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5.1 Introduction

Reactive compatibilization of immiscible polymer blends by in situ copolymer

formation is reviewed using approximately 1,100 examples taken from both journal

articles and patents. Selected references in English through approximately 2013 to

early 2014 are included. Important chemical reactions are illustrated which are useful

for copolymer formation across a melt-phase boundary during melt processing of the

immiscible blends. Focus is on irreversible chemical reactions taking place within

typical extrusion residence times for polymer processing. Examples of block, graft,

cross-linked, and degradative copolymer formation are shown. The illustrated chem-

ical reactions and processes are also generally useful for compatibilization of immis-

cible polymer blends either not illustrated or not yet conceived.

Commercial polymer products are frequently derived from blending two or

more polymers to achieve a favorable balance of physical properties. As described

in ▶Chap. 2, “Thermodynamics of Polymer Blends” in this handbook, from

the thermodynamic point of view, there are two basic types of polymer blends:

miscible and immiscible. The vast majority of polymer pairs are immiscible. There

are only a few commercially important polymer blends based on miscible or partially

miscible (i.e., miscible within a low range of concentration) polymer pairs. It is

seldom possible to mix two or more polymers and create a blend with useful

properties. Instead, when preparing a new polymer blend from immiscible resins, it

is necessary to devise a specific strategy for compatibilizing the mixture to provide

for optimum physical performance and long-term stability. Although there do exist

a very small number of commercial blends of immiscible polymers that are not

compatibilized, most commercially available blends of immiscible polymers have

been compatibilized by some specific mechanism.

The majority of polymer blends containing elastomeric, thermoplastic, and/or

liquid crystalline polymers are processed by melt extrusion at some point in their

history. After melt extrusion with intensive mixing, the morphology of an immis-

cible polymer blend on a microscopic scale will often consist of a dispersed phase

of the more viscous polymer in a continuous matrix of the less viscous polymer

(depending upon the relative amounts and viscosities of the two polymers in the

blend). A good analogy from everyday experience is a dispersed mixture of viscous

oil droplets in an immiscible water matrix.

The formation of optimum dispersed phase particle size and the long-term

stabilization of the resulting blend morphology are critical if the blend is to have

optimum properties and in particular good mechanical properties. If this
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morphology is not stabilized, then the dispersed phase may coalesce during any

subsequent heat and/or high stress treatment, such as injection molding. Coales-

cence may result in gross-phase segregation of the two polymers and delamina-

tion on a macroscopic scale and/or brittleness or poor surface appearance in the

final molded part. Good analogies from everyday experience would be the sepa-

ration on standing of a not stabilized oil-in-water dispersion into two separate

liquid phases. Therefore, an important aspect of all compatibilization strategies is

the promotion of morphology stabilization. Morphology stabilization may be

provided by sufficient interfacial adhesion and/or lowered interfacial tension

between the two polymer phases.

Of the various compatibilization strategies that have been devised, an increas-

ingly common method is either to add a block, graft, or cross-linked copolymer of

the two (or more) separate polymers in the blend or to form such copolymers

through covalent or ionic bond formation in situ during a reactive compatibilization

step. The first of these methods was described in ▶Chap. 4, “Interphase and

Compatibilization by Addition of a Compatibilizer,” in this handbook, while the

second method is the topic of this chapter.

The said copolymer can reside at the interface between the dispersed and

matrix phases, acting as an emulsifying agent that effectively stabilizes the

dispersed phase particles against coalescence and providing interfacial adhesion

between dispersed and continuous phases in the solid state. In this manner such

a copolymer can both promote optimum dispersed phase particle size formation

during compounding and prevent phase coalescence of the dispersed phase during

any subsequent heat treatment and/or high stress processes. Again, the analogy

from everyday experience is the addition of a soap or other emulsifying agent to

stabilize an oil-in-water emulsion. Often, as little as 0.5–2.0 wt% copolymer is

sufficient to achieve morphology stabilization of an immiscible polymer blend.

However, frequently higher amounts, for example, as much as 10–20 wt% copol-

ymer, may be necessary to obtain optimum physical properties of the blend, e.g.,

impact strength.

The majority of commercially important, immiscible polymer blends rely for

compatibilization on the presence of a copolymer of the blended polymers. However,

such a copolymer is almost never synthesized in a separate step and then added as a

distinct entity to the blend of immiscible polymers. Instead, a compatibilizing

copolymer is most economically formed simultaneously with generation of morphol-

ogy during extrusion processing, a process referred to as reactive compatibilization.

The reactive compatibilization process is logically a subcategory of the broader class

of interchain copolymer formation reactions performed by reactive extrusion (Brown

1992a), because there are other commercial reasons for preparing copolymers of

immiscible polymers aside from using them as in situ generated compatibilizing

agents for immiscible blends.

Copolymer formation by reactive compatibilization is a heterogeneous reaction
taking place across a melt-phase boundary. Often this process occurs by direct

reaction between chemical functionalities on some fraction of each of the two
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polymers. In some cases a third reactive species may be added to the blend to

promote copolymer formation by one of several mechanisms.

Reactive compatibilization has at least two advantages:

1. First, the compatibilizing copolymer is automatically formed at the interface

between the two immiscible polymers where it is needed to stabilize morphol-

ogy. In contrast, when a compatibilizing copolymer is added as a separate entity

to a polymer blend, it must diffuse to the polymer-polymer interface to be

effective for promoting morphology stabilization and interfacial adhesion

between dispersed and continuous phases. However, that added copolymer

may prefer to self-associate in micelles and form a separate phase that is useless

for compatibilization.

2. A second advantage of in situ copolymer formation is that the molecular

weight of each of the two distinct polymeric segments in the copolymer is

usually the same as that of the individual bulk polymer phase in which the

segment must dissolve. Even approximate molecular weight matching between

copolymer segment and bulk phase can result in optimum copolymer/bulk

phase interaction for maximum interfacial adhesion. See, for example, Jiao

et al. (1999).

5.2 Purpose

Only a relatively small number of chemical reactions have been devised to form a

compatibilizing copolymer during extrusion processing. Therefore, a purpose of

this chapter is to identify these different chemical reactions and give selected

examples illustrating their scope to form block, graft, or cross-linked copolymers

as compatibilizers for immiscible polymer blends. The emphasis is on copolymer

formation during melt reaction occurring during development of morphology.

With few exceptions, the examples are limited to processes that require mixing in

the molten state. This includes processes run in single-screw or twin-screw

extruders, or similar continuous or semicontinuous processing equipment, as

well as in batch mixers.

The references in this review include both journal articles and selected published

or issued patents. A large number of reactive compatibilization examples are found

in industrial research and are documented mostly in patents. Patent references are

included in this chapter if they reveal a novel compatibilization strategy apparently

not otherwise documented until later in the journal literature. Numerous examples

of industrial compatibilization methods have also been provided in a book based on

the patent literature (Utracki 1998).

It is not the purpose of this chapter to describe “compatibilization” of layers

of immiscible polymers in laminates. Strategies similar to those used to

compatibilize intimately mixed polymer blends have also been used to prepare

stable laminates, and in those cases, where a chemical reaction takes place

between laminate layers, similar types of chemical reaction have been used.
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Nevertheless, laminate macroscopic morphology is essentially fixed, and for-

mation of stable laminates is better treated as an adhesion problem. Similarly,

composite compositions which may comprise a blend of one or more

functionalized polymers with a second, less tractable component such as starch,

lignin, clay, silica, POSS, carbon nanotubes, etc. are outside the scope of this

chapter.

It is also not the purpose of this chapter to summarize examples of “compat-

ible” polymer blends formed in a solution step involving dissolution of the

polymer components, whether or not a chemical reaction takes place between

them. In some cases, particularly when no reaction takes place, such blends are

only “pseudo-stable,” since they may not have been processed above the Tg of

one or both of the polymer components. Also, mixing in solution followed by

devolatilization is rarely economical for practice in industry, particularly since

many commercially important compatibilized polymer blends comprise at least

one semicrystalline component (e.g., PA) which is poorly soluble in common

solvents. There are included in the Tables a small number of examples of solution

blended polymer blends when these complement similar examples prepared by

melt processing.

It is also not the purpose of this chapter to describe examples of compatibilized

polymer blends formed by polymerization of a monomer in the presence of a

second polymer. In these cases, the growing polymer chain may react with func-

tionality on the second polymer to form a certain fraction of compatibilizing

copolymer.

The coverage of this chapter is arranged by binary polymer Blend Type, in
alphabetical order of the first polymeric component. Thus, “polyamide blend” is

the first category discussed herein. Subcategories within each Blend Type category

are arranged by the specific chemical reactions that have been described in the

literature for reactive compatibilization processes.

The emphasis is on illustrating the scope of these particular reactions and

not on presenting every known example of a particular compatibilization

strategy. For example, polyamide-polyolefin (PA-PO) blends compatibilized

by reaction of PA amine end-groups with anhydride-functionalized PO have

been studied in hundreds of different published examples, as have immiscible

pairs of polyesters (or polycarbonate) compatibilized by transesterification

reactions and polyester-polyolefin blends compatibilized using anhydride-

grafted PO. Although these studies contribute to understanding the physics

and property optimization of such blends, the underlying chemistry is basically

the same in each case, and limitations of space preclude comprehensively

listing all such examples. It should also be noted that many published studies

listed herein actually represent a series of papers or patents. In some cases,

only one paper or patent in the series is referenced. Also included in this

chapter are some examples of blends which illustrate simple copolymer for-

mation between two functionalized polymers although a corresponding blend

with either of the unfunctionalized polymers is not exemplified, because it is
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perfectly possible that the said copolymer could be a compatibilizer in

corresponding blends with one or both unfunctionalized polymers.

