-
lets will be embedded in the phase with which has the lowest interfacial energy, and iii) PTFE
droplets will be located just between PEIl and PBT phases forming stacked droplet morphology.
Based on TEM results, neither of the situations i) or iii) occurs in the ternary blends presented
in this work, and only the blend containing 50 wt% of PEI —with co-continuous distribution of
PEl and PBT— complies the situation ii). The ternary 50/50/15 blend, exhibit some brighter do-
mains —corresponding to 15 wt% of PTFE phase— that are preferably distributed along one of
the continuous phase. As the interfacial tension between PEl and PTFE (ypg/prre =
11.84 dyn/cm) is lower than that of PBT and PTFE (ypgr/prre = 15.29 dyn/cm), the PTFE

phase is preferably located in the PEl matrix.

A similar analysis is made from the spreading coefficient values listed in Table 4.3. Two groups
of blends are considered: PBT-rich blends and PEIl-rich blends. In the first group, we consider
the blends containing 50 wt% of PEI and 50 wt% of PBT, since at this compositions both phases

are co-continuous. The positive spreading coefficient value (Apg;/prrr = 0.3 dyn/cm) suggests
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that the PEI phase will encapsulate the PTFE phase when PBT is the matrix, favoring the com-

plete wetting of PTFE by the PEI phase.

PEI/PBT PEI/PBT + PTFE Phases’ dispersion

1§PTFE,

%

-
,""f‘t T )

Apgr/prre > 0
Aprre/pEr << 0

Appr/prrE < 0

Aprre/pBT << 0

Apgr/pTFE <0

Aprre/pBT << 0

Apgr/prre <0

Aprre/per << 0

O PEI
© PBT
9 PTFE

Figure 4.12 TEM results of morphology evolution of ternary (PEI/PBT)/PTFE blend: 50/50/15, 60/40/5, 70/30/5,
and 80/20/15; and schematic representation of PTFE phase distribution according to spreading coefficient values.

Regarding the second group of blends, while PEI concentration increases, and the interfacial

interaction between the three phases result in negative spreading coefficient values. This pre-

dicts the other case of complete wetting, where the PEI matrix hosts two separated dispersed

PTFE and PBT phases, as it is observed in TEM images.
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4.2 PART II - Effect of PTFE on the mechanical properties and
thermal stability of (PEI/ PBT)/PTFE blends

4.2.1 Introduction

It is well known that PTFE is commonly used in the modification of mechanical, thermal, chemi-
cal resistance, and tribological properties of polymers.19-119 |t is mostly used as a solid lubricant
due to it has the lowest coefficient of friction from all polymers. However, there are found
some contradictory results regarding the PTFE effects on the mechanical properties of polymer
blends.t0%113-118 To some extent, those results have shown that the processing method (solu-
tion or melt processing) and the processing conditions will strongly influence blends perfor-

mance when PTFE is added.

There are few reports of the mechanical properties evaluation in PTFE based polymer blends
produced from melt processing. In their work, Palabiyik and Bahadur!'® obtained binary
PA/HDPE blends and modified their properties by adding PTFE. For PTFE incorporation, they
used a processing temperature of 235 °C, hence it is dispersed in the blend in the solid state. It
is found that PTFE significantly improves the friction resistance due to its self-lubricating behav-
ior. However, it does not improve the mechanical performance of blends and slightly reduced
their ductility. In other work performed by Bijwe and collaborators,*!! these authors evaluated
the mechanical properties of PEEK/PTFE blends obtained in a twin-screw extruder at 350 °C.
They found that increasing PTFE concentration from 0 wt% to 30 wt% improves the wear re-
sistance of PEEK. However, all other properties are deteriorated (tensile strength from 87 MPa
to 64.6 MPa, tensile modulus from 3.9 MPa to 1.23 MPa, and elongation at break from 21% to

8.87%), except one, the impact strength, which improves from 60 J/m to 126.42 J/m.

In a more recent work performed by Hussain and coworkers,*'* they mix thermoplastic elasto-
mer (TPEE) with PBT, the blend was reinforced with PTFE nanoparticles. The process consisted
of two separated steps: i) blending TPEE with PBT by extrusion at 265 °C, and ii) adding the PTFE
powders in a second process using the same temperature conditions. Even though PTFE is not
melted at the processing temperature used by the authors, they found by TEM evaluation a
strong interface between PTFE and binary TPEE/PBT blend, and they attributed the high me-

chanical properties to this interaction.
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In this part of the study, we evaluated the effect of PTFE addition on the mechanical, thermal,
and flammability properties of (PEI/PBT)/PTFE blends. Since PEl, PBT, and PTFE are completely
immiscible, once again we used additivity approaches and the results are contrasted with those
obtained for binary PEI/PBT blends. The tensile tests results reveal that PTFE phase do not af-
fect PEI/PBT stiffness since it is not observed any significant variation in the tensile modulus
values. On the other hand, it is noticed a progressive decrease of blends tensile strength with
increasing PTFE concentration. A similar response is observed on ductility values for ternary
blends with 50 wt%, 60 wt%, and 70 wt% of PEIl. However, ductility is improved adding only
5 wt% of PTFE in blends with 80 wt% of PEI. Even though the addition of higher PTFE concentra-
tion reduce progressively the ductility of blends with 80 wt% of PEI, in all the cases it is greater

than that for binary 80PEI/20PBT blend.

Regarding thermal stability of blends measured by TGA, it is studied the interaction between
components by calculating the theoretical decomposition behavior of blends when no interac-
tion occurs.'82188 Results reveal that PTFE addition did not compromise the thermal stability of
blends. On the contrary, it is noticed a PTFE addition delays the thermal decomposition of
blends when there are contrasted the values with those of binary PEI/PBT blends. Finally, the
flammability results after the horizontal burning test reveal that the protection mechanism

consisting of charring formation is enhanced by the addition of PTFE phase.