5.3 Definitions of Compatibilization and Polymer Alloys

As defined in the appendix “Dictionary of Terms Used in Polymer Science and

Technology” in this handbook, compatibilization means “A process of modification

of interfacial properties of an immiscible polymer blend, leading to creation of

polymer alloy.” A polymer alloy in turn is defined as “An immiscible polymer

blend having a modified interface and/or morphology,” whereas a polymer blend

is simply “A mixture of at least two polymers or copolymers.” In other words,

all polymer alloys are blends, but not all polymer blends are alloys.

A somewhat more elaborate definition of a polymer alloy would describe a blend

of at least two immiscible polymers stabilized either by covalent bond or ionic

bond formation between phases or by attractive intermolecular interaction, e.g.,

dipole-dipole, ion-dipole, charge-transfer, hydrogen-bonding, van der Waals forces,

etc. Only stabilization by covalent bond formation or ionic association (including

acid-base and ion-neutral donor group interaction) is covered in this chapter.

Thermodynamic compatibility describes a miscible polymer blend that displays

a single glass transition temperature, Tg, within the full range of composition of the

two polymers. For the purposes of this chapter, we will be more concerned with

Technological Compatibility. This term describes a polymer blend that does not

separate into its individual components and does not lose useful technological

properties over the expected lifetime of a molded part (which has been estimated

by the Society of Plastics Engineers to be about 10 years) (Gaylord 1989; Rudin

1982). Taking a somewhat different view, Coran and Patel have defined compatibi-

lization as a process for improving ultimate properties by making polymers in

a blend less incompatible (Coran and Patel 1983b).

5.4 Types of Polymer Blends

The market for commercial polymer blends has grown steadily over the past four

decades. A recent estimate of the polymer alloy/blend market by volume for 2012

was about 2.2 billion pounds. The market was projected to grow to about 2.6 billion

pounds by 2018 (BCC Research 2013). The principal markets for all blends include

the automotive industry; phone, computer, and other business machine housings;

electrical components such as connectors; appliances; consumer products; recrea-

tional equipment; and construction and industrial applications.

Commercial activity is mirrored by technological activity. It was estimated that

roughly 87,000 patents appeared worldwide on all aspects of polymer blends

between 1970 and 1987 averaging almost 5,000 patents per year (Juliano 1988).

The pace appears to have slowed little since then although the emphasis has
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changed from simple blends (e.g., binary blends with additives) to more complex

compositions for specialty applications.

Common polymer blend building blocks arranged in a hierarchy of price and

performance are shown in Fig. 19.2 of▶Chap. 19, “Commercial Polymer Blends” in

this handbook. As the price gets higher, one is typically paying for higher heat

stability and higher modulus. High performance thermoplastics such as PPS, PEI,

and LCP and engineering thermoplastics such as PPE, PBT, and PC have high heat

stability and are often designed to take the place of metals in typical applications.

Lowermodulus, commodity plastics such as PE, EPDM, andmodified styrenics have

lower heat stability and are often used in applications requiring high flexibility.

The goal of combining two or more polymers such as polymer pairs from those

categories described above (e.g., an engineering thermoplastic plus a commodity

polyolefin) is to achieve in the blend a combination of favorable properties from

each polymer. Figure 5.1 shows idealized expected properties from blending

two polymers that are either miscible (straight center line), immiscible and

uncompatibilized (curved bottom line), or immiscible and compatibilized (curved

top line). In the case of polymers that are miscible in all proportions, one can only

hope to obtain in their blend an average of their physical properties depending upon

the proportion of each polymer present. In a common example, the Tg of a miscible

blend will vary linearly from that of the lower Tg polymer to that of the higher Tg

polymer as the higher Tg polymer increases in proportion in the blend.
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Fig. 5.1 Potential effect on polymer blend properties as component concentration changes
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When two immiscible polymers are blended without compatibilization, one

generally obtains a mixture with physical properties worse than those of either

individual polymer. Usually such a blend has poor structural integrity and poor heat

stability since there is no mechanism for stabilizing a dispersion of one polymer in

a matrix of the other. On a macroscopic scale, the blend may appear heterogeneous

and in the extreme case grossly delaminated, e.g., in a molded part.

When two immiscible polymers are blended with compatibilization, one may

expect a synergistic combination of properties derived from each polymer.

A common example is a blend of a thermoplastic (to provide high heat stability)

with an immiscible, rubbery impact modifier (to provide impact resistance), e.g.,

a rubber-toughened PA. A second common example is a blend of a semicrystalline

thermoplastic with an amorphous thermoplastic. Because of their semicrystalline

nature, polymers such as PA, PBT, PPS, or PP often have high chemical solvent

resistance but low ductility, low dimensional stability, and low Tg. In contrast,

amorphous polymers such as PPE, PEI, PC, and PE typically have poor solvent

resistance and stress crack sensitivity but higher ductility, dimensional stability, and

Tg.Often a binary blend includes a third, lowermodulus polymer to provide optimum

impact strength. A good example is a rubber-toughened blend of PPE with PA.

In commercial examples, PPE and PA are combined in amounts such that PPE is

the dispersed phase and PA is the continuous, matrix phase so that the blend possesses

adequate solvent resistance (e.g., to common solvents used in automotive applica-

tions) but also higher heat stability compared to unmodified PA. Again, because of its

inherent solvent resistance, this type of blend is prepared by melt processing and

cannot economically be prepared by combining the components in solution.

Quite generally, the goal in preparing any polymer blend is to obtain one or all of

the following benefits: higher heat distortion temperature (HDT), improved vari-

able temperature impact resistance, solvent resistance, dimensional tolerance,

higher flow, utilization of recycle/regrind, and lower cost.

5.5 Characteristics of Immiscible Polymer Blends

The general characteristics of immiscible polymer blends have been described in

a large number of references (e.g., many of those listed in Sect. 5.6 on “General

Stractegies for Compatibilization of Immiscible Polymer Blends”). Commercial

polymer blends are most often prepared by some form of processing in a molten

state, usually extrusion. Among the factors that determine which polymer will be the

dispersed phase and the continuous matrix are the relative volume proportions and

relative viscosities of the two polymers. During intensive mixing in a twin-screw or

single-screw extruder, the less viscous molten polymer in a simple 1:1 mixture of

two polymers will form an easily deformable matrix, while the more viscous

polymer will form a difficultly deformable dispersed phase. Generally, the more

viscous polymer will form the dispersed phase even in some cases when it represents

more than 50 vol% of the blend.
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Blend properties depend strongly on which polymer is the continuous phase.

The majority of commercially important compatibilized blends of semicrystalline

polymers with amorphous polymers are prepared in compositions such that the

semicrystalline component is the matrix and the amorphous component is the dis-

persed phase. Such blends show adequate solvent resistance since in this morphology

the surface consists largely of the dominant, matrix phase of semicrystalline polymer.

The formation of optimum dispersed phase particle size and the stabilization of

the resulting blend morphology are critical if the blend is to have optimum

properties and in particular good mechanical properties. Figure 5.2 shows a mor-

phology generated by processing an uncompatibilized blend of PPE dispersed

phase in a PBT matrix (Brown, unpublished results, 1988). Figure 5.2a shows

that a reasonably uniform dispersion of PPE may be formed simply by suitable

degree of mixing during extrusion. Figure 5.2b, however, demonstrates phase

coalescence of PPE particles to form large, irregularly shaped islands when the

extrudate of the uncompatibilized blend is molded at normal processing tempera-

ture. In this blend there is no interfacial adhesion between the two phases and,

hence, no mechanism for morphology stabilization. Even in the presence of an

impact modifier, the resulting molded parts are quite brittle since there are no

uniform dispersed phase particles of proper size to dissipate impact energy.

Table 5.1 shows further examples of dispersed phase coalescence in blends of

PA as the dispersed phase in a less viscous PE or PS matrix. The data show that the

mean PA particle size increases dramatically with simple heating under static

conditions in the absence of any mechanism for morphology stabilization. The

same coalescence can occur in molded parts of uncompatibilized polymer blends

Fig. 5.2 Morphology of PPE dispersed phase in a PBT matrix (a) as extruded and (b) after

molding
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subjected to further thermal treatment after molding (e.g., in a paint drying oven).

The mechanical properties of these blends are quite poor.

In summary, a frequent goal in making a technologically compatible blend of

immiscible polymers is to stabilize an appropriate morphology of the dispersed

phase polymer in the matrix polymer by promotion of interfacial adhesion and/or by

lowering the interfacial tension. These conditions are critical for providing

good mechanical properties, toughness, molded part dimensional integrity, and

maximum solvent resistance in the blend.

5.6 General Strategies for Compatibilization of Immiscible
Polymer Blends

Numerous reviews have been published which discuss general (or specific) aspects

of strategies for compatibilization of immiscible polymer blends, including but

not limited to those by Fink (2013), Imre and Pukanszky (2013) (bio-based and

biodegradable polymer blends including reactive compatibilization), Karaağaç and

Deniz (2013) (rubber based blends), Covas et al. (2011), Jiang et al. (2010) (reactive

compatibilization), Nwabunma and Kyu (2008) (polyolefin blends), Robeson (2007),

Yu et al. (2006) (polymer blends from renewable resources), Feldman (2005),

Macosko et al. (2005) (reactive compatibilization), Mangaraj (2005) (recycling

ground rubber waste), Harrats and Groeninckx (2004) (reactive compatibilization)

Paul (2004) (reactive compatibilization), Platé et al. (2004) (theoretical consider-

ations), Horák et al. (2002), Litmanovich et al. (2002) (theoretical considerations),

Baker et al. (2001), Prut and Zelenetskii (2001), Bussink and van de Grampel (2000),

Paul and Bucknall (2000), Fakirov (1999) (transreactions in condensation polymers),

Shonaike and Simon (1999), Xanthos (1999) (polypropylene), Koning et al. (1998),

Robeson et al. (1998) (PVAl-PO blends), Tran-Cong (1998), Al-Malaika (1997),

Baranov (1997), Gao et al. (1997) (ionomer blends), Lohse et al. (1997), Datta and

Lohse (1996), Utracki and Dumoulin (1995) (polypropylene), Folkes and Hope

(1993), Brown (1992a) (reactive compatibilization). Liu and Baker (1992a)

(reactive compatibilization), Elmendorf and Van der Vegt (1991), Xanthos and

Dagli (1991) (reactive compatibilization), Menges (1989), Utracki (1989, 1998),

Brown and Orlando (1988) (reactive compatibilization), Paul et al. (1988), Teyssie

et al. (1988), Sperling (1987), Fox and Allen (1985), Solc (1981), Rudin (1980), Paul

and Newman (1978), and Bucknall (1977). The basic strategies for compatibilization

of two-phase polymer blends can be divided into at least four major categories.