These results pave the way to promising applications of the high-performance (PEI/PBT)/PTFE
ternary blends obtained in this work, due to the attractive combination of mechanical proper-

ties with enhanced thermal stability and flame resistance.
4.2.2 Experimental

Tensile tests

Tensile tests were made according to standard ASTM D638 — 14. Type V samples were injected
molded in a HAAKE™ Minilet Pro Injection System from Thermo Scientific. Conditions for injec-
tion molding are listed in Table A- 4. Samples were tested in an Instron 3366 at a crosshead
speed of 1 mm/min using an extensometer with a gauge length of 10 mm. At least five speci-

mens of each blend were measured and the average values were reported.
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Thermal stability and flammability tests

Thermal stability of (PEI/PBT)/PTFE blends was studied by means of TGA and a flammability

tests were settled according to the UL94 standard.

Thermogravimetric analysis (TGA)

Thermal stability study was carried out in a TGA Q500 model from TA Instruments on samples
of 40+2 mg, within a temperature range from 25 °C to 900 °C at a heating rate of 10 °C/min. All

thermal evaluation tests were performed under nitrogen atmosphere.

Flame resistance analysis

For flammability tests, samples of 125 mm length, 10 mm width, and 3 mm thickness were ob-
tained by injection molding in a HAAKE™ MiniJet Pro Injection System from Thermo Scientific.
The injection molding conditions are the same as the ones described in Table A- 4. An assembly
was fabricated to perform horizontal burning (HB) tests according to the standard UL 94, Figure
3.21. The lab-made assembly consisted of a laboratory burner positioned at 45°, a supply of
natural gas, a sample holder, and a universal laboratory support. According to the UL94 stand-
ard, two marks were made in the specimens at 25 mm and 100 mm length from the tip that is
exposed to direct flame contact, in order to measure the burning rate in mm/s. Three speci-
mens were tested for each blend. The flame traces in the samples were video and photograph-

ically recorded.
4.2.3 Results and discussion

Tensile properties of ternary (PEI/PBT)/PTFE blends

In Figure 4.13a) and Figure 4.13b), are presented the tensile moduli and tensile strength as a
function of PEI concentration, respectively. The moduli values are calculated from the slope of
the elastic region of stress-strain curves at early deformations where no interfacial debonding
takes place.'®1%0 The dashed horizontal line in Figure 4.13a) delimits the modulus of pure PEl,
and the solid lines in both graphs correspond to the moduli and yield stress values calculated

from the additivity rule by using Equation 3.10.

In Figure 4.13a) it is noticed a combined effect of PTFE addition on the blends stiffness. Howev-

er, the general trend of the tensile moduli for ternary blends is close to that for binary blends,
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and in all cases the moduli values whether equal or exceed those predicted by additivity. Addi-
tionally, the synergic effect observed in the binary blends with 50 wt% and 80 wt% of PEl is
maintained by the ternary blends with the same PEl compositions. These results suggest that
PEI and PBT phases exhibit partial miscibility due to the inter-spherulitic interaction described
in Section 0, and that PTFE does not interfere in the interfacial bonding through the fibrillary

structure, as observed by SEM and TEM results.

On the other hand, in the results presented in Figure 4.13b) for yield stress, it is noticed that
increasing the concentration from 0 wt% to 15 wt% of PTFE decreases progressively the tensile
strength of blends. Besides, it is noticed that blends with PTFE concentrations higher than
10 wt% exhibit a negative deviation from the additivity. Having in mind that contrary to the
elastic modulus, the yield stress in polymer blends is sensitive to adhesion of components, 8210
this behavior is attributable to two major effects: the first is linked to the high interfacial energy
between phases that leads to blends’ immiscibility, and hence, the interfacial adhesion be-
tween PEIl and PBT with PTFE phase is not too strong; the second is related to the characteristic

low yield strength of PTFE,'17-11° which is reflected in the performance of the blends.
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Figure 4.13 Tensile tests results of (PEI/PBT)/PTFE blends contrasted to tensile properties of binary PEI/PBT blends:
a) Young modulus, and b) yield stress. Mechanical properties are plotted as a function PEl wt%. The standard devi-
ation was calculated for n = 5. Values for pure PEIl and pure PBT phases are shown in the open circles.

In Figure 4.14a) and Figure 4.14b), it is shown the effect of PTFE phase on blends elongation at
break. The solid line in Figure 4.14a) delimits the ductility of blends calculated from the additivi-
ty rule. It is noticed that both, binary and ternary blends, exhibit a negative deviation from ad-
ditivity, and that ternary (PEI/PBT)/PTFE blends containing 50 wt%, 60 wt%, and 70 wt% of PEl
present even lower elongation at break performance than that of binary PEI/PBT blends. This

behavior is similar to other results described in PTFE based polymer blends,'21%> where the
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increasing of PTFE particles in the blend results in a negative effect on blends ductility. Since the
tensile modulus is not compromised with PTFE addition, this behavior may be due to the
debonded PTFE portions that are not embedded in the PEI matrix during the spheroidization

process in step 1, which may induce fails affecting the elongation of blends.

Nevertheless, the blends containing 80 wt% of PEl reveal a surprisingly increase in elongation at
break resistance on ternary blends. The ductility values of 80/20/5 blends even reach values
close to those of binary co-continuous 50/50 blends —which exhibit the highest elongation at
break performance in binary PEI/PBT blends—. Two major effects explain this particular behav-
ior: the first one includes the effective homogenization of PEl and PTFE during step 1. Under
these conditions, the proper integration of both, PEl and PTFE phases, is enhaced by the
shearing deformation inside the mixing chamber. Besides, the ternary blends are fabricated
with lower PTFE concentrations than that presented in the example of the binary PEI/PTFE
blend —80PEI/20PTFE blend developed for defining processing conditions purposes—, and the
amount of PTFE debonded particles are likey to be lesser than those for bianry PEI/PTFE blends.
On the contrary, the formation of PTFE nano droplets embedded in the PElI matrix will be
promoted under these conditions, as observed in Figure 4.7c) and Figure 4.7d), together with

the PBT phase distribution with particles sizes close to 120 nm.

The second effect is linked to the inhibition of blends densification by PTFE phase. In Chapter 3,
it was described that the densification phenomena in 80PEI/20PBT blend causes the synergic
behavior on the tensile modulus, which is also responsible of the low elongation at break per-
formance of binary blends. Densification occurs by the volume contraction in the blend causing
“thermal embrittlement”, which explains the embrittlement that occurs when miscible blends
with high Tg polymers —such as PEI— experiences free volume loss. Since the PTFE phase is
blended together with the amorphous PEI during step 1, it inhibits the free volume loss due to
the highly crystalline domains of PTFE, which are well distributed along the PEI matrix, as ob-

served by TEM evidences.

The progressively decrease in the elongation at break values for 80/20/PTFE blends is a nega-
tive effect on blends ductility when PTFE concentration is increased, similarly to the behavior
observed in the ternary blends with 50 wt%, 60 wt%, and 70 wt% of PEl. Nevertheless, for ter-

nary 80/20/PTFE blends ductility is higher than binary 80/20 PEI/PBT blend, suggesting that
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densification of blends is also inhibited at these PTFE compositions. These results are shown for

the first time in a ternary system comprised of high-performance polymers.
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Figure 4.14 Elongation at break resistance for (PEI/PBT)/PTFE blends contrasted to binary PEI/PBT blends: a) ductil-
ity, and b) tensile stress-strain curves for binary and ternary blends containing 80 wt% of PEI. Mechanical proper-
ties are plotted as a function PElI wt%. The standard deviation was calculated for n = 5. Values for pure PEl and
pure PBT phases are shown in the open circles.

In Figure 4.14b) it is clearly evidenced the PTFE phase effect in ternary blends. In ternary blends
it is achieved a good combination between tensile strength and ductility for low concentrations
of PTFE (lower than 10 wt% of PTFE). In his work, Ritchie reviewed the conflicts that commonly
exist between strength and toughness in many classes of materials.?!? He says these two prop-
erties tend to be mutually exclusive, and the generation of toughness in a material is quite a
challenge. When one material combines these two properties, it can be used in structural appli-

cations, as well as in safety applications where premature fractures are unacceptable.

Thermal stability and flammability of blends

Thermogravimetric analysis (TGA)

In Figure 4.15, there are shown the results for pure PEIl, PBT, PTFE, and their blends. Since all
ternary blends displayed the same tendency during thermal decomposition, only one concen-

tration of PTFE (10 wt% of PTFE) is shown for demonstrative purposes.

In Figure 4.15a), decomposition of pure materials takes place in a single step, which is retained
in the corresponding ternary blends leading to an intermediate three-step decomposition be-
havior. The respective DTG results are presented for a temperature range between 270 °C and

630 °C —delimited by the dashed square— as shown in Figure 4.15b). The derivative curves
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show clearly the PTFE contribution as a peak that appears just after the PEIl signal at 570 °C. The
DTG signals do not show any temperature shifts, then they correspond to each phase in the

blends, except for the 50/50/10 blend.
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Figure 4.15 Thermal stability of PEI, PBT, PTFE and ternary (PEI/PBT)/PTFE with 10 wt% of PTFE: a) TGA, and b)
DTGA.

TGA results reveal that the decomposition of ternary blends is strongly influenced by each pol-
ymer thermal behavior. In order to study the existence or not of interactions between PTFE or
PTFE degradation products with PEl and PBT phases and their respective degradation products,
we calculate the theoretical TGA curves by using an additivity relation, by multiplying the exper-
imental data of the individual components by a factor corresponding to the wt% of each com-
ponent in the ternary blend. The resulting data represents the thermal behavior expected for
each composition in the absence of any kind of interaction between phases or their decomposi-

tion products.182-184,188,196

In Figure 4.16, there are compared the calculated and experimental TGA curves for ternary
blends containing 5 wt% of PTFE. In Figure 4.16a), are also shown the curves for pure polymers
for comparative purposes. The solid lines represent the behavior observed experimentally and
the dashed lines the calculated weight loss curves in the absence of any interaction. For all
compositions, it is noticed that both curves have a similar tendency, with three step decompo-
sition behavior corresponding to each phase response. During the first decomposition step, the
experimental and predicted curves are in good agreement, corroborating that PEIl delays the
initial degradation of PBT phase improving its thermal stability. However, clear differences be-
tween experimental and calculated curves start to appear just before the decomposition signal

of the second step which corresponds to PEI decomposition. It is noticed that the loss weight
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behavior of the experimental curves is lower than that of the theoretical curves, and just as in
binary PEI/PBT blends, the less stable polymer (PBT) causes destabilization of the more stable

one (PEl), suggesting that some kind of interaction is taking place (Section 0).
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Figure 4.16 Experimental and calculated TGA curves ternary (PEI/PBT)/PTFE blends containing 5 wt% of PTFE.

During the final step corresponding to the PTFE phase, there is not noticed significantly differ-
ence between the experimental and calculated curves. Additionally, the magnification present-
ed in Figure 4.16b) of the total weight loss, reveals the effect of adding 5 wt% of PTFE on the
generation of carbonaceous residues —charring formation—. Theoretical and experimental
curves for blends with 50 wt% and 80 wt% of PTFE, show no differences in the final residue
formed. However, ternary blends with 60 wt% and 70 wt% of PEI, reveal that experimental car-
bonaceous residues (39.5% for blends with 60 wt% of PEl and 42.9% blends with 70 wt% of PEI)
are higher than the theoretical ones (36.6% for blends with 60 wt% of PElI and 40.1% blends
with 70 wt% of PEIl). These results suggest that PTFE improves the thermal stability of PEI/PBT

blends by enhancing the major mechanism against fire protection in polymers.