Table 5.1 Change of

dispersed phase dimensions in

uncompatibilized polymer

blends upon annealing

(Adapted from White and

Min 1989)

Blend

Mean dimension after annealing (mm)

30 min 60 min 90 min

PS/PA-6 (60/40) 90 140 310

LDPE/PA-6 (50/50) 251 314 319

LDPE/PA-11 (50/50) 162 275 303
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5.6.1 Co-crystallization of Two Phases

This particular strategy is limited to those cases in which an immiscible polymer

blend contains two semicrystalline polymers that can co-crystallize. Nadkarni and

Jog (1989, 1991) have reviewed examples of this type of compatibilized blend.

Co-crystallization may also occur as a secondary process in an intimately mixed

blend containing a copolymer resulting in concomitant effects on blend properties

as shown in a few of the examples of this review.

5.6.2 In Situ Immobilization of One Phase: Dynamic Vulcanization

In these examples a dispersed phase of a cross-linkable rubber is vulcanized in the

presence of a matrix of a second, immiscible, non-vulcanizable polymer during the

residence time of melt processing. Examples have also been reported in which a

mixture of two vulcanizable polymers has been employed. Coran (1995) has

summarized five key requirements for preparing optimum compositions by

dynamic vulcanization:

1. Good match between surface energies of the dispersed phase and the matrix

2. Low entanglement molecular length (high entanglement density) of the rubber

3. Crystalline plastic matrix

4. Stable rubber and plastic at blend processing temperatures

5. Availability of appropriate curing system for rubber under desired processing

conditions

Coran and others have reviewed work in this area (Coran and Patel 1995, 1996,

2004; Karger-Kocsis 1999; Abdou-Sabet et al. 1996; Coran 1987, 1990, 1995).

Most examples of dynamically vulcanized blends do not involve covalent

bond formation between the immiscible phases. However, other work has shown

that covalent bond formation between phases in conjunction with dynamic vulca-

nization of one phase can lead to blends with improved properties in certain cases.

This is particularly true in blends where certain of Coran’s five key requirements

above are not met. Some examples of dynamically vulcanized blends that also

feature copolymer formation between the two immiscible phases are summarized in

this review under the appropriate categories.

5.6.3 Inclusion of a Third Material as a Compatibilizing Agent

5.6.3.1 Addition of a Separate Compatibilizing Agent
A separate compatibilizing agent included in a blend may be a third material not

derived from either of the two immiscible polymers. Representative examples

include certain plasticizers, random copolymers, and block copolymers, which

may lower the interfacial tension between the two immiscible polymer components.
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Examples also exist where the separate compatibilizing agent is a chemically

unreactive analog of one (or both) of the two immiscible polymers that has an

attractive interaction with each polymer. In any case this is often a semiempirical

compatibilization strategy since precedent may be the only basis for choosing

an effective compatibilizer. Reviews on addition of this type of compatibilizing

agent as a separate component to an immiscible polymer blend have appeared

in addition to ▶Chap. 4, “Interphase and Compatibilization by Addition of

a Compatibilizer,” in this handbook. They include but are not limited to those

listed above in Sect. 5.6 and those by Gaylord (1989), Xanthos (1988), and

Paul (1978).

5.6.3.2 Inclusion of a Copolymer of the Two Immiscible Polymers
As stated earlier, a copolymer of the two immiscible polymers themselves would

seem to be ideally suited to act as a compatibilizing agent for an immiscible blend.

If the copolymer is at the interface of the two phases, then the segments of the

copolymer dissolve in the respective bulk phases of the same identity. The copol-

ymer acts as emulsifying agent for the blend resulting in reduced interfacial energy

and improved interfacial adhesion.

Table 5.2 shows dramatic examples of the stabilization of dispersed phase

morphology in the presence of a compatibilizing copolymer, in these cases formed

through reaction of PA amine end-groups with anhydride-functionalized matrix

polymer. In all examples, essentially no change in dispersed phase particle size

occurs after annealing under static conditions for up to 90 min. The data shown in

Table 5.2 should be compared with those presented in Table 5.1, where the

dispersed phase mean dimensions were presented for similar, uncompatibilized

blends.

There are two basic options for inclusion of a copolymer compatibilizer in a

blend of immiscible polymers. First, the copolymer can be synthesized in a separate

step followed by addition to the blend. One disadvantage is that this requires a new

product synthesis with expensive and time-consuming process development, and,

hence, a significant number of years before profitability, since scale of copolymer

manufacture will be initially low.

A second and more important disadvantage is that adding the copolymer as

a separate species to the blend requires that the copolymer diffuse to the

phase interface of the immiscible polymers to be effective as a compatibilizer.

Table 5.2 Change of

dispersed phase dimensions

in compatibilized polymer

blends upon annealing

(Adapted from White and

Min 1989)

Blend

Mean dimension after annealing (mm)

30 min 60 min 90 min

PS/PA-6/SMA (57/38/5) 4 5 5

PE/PA-6/PP-MA (47/47/5) 5 7 13

PE/PA-11/PP-MA (47/47/5) 5 6 4
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Diffusion to the interface may not be efficient within the residence time of a typical

extrusion blending process (usually 2–5 min). In addition, high concentrations of

added copolymer may form micelles as a third, distinct phase that does not

contribute to compatibilization (see, e.g., Jeon et al. 2005).

A third, potential disadvantage is that for optimum interfacial interaction, a

copolymer synthesized in a separate reaction step must have carefully

controlled segment lengths to best match the molecular weight of the bulk phase

in which the segment must dissolve (see, e.g., Cercle and Favis 2012; see also

Gani et al. 2010, for an approach to solving this dilemma). It is often desired to offer

for different applications a series of commercial blends containing the same two

polymers but with different molecular weights for the polymers in each blend.

Any copolymer synthesis process would then have to be capable of producing a

series of copolymers with a variety of controlled segment molecular weights for

optimum compatibilization efficiency, an economically difficult task.

Commonly, the most economical and efficient process for including a copolymer

in a blend of immiscible polymers is to form the copolymer in situ by a chemical

reaction during the extrusion process during establishment of the immiscible phase

morphology – the process known as reactive compatibilization. In summary the

advantages of such a process include:

• The copolymer is made only as needed and a separate copolymer commercial-

ization process need not be developed.

• The copolymer is formed directly at the phase interface where it can serve as a

compatibilizer, and no diffusion process dependent on extruder residence time is

involved.

• The copolymer, except when formed in a degradative process, typically has

segment molecular weights similar to the molecular weights of the bulk

phases in which the segments must dissolve, which should promote optimum

interaction between copolymer and bulk phases. This also facilitates

commercialization of a series of blends containing polymers with quite different

molecular weight since the copolymer formed in situ will usually have ideal

segment molecular weights.

• A disadvantage of forming copolymer in situ is that such a process often requires

that each of the immiscible polymers bear an appropriate chemical functionality

for reaction across a melt-phase boundary.

As practiced commercially, reactive compatibilization is a continuous

extruder process with material residence time usually 1–5 min. Such a process

permits large-scale preparation of a polymer blend as needed (“Just-In-Time”

inventory control). Because reactive compatibilization involves a heterogeneous

reaction across a phase boundary, the reaction is limited by the interfacial volume

available at this phase boundary. Most often, twin-screw extruders (having screw

diameter from about 20 to>120 mm) are employed. The screws are designed using

an appropriate sequence of screw elements and auxiliary conditions (e.g., subse-

quent vacuum venting of volatiles) to promote generation of a large interfacial area

for the desired chemical reaction to form copolymer.
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5.7 Generic Processes and Specific Types of Reactions to Form
Copolymer in a Reactive Compatibilization Process

When it is desired to form in situ a compatibilizing graft, block, or cross-linked

copolymer, there are at least two distinct generic processes available for copolymer

formation:

1. Direct Reaction, wherein reactive functionalities on each of the two immiscible

polymers react with each other across the melt-phase boundary.

2. Addition of a Third, Reactive Species to effect or promote copolymer formation.

This situation is a typical “three-body” reactive extrusion problem requiring that

three chemical species (at least two of which are immiscible) react within the

short residence time of extrusion processing. In some cases, the third, reactive

species is simply a catalyst that activates functionality on one polymer for

reaction with functionality on the second polymer. Such cases produce results

similar to the direct reaction process. Frequently, however, the added reactive

species is a coupling agent capable of reacting with each of the polymers

individually (as opposed to reacting with and activating only one of the two

polymers). If the coupling agent is preferentially soluble in one of the two phases

(e.g., a polar coupling agent in the more polar polymer phase), it may give

predominantly homogeneous reaction instead of promoting heterogeneous reac-

tion (copolymer formation) across the melt-phase boundary. Hu et al. (1997)

have studied one type of polymer melt reaction (carboxylic acid + epoxide) in

which the kinetic efficiency depends upon the partition coefficient of reactant

between two immiscible polymer phases. Such considerations must be applied to

all reactive compatibilization processes involving three or more reactive species.

Coupling agents are further discussed herein below.

As subcategories of the two generic processes, there are at least five specific
processes for achieving interchain copolymer formation between two polymers dur-

ing reactive compatibilization in an extruder. The following sections and their accom-

panying tables show these five processes starting with two idealized homopolymers,

one derived from monomer “A” with structure AAAAAAAA and the other derived

from monomer “B” with structure BBBBBBBB. Each process produces a specific

type of copolymer compatibilizing agent by particular types of chemical reactions.