In order to understand the effect of these interactions, we obtain the characteristic decomposi-
tion temperatures at different weight loss percentages: initial decomposition temperature (Ti),
and the temperatures at 10% (T10) and 40% (T40) of mass loss, as shown in Figure 4.17. Gener-
ally, the characteristic temperatures analysis is performed at 50% weight loss. However, the

final PEl weight loss is higher than 50%, hence 40% will be used.

In previous thermal interaction analysis of binary PEI/PBT blends showed in Figure 3.28, it was

noticed that PEl improves the thermal stability of PBT phase. This generalized behavior is still
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noticed in the ternary blends characteristic temperatures. Similarly, PTFE addition also im-
proves thermal stability of PEI/PBT blends. In all the thermal characteristic temperatures shown
in Figure 4.17, PTFE causes a slightly delay in Ti and T10 temperatures, and the increasing

amount of PTFE does not have any significant effect.

However, in Figure 4.17c), it is noticed that PTFE has a stronger effect on the temperature at
40% of sample decomposition, T40, particularly for ternary blends containing 50/50 of PEl and
PBT phases (co-continuous morphology). The addition of only 5 wt% of PTFE to binary PEI/PBT
blend, improves by 114% blends thermal stability. These results suggest that morphology of
blends strongly influences their thermal performance. It is noticed that this effect is not as pro-
nounced in blends containing 60 wt%, 70 wt%, and 80 wt% of PEIl since in these cases high
thermal stable PEI phase is the matrix and low thermal stable PBT is distributed as little drop-
lets. Conversely to those blends, in 50/50 blends there is a bigger amount of PBT distributed as
a continuous phase in the blend, hence the effect of the PTFE —which has an inherent thermal

stability and flame retardancy— enhances 50/50/PTFE blends thermal performance.
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Figure 4.17 PTFE effect on thermal stability of ternary (PEI/PBT)/PTFE blends: a) Ti, b) T10, and c) T40.
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Flame retardancy of (PEI/PBT)/PTFE blends

Limiting oxygen index (LOI) and charring formation on ternary (PEI/PBT)/PTFE blends

In Figure 4.1b), it is revealed that all PTFE sample degrades without any kind of residue. How-
ever, PTFE has an exceptionally high limiting oxygen limit, LOI = 95%,3* because during flame
exposure the defluorination of its backbone structure produce hydrogen fluoride HF,2%> which
acts as a flame inhibitor. For that reason, PTFE is considered as an inherent flame retardant

polymer.

Despite PTFE does not exhibit carbonaceous products after decomposition, it has the highest
LOI value from all the polymers used in the ternary (PEI/PBT)/PTFE fabrication —as listed in
Table 4.4—; hence, it should be expected lower charring ability in ternary blends than in binary
PEI/PBT blends, and the protection mechanism against flame propagation should be different

to that observed in binary PEI/PBT blends.

Table 4.4 Limiting oxygen index (LOI) values for pure materials used in ternary (PEI/PBT)/PTFE blends fabrication.
Data obtained from the supplier’s data sheet.

Polymer Lol
Y (%)
PEI 47
PBT 30
PTFE 95

Nevertheless, in Figure 4.16b) it was evidenced that PTFE enhances the charring formation of
ternary blends with 60 wt% and 70 wt% of PEI. In order to study the effect of PTFE on the major
fire protection mechanism of binary PEI/PBT blends, we evaluate the weight loss percentages
(charring formation) for all PTFE concentrations used, and compare them with binary blends. In
Figure 4.18, it is presented the charring percentage of binary and ternary blends as a function
of PEI addition. It is noticed that for binary PEI/PBT blends (black curve), the charring products
increase monotonically with PEI addition. Similar results are observed for ternary blends, which
confirm that the inherent charring ability of PEIl is transferred to both binary and ternary

blends, improving their resistance to flame propagation.

Besides, it appears a surprisingly effect of PTFE addition on charring formation of ternary

blends. Based on the weight percentage residue of pure PTFE observed in TGA results (Figure
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4.15), the final residue values expected for ternary blends should be close to those of PTFE
(very low), since the major fire protection mechanism of PTFE do not consist in charring for-
mation. However, addition of PTFE to binary PEI/PBT blends, increases their charring produc-
tion. The mentioned effect is mostly noticed in blends with 5 wt% of PTFE. Nevertheless, when
it is added 10 wt% or 15 wt% of PTFE, the charring ability of PEI/PBT blends falls systemically
while PTFE increases, and it is even compromised for blends with concentrations of 50 wt% and

80 wt% of PEI.

Above results suggest that low concentrations of PTFE enhance the interaction between the
degradation products of PEIl, PBT, and PTFE to react in a fashion that they improve the charring
ability of the ternary (PEI/PBT)/PTFE blends. In addition, higher concentrations of PTFE in the

ternary blends will lead to a protection mechanism characteristic of PTFE.
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Figure 4.18 Experimental charring percentage of ternary (PEI/PBT)/PTFE blends as a function of PEI concentration.

Horizontal burning flammability test

In order to compare the charring formation of specimens after long exposure times, in Figure
4.19 are presented the results for all ternary (PEI/PBT)/PTFE blends after four minutes of direct
flame exposure. The upper dashed line delimits the maximum length of the specimens
(125 mm), and the lower dashed line the first mark at a length of 25 mm from the specimen’s
tip. All blends exhibited charring products formations, and that they are higher than the initial
specimen length. Additionally, it is observed PTFE effect on enhancement charring formation,

which leads to protective carbonaceous layers higher than those of binary PEI/PBT blends.
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Figure 4.19 Photographs of the ternary blends specimens, after the HB test. PEIl content increasing is shown from
left to right, and PTFE increasing in shown from top to bottom.

Similarly to binary blends, as the flame did not overpass the first mark at 25 mm, it is possible
to classify the ternary blends as HB, which according to the UL94 standard is the maximum
flame retardant grade. This is caused by the combing effect between charring formation and
self-flame inhibition characteristic of PTFE phase. All samples of ternary blends reveal that

flame propagation in ternary blends is even lower than it was in PEI/PBT blends.

4.3 Conclusions - Chapter 4

The mechanical properties of binary PEI/PBT blends were successfully modified by adding
5 wt%, 10 wt%, and 15 wy% of PTFE. Ternary (PEI/PBT)/PTFE blends were obtained by using a
two-step melt processing method, for PEI concentrations greater than 50 wt%. The integration
sequence of the PTFE phase was defined in such a way that it is possible to obtain ternary
blends without varying any processing parameter, except blends composition. Just as for binary
PEI/PBT blends, ternary (PEI/PBT)/PTFE blends are easily scaled to industrial processing meth-
ods, since PTFE reduces significantly the torque needed to process the PEl in binary PEI/PBT
blends. In addition, there are obtained homogeneous and compact materials after the mixing

process for all PTFE concentrations used.

Interesting finidings on blends morphology were noticed on PEI/PTFE blends. During step 1, the

processing conditions enhance PTFE distribution in PEl phase in two ways: nanosized droplets
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embedded in the PEI matrix and debonded PTFE spheres of 1.5 um of diameter. Nevertheless,
from the miscibility study, PTFE is completely immiscible with both, PEl and PBT phases, and it
does not interfere with the PEl and PBT interaction. As a consequence, when PBT is added in
step 2, similar phase’s distributions to those of binary PEI/PBT blends with PEI concentrations

greater than 50 wt% are observed.

It is noticed that in both binary and ternary blends, the morphology evolves from co-continuous
to matrix/droplet-like morphology. In contrast to binary blends, the matrix is not purely PEI, but
a combination between immiscible PEI and PTFE phases. The PTFE phase is preferentially locat-
ed in the PEIl phase because the interfacial energy between PEl and PTFE is lower than that for
PBT and PTFE. These results confirm PTFE addition during step 1 does not interfere with the
interaction between PEIl and PBT phases. Besides, there are not observed notorious cavities
formed by PTFE spheres as it was observed in binary PEI/PTFE blend. Additionally, antimony
trioxide crystals are observed in almost all samples, as well as the PBT phase enclosed in the PEI
+ PTFE matrix in the shape of droplets. The blends containing 70 wt% and 80 wt% PEI exhibit

the spore-like morphology characteristic of PEI/PBT blends at these PEI compositions.

The results from the spreading coefficient analysis confirmed the observations on the morpho-
logical evaluation. Complete wetting of PEl over PBT and PTFE phases is observed in blends with
60 wt%, 70 wt%, and 80 wt% of PEIl. On the contrary, blends containing even concentrations of
PEI and PBT phases form co-continuous morphology, and PTFE phase is preferentially distribut-

ed in the PEI matrix, as predicted by the positive spreading coefficient value.

The influence of PTFE phase on the mechanical properties of binary PEI/PBT blends is noticed as
a combined behavior. Tensile modulus is not significantly affected by PTFE addition, and there
is not a notable adverse effect in the synergic behavior of tensile modulus for blends with
50 wt% and 80 wt% of PEI. The yield strength on the other hand, goes through a systematically
reduction when PTFE concentration is increased. A stronger reduction is observed in blends
ductility, particularly for blends containing 50 wt%, 60 wt% and 70 wt% of PEI. However, ductili-
ty increases considerably adding small concentrations of PTFE to the binary 80/20 blend, due to
PTFE phase relieves the blends densification observed in the binary PEI/PBT blends, and hence,
a rare combination between strength and ductility is obtained for ternary (PEI/PBT)/PTFE
blends containing 80 wt% of PEI.
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Additionally, PTFE phase improves thermal stability of PEI/PBT blends, in particular the co-
continuous morphology region. Even though PTFE thermal decomposition is not leaded by
charring formation, the interaction between decomposition products of the three phases re-
sults in an improvement on charring formation, even higher than the predicted theoretically.
These results are corroborated by the horizontal burning tests, which revealed that flame prop-

agation in ternary blends is more effective than that observed in the binary PEI/PBT blends.

153



Chapter 5 Conclusions, implications of
the study and directions for future re-

search

In order to address the two main issues still existing in HPPB development —i) poly-
mers decomposition during melt-processing and ii) morphology control—, in this work it is suc-
cessfully developed a methodology to obtain binary blends in an internal mixer, between two
high-performance polymers with notable differences in their processing temperatures: PEl and
PBT. The first challenge was overcome by developing the two-step melt processing method,
from which it is avoided PBT thermal decomposition when is blended with PEI phase. The sec-
ond challenge linked to the understanding of phase’s morphology is fulfilled by applying the
basis of materials science: evaluate viscoelastic properties of pure components, calculate inter-
facial tension between all polymer pairs, set the processing conditions, and change the phases’
concentration. From these features, it is possible to control PEI/PBT phase morphology in the
entire compositional range to tailor blends properties. For the first time, it is reported a com-
plete morphological study in PEI/PBT blends together with their mechanical, thermal, and
flammability performance evaluation. Regarding blends morphologies, we found interesting
aspects: a co-continuous morphology is obtained at compositions near to 50 wt% of PEl and a
new morphology is presented in the binary 70/30 and 80/20 blends, where PBT and PEI phases
are bonded through a fibrillary interface. We call it spore-like morphology, and it is obtained
without the need of using chemical compatibilizing agents. The mechanical, thermal, and flam-

mability characteristics of blends result highly dependent on blends’ morphology.

Certainly, binary 80/20 blend exhibited the most interesting behavior regarding mechanical and
thermal properties. At this PEI composition, it is observed a synergic behavior in the tensile
modulus. In addition, it is the blend with higher thermal and flame resistance properties. These

properties are conferred by the interesting spore-like morphology. However, 50/50 blend with
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cocontinous structure also reveals good mechanical and thermal properties, as well as the
highest ductility of the binary blends obtained. Nevertheless, the highly stiffness of these

blends leaded to reduce their elongation at break performance.