5.7.1 Compatibilization by a Redistribution Reaction to Produce
Block and Random Copolymer: Reaction Type #1

As summarized in Table 5.3, redistribution reactions (often referred to as

“transreactions”) occur by chemical interchange of block segments of one polymer

chain for corresponding segments of a second polymer chain. Such reactions may

be homogeneous (self-reaction) or heterogeneous. In the homogeneous case,

the molecular weight distribution of a polymer may reach equilibrium. In the

heterogeneous case, redistribution reactions can form a copolymer between two
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different polymers. This type of reaction is typically dependent upon reaction time

and temperature and is not often used to form polymer alloys in a reactive

compatibilization process because the time for forming a stable compatibilizing

copolymer may be longer than a typical extrusion process time.

Redistribution reactions can occur by several different mechanisms. In one

common example, nucleophilic end-groups of one polymer react with electrophilic

linkages in the main chain of a second polymer resulting in chain cleavage (e.g.,

acidolysis or alcoholysis). The initial product is a block copolymer of the two

polymers along with a lower molecular weight fragment of the second polymer.

Since the initial block copolymer can participate in further redistribution reactions,

the net product after sufficient time may be a random copolymer. The propensity to

form random copolymer is further increased if both polymers have nucleophilic

end-groups and also electrophilic linkages in the main chain that can participate in

redistribution. Redistribution during thermal processing is also a common self-

reaction in condensation polymers such as PA, PEST, and PC that often contain

nucleophilic amine, hydroxy, or phenolic end-groups, along with electrophilic

groups such as amide, ester, or carbonate linking the individual monomer units.

In common examples, essentially all of the polymer chains in each of the

immiscible polymers are capable of participating in the copolymer-forming reac-

tion by redistribution. This is in contrast to many other processes for in situ

copolymer formation where only those few chains bearing reactive functionality

participate. Unless the redistribution process is carefully controlled, it is difficult to

stop the process to make stable, compatibilized polymer blends. If the reaction is

thermally initiated, the blend processing temperatures and residence times must be

strictly and reproducibly controlled within narrow limits to achieve reproducible

properties. For prolonged reaction times at a temperature above that necessary

to initiate the reaction, one may obtain a broad distribution of block lengths and

Table 5.3 Redistribution reaction (“transreaction”) to form block and random copolymer

(Adapted from Brown 1992a)

Reaction

type Characteristics Type of copolymer obtained

1a By reactive end-groups of one polymer

attacking main chain of second polymer

AAAAABBBBB + AABBBBBAAA +

AABBAAABBB + BBB + BB, etc.

1b By chain cleavage/recombination involving

each polymer

(Same as from 1a)

Summary of characteristics

In theory all the chains of each polymer participate in the redistribution reaction. The reacting

polymers can be diluted with different, nonreactive polymers. In process (a), the extent of reaction

depends on concentration of reactive end-groups

In processes (a) and (b), the initial reaction product is a block copolymer, which is often an

effective compatibilizer. Further reaction leads to random copolymer with loss of phase integrity

and loss of properties associated with uniform sequence distribution of each polymer (e.g.,

crystallinity)

The reaction may be catalyzed. Preferably, the catalyst is one that may be easily quenched or

thermally degraded before a significant amount of the random copolymer is formed
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eventually random copolymer. The random copolymer may not be as efficient a

compatibilizer for the immiscible polymer blend as the block copolymer initially

formed. More importantly, a high degree of random copolymer formation may

destroy desirable properties in the polymer blend such as crystallinity in one of the

polymers and, hence, solvent resistance in the final blend. In the extreme case,

phase separation is lost and the mixture may become homogeneous and transparent.

The problem of controlling the redistribution process does not necessarily stop at

the manufacturing stage. After a compatibilized polymer blend leaves the manu-

facturer, it typically undergoes further thermal histories such as molding or paint-

oven drying at the processing facilities of the final user. Continued redistribution

reaction in the hands of a final user may cause deterioration and non-reproducibility

in blend properties.

When applicable, a common method for controlling a redistribution process is to

initiate the reaction with a catalyst. Control may then be achieved by quenching the

catalyst at the desired extent of reaction. Certain types of redistribution catalyst may

thermally decompose under controlled processing conditions that make quenching

unnecessary. In these cases, a predominance of block copolymer may be formed

that serves as an effective compatibilizer for an immiscible polymer blend. Just as

importantly, only a relatively small fraction of the polymer chains may actually

participate in the redistribution process so that phase separation and the properties

attributable to the original sequence distribution may be maintained.

The redistribution reaction is a degradative process for making a compatibilizing

copolymer. A common feature of all redistribution reactions to form copolymer

between two different polymers is that the molecular weight of at least one segment

of the initially formed block copolymer is less than that of the bulk polymer phase

from which it is derived. Therefore, even when the redistribution process is

carefully controlled to give predominantly block copolymer, the copolymer may

not be as efficient a compatibilizer as a similar type of block copolymer formed by

an end-group/end-group reaction (see herein below). With a low molecular weight

block segment, one may have poor penetration into the corresponding bulk polymer

phase and less than optimum interfacial adhesion between the immiscible phases

with copolymer at the interface. As discussed before, an optimum interfacial

adhesion is usually obtained when the segmental molecular weights of the block

copolymer are similar to the molecular weights of the individual bulk polymer

phases. A general review of “Interchange Reactions Involving Condensation Poly-

mers” describes early work on redistribution reactions in the melt blends of poly-

esters, polyamides, and polyester + polyamide (Kotliar 1981).

5.7.2 Compatibilization by Graft Copolymer Formation: Reaction
Type #2

Graft copolymer formation has been the most common method of forming

a compatibilizing copolymer between two immiscible polymers during reactive

compatibilization. As shown in Table 5.4, there are at least four processes for
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forming graft copolymer in a melt reaction. In the direct reaction process, the

reaction occurs between one polymer containing reactive sites along its main

chain and a second polymer with reactive sites only at end-groups. Depending

upon stoichiometry and concentration of functional groups, copolymer structures of

the general type 2a and 2b are obtained. In this particular type of graft copolymer

formation, the average molecular weight of the copolymer is the simple sum of the

average molecular weights of the two reacting species.

Table 5.4 Graft copolymer formation processes (Adapted from Brown 1992a)

Reaction type Characteristics Type of copolymer obtained

2a By direct reaction of end-group of

the 1st polymer with pendent groups

of the 2nd polymer

A A 
A - BBBBB A - BBBBB 
A + A etc.
A A - BBBBB
A A

2b By reaction of end-group of the 1st

polymer with pendent group of the

2nd polymer in the presence of

a condensing agent

(Same as from process a)

2c By reaction of end-group of the 1st

polymer with pendent group of the

2nd polymer in the presence of

a coupling agent (“c”)

A A
A -c- BBBBB A -c- BBBBB
A + A
A A -c- BBBBB
A A

2d By reaction of pendent groups of the

1st polymer with main chain of the

2nd polymer in a degradative
process

A A
A - BBB  A - BBB
A +    A  +  BBB  +  BB    etc.
A A - BB
A A

Summary of characteristics

Only chains bearing reactive functionality participate in the copolymer-forming reactions. A small

amount of cross-linked copolymer may be formed when the end-group-functionalized polymer has

functional groups at both ends

Graft copolymer formation between two polymers each with different functionality may

occur either by direct reaction (e.g., A-acid end-group + B-pendent epoxy group) or by

addition of a condensing agent that activates functionality of one polymer for reaction with

functionality of the second polymer (e.g., A-acid end-group + B-pendent alcohol + triaryl

phosphite)

Graft copolymer formation between two polymers each with the same type of functionalitymay be

obtained using a coupling agent that links the two groups (e.g., A-acid + B-acid + diepoxide). The

reaction may be inefficient if the coupling agent segregates into one phase, instead of

concentrating at the interface. The coupling agent is incorporated into the final copolymer as

a linking group

Graft copolymer formation may occur by a degradative process through reaction between a

pendent functionality on one polymer and main-chain linkages on the second polymer. Small

amounts of cross-linked copolymer may be formed if degradable segments of the graft copolymer

react further
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Graft copolymers may also be formed through reaction of a bi- or multifunctional

coupling agent with one polymer containing reactive sites along its main chain and

a second polymer with reactive sites only at end-groups (Type 2c). Typical coupling

agents include multifunctional epoxy resins, oxazolines, carbodiimides, and isocya-

nates that react with nucleophilic end-groups of condensation polymers. The coupling

agent is incorporated into the copolymer. When the coupling agent is an epoxide,

a new secondary alcohol is formed when the epoxide ring is opened by a nucleophile.

This alcohol may also be reactive to one or more polymeric components (particularly

polyesters) similar to the reactivity of alcohol groups on phenoxy resin (see, e.g.,

Su et al. 1997).

A third, less common process for forming graft copolymer as shown in Table 5.4

is Type 2d. In this process, multiple reactive sites pendent on one polymer chain can

bite into the linkages of a second type of polymer chain. The reaction creates

a copolymer having segments with average molecular weight less than the sum of

the two initial reacting species. This is a degradative method for forming

a compatibilizing copolymer. A common example is the transesterification reaction

between the poly(hydroxy ether) of bisphenol A (a phenoxy resin) and a polyester.

Pendent hydroxy groups on phenoxy resin can undergo transesterification with ester

linkages in the polyester chains resulting in graft copolymer formation accompa-

nied by lower molecular weight polyester fragments. Because the molecular weight

of the grafted polyester species is less than that of the homopolymer from which it

was derived, the grafted chain segments may be below optimum molecular weight

necessary for most efficient chain entanglement with the remaining homopolymer

phase. This may result in less than optimum physical properties. Furthermore, if

there is a large number of pendent reactive sites, then degradation of the second

polymer may reach the point where it has lost the physical properties that made it

useful for blending. Consequently, formation of a graft copolymer compatibilizing

agent by a degradative process is not a common method for immiscible blend

compatibilization.