To modify binary PEI/PBT blends properties, the third blend component had to be accurately
selected. The addition of PTFE to binary PEI/PBT blends allows obtaining ternary blends from
melt processing using the same two-step melt processing method. It is found that PTFE phase
improves PEIl processability and does not interfere in the interaction between PEl and PBT.
From Harkin’s spreading coefficient model, it is predicted the encapsulation of PTFE particles by
PEIl phase when PBT is the matrix. The highly interfacial tension and the differences in the polar
components of PTFE and PBT surface tensions, favors its immiscibility. It is observed an unusual
morphology in binary PEI/PTFE blend. PTFE powders are spheroidized during step 1, and some
PTFE nanoparticles are dispersed in the PElI matrix. This feature avoids blends densification dur-
ing ternary 80/20/PTFE processing, resulting in a considerable improvement of the blends duc-
tility. PTFE addition to PEI/PBT blends fulfilled the aim of improving PEI/PBT blends perfor-
mance without decreasing binary PEI/PBT thermal and flammability properties. On the contra-

ry, PTFE enhanced blends thermal stability.

From all ternary blends obtained, the addition of 5 wt% of PTFE to this blends with 80 wt% of
PEI resulted in the highest ductility without affecting the synergic contribution in the tensile
modulus. Another blend that exhibited interesting properties is the 50/50/5. The thermal stabil-
ity of these blends is considerably increased by PTFE phase due to PTFE encapsulation in the PEI

phase.

5.1 Implications of the study

The development of binary PEI/PBT blends and the modification of these blends to obtain ter-
nary PEI/PBT/PTFE blends, have shown interesting implications that open the door to further

interesting research works. Some of them are following highlighted.

The first is related to the results observed in the development of the two-step melt processing
method —initially proposed for binary PEI/PBT blends fabrication— in an internal mixer. This
method contributes to the development of new HPPB from melt processing methods, and
points to be a great opportunity to produce blends from several HPP pairs with enhanced melt

processability. We confirm this during the ternary blends fabrication, where all the processing
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conditions were kept the same when adding the third component. As a consequence, pro-
cessability of PEI/PBT blends is enhanced and due to the interfacial surface between blends
components, the same morphology as that of binary blends is obtained. This finding is highly
attractive from a technological point of view, since this two-step process can be easily scale up
to an industrial process and produce binary and ternary —or multicomponent— blends from

high-performance polymers. This scale up process could be a melt processing like extrusion.

Secondly, understanding PEI/PBT blends evolution in the entire compositional range evaluated,
allows us to understand phases distribution and to control the morphology when ternary
(PEI/PBT)/PTFE blends are obtained. Since, for binary and ternary blends, these tailored mor-
phologies can be addressed to specific technological applications. In Table 5.1 are listed some
of these blends with their mechanical, thermal, and flame resistance performance, and also the
prices of each blend is calculated from the raw material commercial prices and the wt% used in
each blend. The results are exhibited as a function of blends morphology evolution, and there

are only presented the results for ternary blends with 5 wt% of PTFE.

We calculate the cost/performance index for ductility and charring formation in binary and ter-
nary blends, and plotted them as a function of PEI wt%, Figure 5.1. The LOI was not used for
this example because all blends obtained in this work can be used in protective clothes applica-
tions, since their LOI values are greater than 30%, which is the minimum value to be able to
comply with flammability in protective applications. The best cost/ductility index is for binary
blends with 50 wt% of PEI, and for ternary blends the compositions with 50 wt% and 80 wt% of
PEI. In contrast to the binary blend, a remarkable improvement on ternary blend containing
80 wt% of PEl when it is added 5 wt% of PTFE is observed. Regarding charring formation, adding
PTFE to the blend improves not only mechanical performance but flame resistance perfor-
mance as well, and the cost/charring index for blend containing 80 wt% of PEIl is the one with
better performance. These results suggest that from blending PEI, PBT, and PTFE, can be ob-
tained a high-performance polymer blend with enhanced mechanical and thermal perfor-

mance, and additionally, very easy to process by industrial melt-processing methods.
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Table 5.1 Summary of properties and potential applications of binary PEI/PBT and ternary (PEI/PBT)/PTFE blends.

Binary PEI/PBT blends Ternary (PEI/PBT)/PTFE blends
40 50 60 70 80 100 50 60 70 80 PTFE
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Morphology

Processability

21 31 70 21 22 30 50

16

Torque (Nm)

Mechanical

1769 2158 2270 2095 2029 2516 2268 2111 2196 2214 2378

1600

Modulus (MPa)

68 72 75 84 92 97 104 71 76 84 90 21*

57

Yield Strength (MPa)

14 17 11 14 27 11 17

41

Ductility (%)

Thermal

309 315 322 334 331 341 497 337 332 342 349 488

300

Ti (°C)

358 360 363 375 376 391 533 372 373 382 394 518

353

T10(°C)
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Binary PEI/PBT blends

Ternary (PEI/PBT)/PTFE blends

Property 0 30 40 50 60 70 80 100 50 60 70 80 PTFE
T40 (°C) 382 395 402 414 491 514 548 617 472 517 540 548 558
Flammability

UL classification HB HB HB HB HB HB HB HB HB HB HB HB -
Charring (%) 14.8 23.9 26.9 31.9 32.3 36.3 43.3 53.5 32.8 39.1 42.7 42.3 0.12
LOI (%) 30.0 35.1 36.8 38.5 40.2 419 43.6 47.0 41.3 42.9 44.6 46.2 95
Price

USD/kg? 0.6 1.5 1.8 2.1 2.4 2.7 3.0 3.6 2.2 2.5 2.7 3.0 3.3
Cost/performance index