Many commercial thermoplastics for high-impact strength applications are

two-phase blends in which a higher modulus thermoplastic matrix is toughened

by the presence of a lower modulus, dispersed phase polyolefin. In the majority of

cases, such blends are compatibilized by graft copolymer formation between at

least some fraction of the chains of the two immiscible polymers. Rubber-

toughened PAs are the most common examples. In most of these cases, PA amine

end-groups react with pendent anhydride or epoxy groups along the main chain of

an immiscible rubbery polyolefin to form sufficient copolymer to compatibilize

a dispersed polyolefin phase in a matrix phase of PA. Rubber-toughened PEST are

also often compatibilized through graft copolymer formation formed through

reaction between polyester acid end-groups and epoxy-functionalized polyolefins.

In rubber-toughened thermoplastic blends, the efficiency of compatibilization

depends among other things upon sufficient concentrations of both thermoplastic

reactive end-groups and polyolefin reactive pendent groups to give adequate levels

of copolymer under the mixing, temperature, and residence time protocol of

the extrusion process. Concentrations of thermoplastic reactive end-groups are
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usually controlled during the manufacturing process, e.g., through control of

stoichiometry in condensation polymerization and/or through addition of reactive

or unfunctionalized chain-capping agents either during synthesis or in a subsequent

processing step.

Functionality in rubbery polyolefins is usually introduced in one of two ways:

1. Copolymerization of olefin monomer(s) with another functionalized monomer

(e.g., poly(ethylene-co-acrylic acid), poly(ethylene-co-glycidylmethacrylate), etc.)

2. Graft functionalization of polyolefin in a separate processing step (e.g.,

polyethylene-g-maleic anhydride, polypropylene-g-maleic anhydride, etc.)

Graft functionalization may be performed either by reactive extrusion in the

molten state (see, e.g., Brown 1992a), in solution, or by solid-state processes. In

these cases, concentration of functionality is controlled by temperature, physical

phase of the polymer substrate, stoichiometry of functionalization agent, and

(optional) catalyst among other factors.

When graft functionalization is performed by extrusion, the removal of unbound

functionalization agent from functionalized PO is critical for success of subsequent

copolymer formation with reactive thermoplastic end-groups. Unbound function-

ality (e.g., free maleic anhydride) in the PO phase may tie up reactive end-groups of

the thermoplastic resin during subsequent reactive compatibilization processing,

making these end-groups unavailable for copolymer formation. For functiona-

lization during a separate extruder grafting reaction, unbound functionalization

agent is removed by efficient devolatilization, and for solution functionalization,

by solubilization of excess functionalization agent during isolation of solid,

functionalized polymer.

5.7.3 Compatibilization by Block Copolymer Formation: Reaction
Type #3

Compatibilized polymer blends have been prepared through block copolymer

formation between immiscible polymers. In the direct reaction process, during

melt processing, the functionalized end-groups on some fraction of chains in each

of the polymers react across a melt-phase boundary to form block copolymers.

Depending upon stoichiometry, either A-B or A-B-A or both copolymer structures

may be obtained as shown in Table 5.5 (Type 3a or 3b). The average molecular

weight of the copolymer corresponds to the sum of the average molecular weights

of the reacting polymers.

Block copolymers may also be formed through reaction of the end-group on one

polymer with a condensing agent which activates that end-group for reaction with

a nucleophilic end-group on a second immiscible polymer. Typical condensing

agents include phosphite esters that react with acid and hydroxy end-groups on

condensation polymers. A by-product from the condensing agent is always formed

in the copolymer reaction and is often removed by devolatilization of the blend

melt. Since the condensing agent is not incorporated into the copolymer, the process

is similar to that shown in Table 5.5, Type 3a.
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Block copolymers may also be formed through reaction of end-groups on each of

the immiscible polymers with a coupling agent. Typical coupling agents are the

same as for graft copolymer formation and include multifunctional epoxy resins,

oxazolines, carbodiimides, and isocyanates that react with nucleophilic end-groups

of condensation polymers. The coupling agent is incorporated into the copolymer.

The process is shown in Table 5.5 (Type 3c).When the coupling agent is an epoxide,

a new secondary alcohol is formedwhen the epoxide ring is opened by a nucleophile.

This alcoholmay also be reactive to one ormore polymeric components (particularly

polyesters) similar to the reactivity of alcohol groups on phenoxy resin.

Block copolymers may also be formed by a degradative process in which

end-groups on one polymer undergo transreaction with linkages in the main chain

of a second, immiscible polymer. A low molecular weight fragment of the second

polymer is formed as by-product. The block copolymer has lower average molec-

ular weight than the sum of the average molecular weights of the reactants. The

process shown in Table 5.5 (Type 3d) is essentially the same as Reaction Type 1a in

Table 5.3 terminating at the block copolymer. A typical copolymer architecture in

this process is an A-B block. An A-B-A block can form if the degradable segment is

further degraded through transreaction with another end-group-functionalized

polymer.

Table 5.5 Block copolymer formation processes (Adapted from Brown 1992a)

Reaction

type Characteristics

Type of copolymer

obtained

3a By direct reaction of end-group of the 1st polymer with

end-group of the 2nd polymer

AAAAA-BBBBB

3b By reaction of end-group of the 1st polymer with end-group of the

2nd polymer in the presence of a condensing agent
(Same as from

process a)

3c By reaction of end-group of the 1st polymer with end-group of the

2nd polymer in the presence of a coupling agent (“c”)
AAAAA-c-

BBBBB

3d By reaction of end-group of the 1st polymer with main chain of

the 2nd polymer in a degradative process
AAAAA-BBB +

BB

Summary of characteristics

Only chains that bear reactive functionality participate in the copolymer-forming reaction. A-B-A

block copolymer may result from the reaction if at least one polymer is functional at both ends

Block copolymer formation between two polymers each with different functionality may occur

either by direct reaction (e.g., A-acid end-group + B-epoxy end-group) or by addition of

a condensing agent that activates functionality on one polymer for efficient reaction with

functionality on the second polymer (e.g., A-acid end-group + B-alcohol end-group + triaryl

phosphite)

Block copolymer formation between two polymers each with the same type of functionality may

occur by adding a coupling agent capable of linking the two end-groups (e.g., A-acid + B-acid +

diepoxide). The method may be inefficient if the coupling agent segregates to one phase instead of

concentrating at the interface. The coupling agent is incorporated into the final copolymer as

a linking group

Block copolymer formation may occur by a degradative process through reaction between

end-group functionality on one polymer and main-chain linkages in the second polymer
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5.7.4 Compatibilization by Covalently Cross-Linked Copolymer
Formation: Reaction Type #4

As shown in Table 5.6, compatibilizing copolymers may be formed in situ by

a covalent cross-linking process.

The cross-linking reactions have been performed by at least five processes. In

Reaction Type 4a, direct cross-linking occurs by covalent bond formation between

functionalities on each of the two immiscible polymers without degradation of

either polymer. The cross-linking is most often performed by reaction of pendent,

nucleophilic sites of one multifunctional polymer with pendent, electrophilic sites

of the second multifunctional polymer. Common examples include reactions of

pendent acid or amine nucleophiles on one functionalized polymer with pendent

electrophilic groups such as epoxide, oxazoline, or ortho ester on a second

functionalized polymer.

Covalent cross-linking reactions mediated by a third, added reagent may give the

same type of copolymer structure as that which results from direct cross-linking

reactions (Table 5.6, Type 4b and 4c). In this case, the added reagent may be

a radical initiator or other type of activating agent such as a condensing agent.

Such activating agents are not incorporated into the final copolymer. Radical

initiators may promote radical formation on each of two immiscible polymers.

A cross-linked copolymer results through radical-radical coupling between the

two polymers at a melt-phase interface. Self-coupling of each polymer may

compete with cross-coupling as is the case with most three-body reactions in

which an added reagent is capable of reacting with each of the two immiscible

polymers.

Covalent cross-linking by covalent bond formation arising from mechanochem-

ical radical generation and recombination in the absence of an added radical initiator

may also be performed (Table 5.6, Type 4d). The method is less frequently used than

other cross-linking reaction types. When two immiscible polymers can both form

radicals on their main chains in the absence of added radical initiator, then

a copolymer results when radical sites on the two different polymers recombine at

the phase interface. If radical formation occurs without chain degradation, then the

copolymer becomes cross-linked as multiple sites on each chain participate in the

reaction. Alternatively, one radical-forming polymer can form a cross-linked copol-

ymer with a second polymer containing a radical trap such as an unsaturated site

(e.g., EPDM). This cross-linking process may be difficult to control since it only

stops when thermal and/or shear conditions are below some threshold level. Casale

and Porter (1975, 1978) and La Mantia and Valenza (1994) have briefly reviewed

mechanochemical radical generation and its use to form copolymers in immiscible

blends. Ahn et al. (1995) have described radical generation and copolymer formation

in immiscible polymer blends subjected to elastic strain pulverization in specially

modified extruders building on earlier Russian work. Pulverization occurs in

an extruder section kept below the polymer melting points. The compatibilizing

copolymer formed in these cases may be a block, graft, or cross-linked

copolymer depending upon the polymers involved. See also the more recent review
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by Beyer and Clausen-Schaumann (2005) concerning mechanochemical radical

generation in polymers.

Covalent cross-linking reactions to form a compatibilizing copolymer may also

be performed by addition of a coupling agent. Coupling agents react with the same

Table 5.6 Covalently cross-linked copolymer formation processes (Adapted from Brown 1992a)

Reaction type Characteristics Type of copolymer obtained

4a Covalent cross-linking by direct reaction
of pendent functionality of 1st polymer

with pendent functionality of 2nd polymer

A      B A B           A
A - - B A B   ----- A
A      B or A  ----- B           A
A - - B A B           A
A      B A B           A

4b Covalent cross-linking by reaction of

a pendent functionality of the 1st polymer

with pendent functionality of the 2nd

polymer in the presence of a condensing
agent

(same as from process a)

4c Main chain of the 1st polymer reacts with

main chain of the 2nd polymer in the

presence of a radical initiator

(same as from process a)

4d Main chain of the 1st polymer reacts with

main chain of the 2nd polymer through

mechanochemical radical generation

(same as from process a)

4e Covalent cross-linking by reaction of

pendent functionality of the 1st polymer

with pendent functionality of the 2nd

polymer in the presence of a coupling
agent (“c”)

A       B A
A  -c- B A    -c-

or A
A  -c- B A B   -c- A
A       B

A       B

A B          A

B          A
B          A
B          A

Summary of characteristics

Only chains bearing reactive functionality participate in copolymer-forming reactions

Cross-linked copolymer formation between two polymers each with different functionality may

occur either by direct reaction (e.g., A-pendent acid + B-pendent epoxide) or by addition of

a condensing agent that activates functionality on one polymer for efficient reaction with

functionality on the second polymer (e.g., A-pendent acid + B-pendent alcohol + triaryl phosphite)

(process 4a and 4b)

Cross-linked copolymer formation may also occur via direct reaction of mechanochemically

generated free radicals of each polymer in the absence of added radical initiator, or through radical

trapping by a reactive site, such as olefin or acetylene groups in the second polymer (process 4a)

Alternatively, a radical initiator may be added to generate radical sites on one or both polymers

(process 4c). A cross-linked copolymer results if the polymers involved are not degraded. When

the polymers are degraded, then the copolymer structure may be as shown in Table 5.3

Cross-linked copolymer formation between two polymers each with the same type of functionality
may occur by adding a coupling agent capable of linking the two pendent groups (e.g., A-pendent

acid + B-pendent acid + diepoxide). The method may be inefficient if the coupling agent

segregates to one phase instead of concentrating at the interface. The coupling agent is

incorporated into the final copolymer as a linking group

In all the above cases, the initial copolymer formed is a graft copolymer, but this product may react

further to form cross-linked copolymer as additional functionalities of one or both of the two

segments of the copolymer react
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type of functionality in each of the immiscible polymers and remain bound in the

cross-linked product as linking agents. Examples include diepoxide reaction with

pendent carboxylic acid groups on each of two immiscible polymers. In this case,

the structure of the cross-linked copolymer is shown in Table 5.6 (Type 4e). Most

commonly, coupling agents are multifunctional reagents with molecular weights

less than about 1,000. When immiscible polymer pairs are employed, each bearing

multiple pendent nucleophilic groups (such as carboxylic acids), then low

molecular weight coupling agents such as bis-, tris, tetra-, and higher epoxides;

bis-oxazolines; and other multifunctional electrophilic species are used. A low

molecular weight coupling agent bearing multiple olefinic sites may be used

to promote cross-linking in blends containing POs. Common examples include

commercially available tris-acrylates and triallyl isocyanurate. Often these cross-

linking reactions are performed in the presence of radical initiator. Self-coupling of

each polymer may compete with cross-coupling as is the case with most three-body

reactions in which an added reagent is capable of reacting with each of the two

immiscible polymers.

5.7.5 Compatibilization by Ionic Interaction to Form Copolymer:
Reaction Type #5

Immiscible polymer blends have been compatibilized through formation of a

compatibilizing copolymer linked by ionic association instead of by covalent

bonding. Although many examples have been published, most of these involve

solution mixing of the two immiscible polymers (see Natansohn et al. 1990). Most

examples given in this chapter describe only such polymer blends prepared by melt

mixing.

In theory, the possible architectures of a compatibilizing copolymer arising from

ionic association may be the same as all those architectures arising from covalent

bond formation that were previously discussed. However, in practice only a small

number of copolymer architectures have been reported for compatibilizing agents

arising from ionic association. In the most common examples (Table 5.7; Type #5a),

ionizable groups such as carboxylic, sulfonic, or phosphonic acid are present in low

concentrations (e.g., about 5 % or less) on both polymers. The ionizable groups may

be at least partially neutralized by a mono-, di-, or trivalent metal cation, such as

Na+1, Zn+2, or Al+3. Multivalent cations may form a bridging linkage between the

ionizable groups of the two immiscible polymers resulting in interchain copolymer

formation by ion-ion association. Monovalent cations such as Na+1 or K+1 may also

be used to promote association through ion-dipole association. With either type of

cation, a morphology is formed in which there are concentrated domains of associ-

ated ionic species (ion clusters) in a matrix of the immiscible homopolymers.

In the first type of ionic association (Type #5a), the ionizable functionalities of

the two polymers are located in the pendent side groups. These polymers are

prepared either through copolymerization with ion-containing monomers

(or latent ion-containing monomers) or through subsequent grafting with such
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monomers. Consequently, the resulting compatibilizing agents are most often

cross-linked copolymers with the structure shown in Table 5.7 as Type 5a.

In a second type of ionic association (Type #5b) metal cations may mediate

association between ionic groups on one polymer and neutral donor groups on a

second immiscible polymer. Typical ionic groups are again carboxylic, sulfonic,

and phosphonic acids. Neutral donor groups contain atoms, usually nitrogen or

phosphorus, having unshared pairs of electrons capable of coordinating to metal

cations. Such groups include pyridine, quinoline, and phenanthroline. These are

usually introduced into a polymer via copolymerization with the vinyl analog, e.g.,

vinylpyridine. Again, the structure of the compatibilizing copolymer is usually

cross-linked.

In a third type of ionic association (Type #5c), acidic groups such as carboxylic

acids bound to one polymer may mediate interchain copolymer formation by

protonation of basic groups on a second, immiscible polymer. In this case, the

compatibilizing agent is again most often a cross-linked copolymer.

General discussions of the properties of polymers containing ionizable groups

(ionomers) have been published (see, e.g., Kim et al. 2002; Hara and Sauer 1994;

Table 5.7 Ionic copolymer formation processes (Adapted from Brown 1992a)

Reaction type Characteristics Type of copolymer obtained

5a Ion-ion association mediated by metal

cations as linking agents (“c”)
A       B A
A  -c- B A    -c-

or A
A  -c- B A B   -c- A
A       B

A       B

A B          A

B          A
B          A
B          A

5b Ion-neutral donor group association

mediated by metal cations

(Similar to structure from process

a)

5c Ion-ion association mediated by interchain

protonation of a basic polymer by an

acidic polymer (“acid-base” reaction)

A      B A B           A
A - - B A B   ----- A
A      B or A  ----- B           A
A - - B A B           A
A      B A B           A

Summary of characteristics

Only chains bearing reactive functionality participate in copolymer-forming reactions

In theory, it is possible to form block, graft, or cross-linked copolymers by ionic associations.

However, in practice, telechelic polymers with ionic functionality at the chain ends are

uncommon. Therefore, the majority of reported examples involve cross-linked copolymer
formation between two immiscible polymers bearing pendent ionic groups

Ionic groups include carboxylic, sulfonic, and (less frequently) phosphonic acid groups. The acidic

groups may be at least partially neutralized with monovalent, divalent, or trivalent metal cations,

e.g., Na+, Zn+2, Al+3. Ionic cross-linking of immiscible polymers bearing acidic groups may be

mediated by such metal cations or by low molecular weight dibasic molecules such as diamines.

Both these agents may link ions of different polymers

Masked ionomeric groups may also be used. They generate ions during melt processing. Examples

include phosphonate esters that form phosphonic acid salt in the melt by transesterification with

a salt, e.g., zinc stearate
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Lundberg 1987; Rees 1986). Ionic cross-links are usually thermally reversible,

which may limit the usefulness of blends containing them in certain commercial

applications. Since ionomers are initially self-associated through ionic bonds, ther-

mal reversibility of ionic cross-links in the melt is necessary to overcome homoge-

neous, self-cross-linking within each homopolymer before heterogeneous, interchain

cross-linking can occur. Often a high degree of plasticization of the ion-containing

polymer melt is required so that high processing temperatures that might lead to

polymer decomposition need not be used. In some cases, polymers containingmasked

ionomeric functionality, i.e., chemical groups that form ionic species during extru-

sion, have been used to form copolymers during reactive processing. Use of masked

ionomers may require lower energy during extrusion since ionic self-association does

not have to be overcome before interchain copolymer formation can occur.

5.8 Polyamide Blends

Examples of polyamide blends are listed in alphabetical order of the second

polymer in the blend unless otherwise noted. When copolymer characterization

was not performed, the structure of the compatibilizing copolymer is inferred

from the functionality location on each of the two polymers. In some cases, more

than one type of compatibilizing copolymer may have formed.

Many of the copolymer-forming reactions employed to compatibilize PA blends

with a second immiscible polymer have been studied by Orr et al. (2001) who

determined that the order of increasing reactivity in functionalized polymer pairs is

acid/amine, hydroxyl/(anhydride or acid), aromatic amine/epoxy, aliphatic amine/

epoxy, acid/oxazoline, acid/epoxy, aromatic amine/anhydride, and aliphatic amine/

anhydride (most reactive).

5.8.1 Polyamide + Polyamide Blends

5.8.1.1 Copolymer Formation by Redistribution Reaction
Examples of copolymer formation by redistribution reactions (sometimes referred

to as transreactions) in PA/PA blends are given in Table 5.8. In related work, Liu

and Donovan (1995) failed to find evidence for transamidation in PA-6 blends with

an aromatic polyamide during molding and annealing. Aspects of transreactions in

PA/PA blends have been described in Eersels et al. (1999) and in portions of other

chapters included in Fakirov (1999) (transreactions in condensation polymers).