Cost/Yield Strength 0.011 0.022 0.025 0.028 0.029 0.029 0.031 0.035 0.031 0.033 0.032 0.033 0.157
Cost/Ductility 0.01 0.21 0.13 0.12 0.22 0.19 0.50 0.13 0.20 0.36 0.34 0.18 0.01
Cost/T40 0.002 0.004 0.004 0.005 0.005 0.005 0.005 0.006 0.005 0.005 0.005 0.005 0.006
Cost/LOI 0.020 0.043 0.049 0.055 0.060 0.064 0.069 0.077 0.053 0.058 0.061 0.065 0.035
Cost/Charring 0.041 0.063 0.067 0.066 0.074 0.074 0.069 0.067 0.067 0.064 0.063 0.071 27.500

9 Calculated from suppliers data using additivity rule.

b Calculated from data obtained from http://www.plasticsnews.com/resin, updated to 2017
* Data obtained from reference 210
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Figure 5.1 Cost/performance indexes for binary PEI/PBT and ternary (PEI/PBT)/PTFE blends:

The same exercise can be made for other properties, and the best cost/performance index will
lead to address the blends to specific high-performance applications. In this work, both binary
and ternary blends can be used in applications such as: firefighter suits, aircraft furnishing for
aerospace industry, non-flammable curtains, athletic clothes, military personal protection, to

name a few.

In the third place, it is highlighted that PBT flammability resistance is significantly enhanced by
PEI addition in binary blends, which may lead to avoiding the use of halogenated compounds
commonly used as flame retardant additives in polymers. These compounds are found to be
highly toxic during combustion. In addition, the major flame protection mechanism of PEl is
charring formation, which is the most attractive flame protection mechanism for applications
such as textiles. Besides, the use of flame retardant additives reduces drastically blends me-
chanical properties, conversely to the results observed in the mechanical properties of binary

PEI/PBT blends.

Finally, adding low PTFE concentrations to PEI/PBT blends with 80 wt% of PEl, it is obtained a
material with an interesting combination of tensile strength and ductility, which is quite a chal-
lenge in materials science, since tensile strength is commonly linked to stiffness, and hence, to
brittleness of materials. Additionally, PTFE increases the thermal and flame resistance of binary

PEI/PBT blends.
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5.2 Directions for future research

Data from the TGA evaluation in both, binary and ternary blends, needs to be deeply studied to
understand the interaction mechanisms between the decomposition products of each phase in
the blends, which cause the differences between the experimental and theoretical curves. For
that, it is recommended to use Fourier transform infrared spectroscopy (FT-IR) and gas chroma-
tography as fundamental tools to complement the analysis of the mechanisms involved in the
degradation of polymers, and hence, evaluate the different decomposition mechanisms that

occur during decomposition and combustion in both, binary and ternary blends.

Results from the morphological evaluation of PBT/PTFE blends revealed that PTFE particles
formed in situ fibrillary reinforcement in the PBT matrix. This kind of behavior is commonly ob-
served in PTFE based composites; when they are obtained from melt processing at lower tem-
peratures than the melting temperature of PTFE. This appears as a striking possibility of in-
crease the mechanical, tribological, thermal, and flame resistance properties of PBT from melt

processing methods.
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Appendix

Polymers commonly used in fire protection applications

In Table A- 1 are listed some engineering and specialty polymers commonly used in fire protec-

tion applications.

Table A- 1 Polymers and polymer fibers commonly used in fire protection applications.

Polymer/Fibers Trade name Properties Comments Applications
Organic fiber. LOl =41%. Resistance to high temperature
Firefighter suits, escape
Little smoke generation.  and chemicals. Comfortable to
suits for astronauts, and
Poly(benzimidazole) Can withstand 600 °C wear as cotton. Better than
aircraft furnishing for
(PBI)26 for 3—5s; and for long-  Aramid because remain flexible
aerospace industry. Re-
er periods up to and keep their integrity. Don’t
place asbestos.124
350 °C.124 exhibit afterglow.
LOI = 30 — 35%. Ignition Obtained by spinning and curing
Kynol (novo-
) temperature above of phenol-formaldehyde. Car-
loid
250 °C. bonizes.
LOI = 39, and does not
Phenolic fibers High cross-linked phenolic resin,
change its mechanical
and aromatic glassy polymer
Philene properties when heated
with high carbon content
for 24h@140°C or
(72 wt%).
6h@200°C.
Relatively non-flammable. Do
Poly(vinyl chloride)
Chlorofiber not emit flames nor release
(PVC)
molten drops.
Poly(vinylidene Non-flammable curtains
Rhoryl Thermally comfortable to wear.
chloride) (VDC) and athletic clothes.
Poly(phenylene LOI = 34 — 35%.124
Ryton Produced by melt spinning. Protective clothes.124
sulphide) (PPS) Chemically resistant.
Protection against chemi-
Does not burn or melt. Does not
cals as strong acids and
Poly(acrylate) fibers  Inidex LOI =43% emit toxic smoke or gases. The

durability is not too good.

alkalis. Useful in infiltration

of liquids and hot gases.1?*

Semicarbon fibers Firotex or As-

Obtained from viscose or PAN.

Protection against naked
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Polymer/Fibers

Trade name

Properties

Comments

Applications

(Viscose fibers)

gard

Excellent resistance to molten

metal splash.

flame.

Panox

Stands 1000 °C. Resistant to
acids and alkalis.
Very durable. Breaths like wool

and is comfortable.

Modacrylic

Velicren FR
SEF

Kanecaron

LOI = 26 — 31%'%

Generic class developed to
improve behavior of acrylic
fibers by copolymerization with
40% of chlorine monomers
(Vinyl chloride or vinylidene
chloride) along with sulphonat-

ed vinyl polymer.

Poly(amide-imide)

Kermel

LOI=31-32%

Resists 250 °C for long expo-
sures (after 500 hours the me-

chanical properties loss is only

33%). Does not melt but carbon-

izes.

Used in France as firefight-
er and military personal

protection.