5.8.1.2 Copolymer Formation by Amine + Carboxylic Acid Reaction:
Blends Containing a Condensing Agent

Aharoni et al. (1984) and Aharoni (1983) have shown that blends of immiscible

polyamides may be compatibilized through copolymer formation mediated by

addition of a phosphite condensing agent. A block copolymer results when the

phosphite-activated end-group of one PA reacts at the phase interface with a
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nucleophilic end-group on the second PA. The reaction also produces a secondary

phosphite by-product. The relative proportions of copolymer vs. simple chain-

extended PA may depend upon the relative solubility of the condensing agent in

each of the immiscible polymer phases. For example, blends of 95-50 parts PA-6

were extruded using an SSE at 265–315 �C with 5-50 parts PA-11 (or PA-12 or

PA-66 or PA-6T) in the presence of 0-1 part triphenyl phosphite or other trialkyl

phosphite. Copolymer-containing blends were characterized by selective solvent

extraction, FTIR, 13C NMR, and 31P NMR. Model compound studies were done to

understand the mechanism of copolymer formation.

5.8.1.3 Copolymer Formation by Amine + Anhydride Reaction: Blends
Containing a Coupling Agent

Xie and Yang (2004) have prepared blends of PA-6 (70 parts) and PA-12,12

(30 parts) through addition of SEBS-g-MA (15 wt%) which may serve as a coupling

agent between the two PA. Blend characterization included SEM.

Table 5.8 PA/PA blends: copolymer formation by redistribution reaction

Polyamide/polyamide Characterization and comments References

PA-66 (70-60)/PA-6I (30-40);

also PA-66/PA-6

Biaxial extruder at 280 �C/mixture of

various phosphite catalysts with calcium

hypophosphite/Tm, Tg, GPC, NMR,

mechanical properties

Aramaki et al. 2004

PA-6/PA-610 or PA-46 Melt mixing at 290–310 �C/MALDI/13C

NMR/DSC/sequence analyses of

copolyamides

Samperi et al. 2004

PA-46 (70-0)/PA-6I (30-100) Mini-extruder at 295–325 �C or TSE at

315 �C/DSC/influence of processing
conditions on extent of transamidation

Eersels et al. 1998;

Eersels and

Groeninckx 1996,

1997, (see also

Powell and Kalika

2000)

PA-6 (100-0)/poly(m-xylene

adipamide) (0-100)

Film extrusion using SSE at 275 �C/DSC/
study of heat-aged films/transamidation

vs. time

Shibayama

et al. 1995

PA-6 (100-0)/poly(m-xylene

adipamide) (0-100)

SSE at 290 �C/mechanical properties/

DMTA/DSC/NMR/effects of annealing

and of different transamidation levels on

properties

Takeda et al.

1992a; Takeda and

Paul 1991

PA-6 (85)/PA-66 (15) Wayne extruder at 280 �C/diphenyl
phosphoryl azide additive/DSC

Bhattacharjee and

Khanna 1990

PA-6 (85)/PA-66 (15) Wayne extruder at 280 �C/various
bisulfate or biphosphate catalysts/DSC

Khanna 1989

PA-6 (20-80)/PA-66 (80-20) Wayne extruder at 280 �C/various
phosphite catalysts/Tm, heat of fusion,

mechanical properties

Khanna et al. 1983

PA-6 (95-5)/PA-66 (5-95) Thermal redistribution in extruder at

215–280 �C/DSC
Schott and

Sanderford 1977
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5.8.2 Polyamide + Polyester (or Polycarbonate) Blends

5.8.2.1 Copolymer Formation by Amine + Anhydride Reaction
Qu et al. (2008) reported blends of PA-6 with PET compatibilized through addition

of ethylene-acrylate-maleic anhydride terpolymer.

John and Bhattacharya (2000) reported that PBT may be modified by extrusion

with MA. The modified PBT forms compatibilized blends with PA-66 character-

ized by FTIR, 13C NMR, SEM, and mechanical properties.

PA/PC ternary blends have also been compatibilized through copolymer forma-

tion between PA amine end-groups and anhydride-functionalized styrene copolymer.

Kim et al. (1999a) employed SAN-co-MA in PA-6,12/PC blends. Lee et al. (1999b)

and Horiuchi et al. (1996, 1997a, b, c) employed SEBS-g-MA with PA-6/PC blends.

PA/PC blends have also been compatibilized by block copolymer formation

through reaction of PA amine end-groups with PC anhydride end-groups (Hathaway

and Pyles 1988, 1989). PC phenolic end-groups were anhydride-functionalized by

reactionwith trimellitic anhydride acid chloride. Extruded blends of PA-6 and PCwere

characterized by selective solvent extraction and mechanical properties of test parts.

An amorphous polyamide could also be compatibilized with PC using this strategy.

5.8.2.2 Copolymer Formation by Amine + Carboxylic Acid Reaction:
Blends Containing a Condensing Agent

PA/PEST blends have been compatibilized through block copolymer formationmedi-

ated by addition of a phosphite condensing agent (Aharoni et al. 1984; Aharoni 1983;

Aharoni and Largman 1983). Block copolymer results when the phosphite-activated

end-group of a PEST (or PA) reacts with a nucleophilic end-group on a PA (or PEST)

at the phase interface with generation of secondary phosphite by-product. The relative

proportions of copolymer vs. simple chain-extended PA or PEST may depend upon

the relative solubility of condensing agent in each of the immiscible polymer phases.

For example, blends of 95-5 parts PA-6 (or PA-66 or PA-12) were extruded using an

SSE at 265–315 �C with 5-95 parts PET (or PBT or PCT) in the presence of 0-1 part

triphenyl phosphite or trialkyl phosphite. Copolymer-containing blends were charac-

terized by morphology, viscosity, selective solvent extraction, FTIR, 13C NMR, and
31P NMR. Model compound studies were done to understand the mechanism of

copolymer formation. Various other PEST and PA resins were also used.

5.8.2.3 Copolymer Formation by Carboxylic Acid + Epoxide Reaction:
Blends Containing a Coupling Agent

As shown in Table 5.9, PA/PEST blends can be compatibilized through block copol-

ymer formation mediated by addition of a multifunctional epoxide coupling agent. The

coupling agent may react with nucleophilic end-groups on each of the two immiscible

polymers at the phase interface to give a block copolymer containing the coupling agent

as linking group. The relative proportions of copolymer vs. simple chain-extended PA

or PEST may depend upon the relative solubility of coupling agent in each of

the immiscible polymer phases. See, e.g., Jeziórska (2005) wherein a bis-oxazoline

coupling agent was used, but the predominant reaction was PEST chain extension.

544 S.B. Brown



5.8.2.4 Copolymer Formation by Degradative Process
Examples of compatibilizing copolymer formation in PA/PEST blends by reaction

of PA end-groups with PEST main-chain units by a degradative process (including

PA/PC blends) are given in Table 5.10. The degradative process in this instance

may also be considered a transreaction. Reviews of transreactions in PA/PEST

blends include those described in chapters of Fakirov (1999) (transreactions in

condensation polymers).

5.8.3 Polyamide + Polyesteramide LCP + Polyolefin Blends

5.8.3.1 Copolymer Formation by Amine + Anhydride Reaction
Seo (1997) prepared compatibilized PA blends with LCP polyesteramide (Hoechst

Vectra® B950) in the presence of anhydride-functionalized polyolefin. Specifically,

60 parts PA-6 was mixed with 25 parts LCP and 15 parts EPDM-g-MA in a TSE at

290 �C. The blend was characterized by SEM, optical microscopy, Raman spec-

troscopy, mechanical properties, selective solvent extraction, and FTIR.

5.8.4 Polyamide + Polyester LCP + Polypropylene Blends

5.8.4.1 Copolymer Formation by Amine + Anhydride Reaction
Tjong and Meng (1997) have described PA/LCP polyester blends with improved

properties through addition of anhydride-terminated PP-MA. A block copolymer

may form between PA amine end-groups and anhydride-terminated PP. For exam-

ple, 86 parts PA-6 was mixed in an internal mixer with 14 parts PP-MA at 220 �C
followed by injection molding with 5-40 parts LCP (Hoechst Vectra® A950). The

blends were characterized by torque rheometry, mechanical properties, DMA,

and SEM.

Table 5.9 PA/PEST blends – blends containing a coupling agent: copolymer formation by

carboxylic acid + epoxide reaction

Polyamide/polyester Characterization and comments References

PA-6/PC/epoxy resin Mechanical properties/DSC/SEM/

dynamic rheometry/effects of 3 different

mixing sequences

Wang et al. 2012c

PA-6/PET/multifunctional

epoxide resin (0–10 wt%)

SEM/WAXD/polarizing microscopy/

DMTA/mechanical properties/DSC/FTIR

Huang et al. 1998

PA-66 (70-50)/PBT

(30-50)/multifunctional

epoxide resin (0–5 phr)

TSE at 275 �C/SEM/TEM/extrudate

swell/DSC/torque rheometry/capillary

rheometry/effects of PA:PBT ratio and

epoxy content on mechanical properties/

blends optionally + core-shell elastomer

Huang and Chang

1997a, b (see also

Chiou and Chang 2000)

PA-6 (17)/PBT (83)/

multifunctional epoxide

resin (0-12)

TSE at 230–250 �C/mechanical

properties/SEM/DSC/DMA/WAXD

An et al. 1996
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Table 5.10 PA/PEST blends: copolymer formation by degradative process

Polyamide/polyester Characterization and comments References

Poly(hexamethylene

isophthalamide-

co-terephthalamide/poly

(butylene succinate)

TSE/selective solvent extraction/

FTIR/13C NMR/SEM/p-toluene sulfonic

acid catalyst

Yao et al. 2012

Poly(m-xylene adipamide)

(50) PET (50)/terephthalic

acid (1 wt%)