Thermal characterization of Uf-PBT

The DSC and TGA characterization for Uf-PBT (without flame retardant compounds) are pre-

sented in Figure A- 5.1. DSC results show the glass transition temperature of unfilled PBT is

close to 45 °C, and its melting temperature at 220 °C. Its thermal decomposition shown by TGA

and DTG curves, display a single step reaction where the initial (Ti) and the final (Tf) decomposi-

tion temperatures are well defined. At 900 °C almost the entire sample has degraded, letting a

residue of 0.1146% in the pan.
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Figure A- 5.1 Thermal characterization of unfilled PBT (Uf-PBT): a) DSC, and b) TGA results.
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Characterization of the flame retardant compound present in PBT sample

In Figure A- 5.2 are presented the characterization results of the flame retardant compunds
present in the flame retarded PBT sample used in PEI/PBT blends fabrication. In Figure A- 5.2a)
the EDS are presented the EDS results for a PEI/PBT blend containing 30 wt% of PEI. The orange
(antimony, Sb) and yellow (bromine, Br) signals correspond to the flame retardant compounds.
The X-ray diffraction (XRD) results shown in Figure A- 5.2b), reveal that antimony is present as
antimony trioxide filler, and that the phase that prevails is senarmontite. Finally, Figure A- 5.2c)
shows the X-ray photoelectron spectroscopy (XPS) results, which estimates that the amount of
bromine compounds in the sample is of the order of 2.66%, which explains the great presence

of this element exhibited in the EDS results.
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Figure A- 5.2 Flame retardant compound characterization: a) EDS, b) XRD, and c) XPS.
DMA characterization of PBT resin without flame retardant compound

Figure A- 5.3 shows the DMA results that compare both PBT samples, with and without anti-
mony trioxide/bromide compounds. Clear differences are observed in the thermal transitions
between both samples. The glass transition temperature for unfilled PBT starts at a tempera-
ture close to 45 °C —as observed in DSC characterization for the same sample—. The Tg for
flame retarded PBT is shifted to higher temperatures due to the inorganic filler causes an stiff-

ness effect on polymer chains, reducing their mobility when temperature is raised. When tem-
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perature reaches 180 °C, it is noticed a second transition peak for the PBT sample with flame

retardant fillers, which is attributable to the melting temperature of the bromide compound.

The Uf-PBT does not exhibit this transition. After its Tg, the following thermal transition corre-

sponds to it melting temperature close 220 °C.

— PBT
Uf-PBT

Storage Modulus

60 °C 101 °C 190 °C 230°C

tan (8)

T T

T T T T
30 60 90 120 150 180 210 240

Temperature (°C)

Figure A- 5.3 DMA results for both PBT references: flame retarded PBT, and unfilled PBT (Uf-PBT).
PEI selective dissolution from Soxhlet extraction technique

Soxhlet extraction technique is used to selectively remove the PEI phase from PBT-rich blends,
in order to better observe the morphological distribution by SEM. The experiments were per-
formed putting the specimens inside a stainless steel mesh, and summited to different washing
cycles in chloroform at 100 °C. In the plot of the number of cycles as a function of PEl concen-
tration, is noticed that the higher the concentration of PEl in the blends, the higher the cycles

needed to remove it from blends.

164



No. Soxhlet Cycles

o+

0 10 20 30 40 50 60 70 80 90 100
wit% PEI

Figure A- 5.4 Assembly of Soxhlet extraction technique and sample preparation (left), and number of cycles used
for each blend (right).

Injection molding parameters for binary and ternary blends

Injection of the different specimens for rheological, mechanical, and flammability tests is per-
formed in a HAAKE Minilet Pro Injection System from Thermo Scientific. In Table A- 2, there are
presented the conditions used to prepare the specimens for rheological measurements of bina-
ry PEI/PBT blends, and Table A- 3 and Table A- 4 for the tensile tests of both, binary PEI/PBT
and ternary (PEI/PBT)/PTFE blends.

Table A- 2 Injection molding conditions of discs for rheological measurements.

PEI/PBT blend Cylinder temperature Mold temperature Pressure Holding time Post-pressure Holding time

(wt%) Q) (°c) (bar) (s) (bar) (s)
0/100 270 120 400 6 300 2
30/70 270 120 400 6 300 2
40/60 270 120 400 6 300 2
50/50 270 120 400 6 400 2
60/40 270 120 400 6 400 2
70/30 280 120 500 6 500 2
80/20 280 120 500 6 500 2
100/0 350 210 500 6 500 2

Table A- 3 Injection molding conditions for Type V specimens for binary PEI/PBT blends tensile and flammability
tests.

PEI/PBT blend Cylinder temperature Mold temperature Pressure Holding time Post-pressure Holding time

(wt%) Q) (W] (bar) (s) (bar) (s)
0/100 270 120 400 6 300 2
30/70 270 120 400 6 300 2
40/60 270 120 400 6 300 2
50/50 270 120 500 6 400 2
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PEI/PBT blend Cylinder temperature Mold temperature Pressure Holding time Post-pressure Holding time

(wt%) Q) (°c) (bar) (s) (bar) (s)
60/40 280 120 500 6 400 2
70/30 285 120 550 6 400 2
80/20 295 120 550 6 400 2
100/0 360 120 550 6 550 6

Table A- 4 Injection molding conditions of Type V specimens for ternary (PEI/PBT)/PTFE blends tensile tests.

(PEI/PBT)/PTFE Cylinder temperature Mold temperature Pressure Holding time Post-pressure Holding time
plend €0 €0 (bar) (s (bar) (5
(wt%)

50/50/5 270 120 450 6 450 2
50/50/10 270 120 450 6 450 2
50/50/15 270 120 450 6 450 2

60/40/5 280 120 450 6 450 2
60/40/10 280 120 450 6 450 2
60/40/15 280 120 450 6 450 2

70/30/5 285 120 500 6 450 2
70/30/10 285 120 500 6 450 2
70/30/15 285 120 500 6 450 2
80/20/5 295 120 550 6 450 2
80/20/10 295 120 550 6 450 2
80/20/15 295 120 550 6 450 2
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