Melt reaction at 285 �C/1H and13C

NMR/DSC/progress of reaction study

Samperi et al. 2010

PA-12/PBT/hyperbranched

poly(ethyleneimine)-g-PA-

12

DSC/13C NMR/optical microscopy/

morphology

Wang et al. 2009b

PA-66 (70-60)/PET (30-40)

also PTT or PBT

Biaxial extruder at 280 �C/mixture of

various phosphite catalysts with calcium

hypophosphite/Tm/Tg/GPC/NMR/

mechanical properties

Aramaki et al. 2004

PA-6/PBT or PET Reaction at 260 �C and 280 �C/NMR/

MALDI/mechanism of reaction/role of

added p-toluene sulfonic acid

Samperi et al. 2003a, b

PA-6/PC Haake mixer at 280 �C/evidence for
copolymer formation/reaction kinetics/

also blends including poly(propylene

oxide)

Costa and Oliveira

1998, 2002

PA-66 (95-50)/LCP

(Hoechst Vectra A950)

(5-50)

SSE or Brabender/mechanical properties/

morphology/selective solvent extraction/

spectroscopic and thermal analysis/

variation of PA end-group concentrations

and acid/amine ratios

Costa et al. 2001

PA-11 or PA-66 or PA-6,10

or PA-6,12/block

copolyetherester

Morphology/mechanical properties/DSC/

rheology/selective solvent extraction/

FTIR/micro-Raman spectroscopy

Koulouri et al. 1999b

PA-6 (50)/PET (50) Extrusion in capillary rheometer at 280 �C
then annealing/SEM/selective solvent

extraction/FTIR/DMTA/WAXS

Evstatiev et al. 1996;

Serhatkulu et al. 1995

PA-6 (70-0)/PC (30-100) Thermal redistribution in internal mixer at

260 �C/NMR/TLC/DSC

Konyukhova et al. 1994

PA-6 (90-0)/PC (10-100) Internal mixer at 240 �C/torque
rheometry/SEM/GPC/mechanical

properties/effects of mixing time/effects

of PA amine and acid end-group

concentrations

La Mantia and Valenza

1994; Valenza

et al. 1994

PA-6 (80-20)/PC (20-80) Internal mixer at 240 �C/selective solvent
extraction/NMR/TGA/MS/IV/model

studies/kinetics/also data from solution

reactions

Montaudo et al. 1994

PA-6 (100-0)/PC (0-100) Thermal redistribution in internal mixer at

240 �C or SSE at 250 �C/DSC/selective
solvent extraction/SEC/FTIR/SEMvs. time/

rheology/mechanical properties/DMTA

Gattiglia et al. 1989a, b,

1990, 1992
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5.8.5 Polyamide + Polyethersulfone Blends

Kanomata et al. (2011) prepared compatibilized blends of PA-6 and polyethersulfone

using PES having hydroxyphenyl end-groups. Blends prepared in a Brabender mixer

were characterized usingTEMand torque rheometry in comparisonwith control blends.

Weber and G€untherberg (1999) have prepared compatibilized blends of PA and

polyethersulfone in the presence of S-MA-(N-phenylmaleimide) terpolymer. In the

examples, the PA was derived either from hexamethylenediamine-isophthalic acid

or from hexamethylenediamine-caprolactam-terephthalic acid. Blends comprising

PA, an amine-terminated polyethersulfone, and S-MA-(N-phenylmaleimide) ter-

polymer prepared in a Haake mixer were characterized using mechanical properties

testing, selective solvent extraction, DSC, and Vicat B test. Blends optionally

contained phenoxy resin.

5.8.6 Polyamide + Polyolefin Blends (Excepting Polypropylene)

Blends in these sections include those with either a single PA or a mixture of

semicrystalline PAs or a mixture of amorphous and semicrystalline PAs.

5.8.6.1 Copolymer Formation by Amide-Ester Exchange
Graft copolymer compatibilizing agents have been prepared by direct reaction

(Table 5.11) through amide-ester exchange reaction between polyamide amine

end-groups and pendent ester groups on polyolefin copolymers such as EEA. In

these cases, a low molecular weight alcohol is generated as a by-product.

5.8.6.2 Copolymer Formation by Amine + Anhydride Reaction
The most common method for compatibilizing PA/amorphous polyolefin blends

involves graft copolymer formation by reaction of polyamide amine end-groups

Table 5.10 (continued)

Polyamide/polyester Characterization and comments References

PA-6 (85)/PET (15) SSE at 280 �C/diphenyl phosphoryl azide
additive/DSC

Belles et al. 1991

PA-6 (75-25)/PC (25-75) Low degree of thermal redistribution in

internal mixer at 240–250 �C/torque
vs. time and temperature/DSC/selective

solvent extraction

Eguiazábal and

Nazábal 1988

PA-66 (54-10)/PET (46-90) Internal mixer/FTIR/NMR/DSC/

mechanical properties vs. degree of

redistribution/H bonding between phases/

toluenesulfonic acid catalyst (0.2)

Pillon et al. 1987a, b

PA-66 (0-54)/PET (100-46) Internal mixer at 265–295 �C or TSE at

290–370 �C/NMR/23 % max. copolymer

level/toluenesulfonic acid catalyst (0.2)

Pillon and Utracki 1984
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with pendent anhydride groups on an appropriate polyolefin to form a

compatibilizing copolymer linked through an imide bond. Anhydride groups may

be incorporated into suitable POs through grafting or through copolymerization

with maleic anhydride, citraconic anhydride, itaconic anhydride, and congeners or

through grafting or copolymerization with potentially latent anhydrides such as

vicinal diacids or acid-esters including fumaric acid, maleic acid monoalkyl ester,

and congeners. Selected examples are listed in Table 5.12.

5.8.6.3 Copolymer Formation by Amine + Carboxylic Acid Reaction
As shown by examples listed in Table 5.13, PA/PO blends have been

compatibilized through block copolymer formation between PA amine

end-groups and terminal carboxylic acid groups of polyolefins. PA blends with

oxidized PE should fall into this category since carboxylic acid groups are believed

to be located at PE chain ends (see El’darov et al. 1996).

Compatibilized PA/PO blends have also been prepared by graft copolymer

formation between the amine end-groups of PA and PO pendent carboxylic acid

groups to give a new amide linkage (Table 5.14). Water is the by-product of this

reaction. The work by Aharoni is noteworthy in that it employs a condensing agent

to effect copolymer formation between polyamide end-groups and pendent carbox-

ylic acid groups on EAA.

Mascia and Hashim (1997, 1998) have prepared compatibilized blends of PA

with PVDF by using carboxylic acid-functionalized PVDF. In an example, 20 parts

PA-6 was combined with 80 parts PVDF-g-methacrylic acid (10 % MAA) in an

internal mixer at 240 �C. The graft copolymer-containing blend was characterized

by SEM, FTIR, mechanical properties, selective solvent extraction, and rheology.

The effects of adding zinc acetate were studied.

Table 5.11 PA/PO blends: copolymer formation by amide-ester exchange

Polyamide/polyolefin Characterization and comments References

PA-1010/EVAc/

tetrabutyl titanate

catalyst

Melt mixing at 240 �C/mechanical properties/SEM/

DMA/MFI/FTIR/NMR/also used acrylate rubber in

place of EVAc (2013b)

Lu et al. 2013a, b

PA-11/poly(lactic

acid)/titanium

isopropoxide catalyst

(0–0.1 wt%)

Melt blended/failure of catalyst to promote copolymer

formation over simple degradation irrespective of

catalyst level and mixing time/DSC/SEM/mechanical

properties/13C NMR

Patel et al. 2013

PA-6 (60)/EVAc

rubber (40)/dibutyltin

oxide (1)

Melt mixing at 230 �C/NMR/characterization

confirmed exchange reaction extent and copolymer

yield/rate constant determination

Wu et al. 2013

PA-6 (85-25)/EEA

(18 % EA) (15-75)

Melt mixing at 230 �C/optical microscopy/selective

solvent extraction/SEM/DSC/DMA/mechanical

properties/FTIR

Koulouri

et al. 1996, 1997

PA-6 (100-75)/LDPE

(0-25)/LDPE-g-BA

(18 % BA) (0-2.4)

Internal mixer coupled to SSE at 260 �C/SEM/torque

rheometry/mechanical properties/water absorption/

hardness/effect of premixing LDPE + LDPE-g-BA

Raval et al. 1991
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Table 5.12 PA/PO blends: copolymer formation by amine + anhydride reaction

Polyamide/polyolefin Characterization and comments References

PA-6/HDPE/HDPE-g-MA Broad range of compositions/selective solvent

extraction/SEM/rheology/finding of two

dispersed phase sizes and its implications

Argoud et al. 2014

PA-6/HDPE/EPDM-g-MA Internal mixer/mechanical properties/

morphology/DSC/rheology

Dou et al. 2013

PA-6/PMP/PMP-g-MA Melt kneaded in biaxial extruder/mechanical

properties/melt tension

Enna et al. 2013

PA-6/EPDM/EPDM-g-MA Mechanical properties/SEM morphology/DSC/

Molau test/best properties at 80-10-10 ratio

Xu et al. 2013b

PA-6/HDPE/EPDM/

EPDM-g-MA

Mechanical properties/morphology/DSC/effect

of EPDM molecular weight

Zhou et al. 2013

PA-6/HDPE/EPDM-g-MA Mechanical properties/rheology/morphology/

effect of one-step or two-step processing protocol

Li et al. 2012a

PA-6/HDPE-g-MA Dispersed phase particle size characterized by

ultrasonic velocity and attenuation as function of

HDPE-g-MA amount

Wang et al. 2012a

PA-6 (25 wt%)/LLDPE/

PB-g-MA

Grafting of PB-g-MA onto LLDPE using DCP

RI, followed by extrusion with PA/co-continuous

morphology

Shi et al. 2010

PA-6/polyolefin elastomer/

PO elastomer-g-MA

Mechanical properties/morphology/Molau test/

MA grafted through ultrasound-assisted

extrusion/comparison of blend properties to

those containing PO with MA grafted using

peroxide

Xie et al. 2010

PA-6/EBA-g-MA Morphology/rheology/effect of using

unfunctionalized EBA

Balamurugan and

Maiti 2008a, b

PA-6/metallocene

PE/metallocene PE-g-MA

TSE/mechanical properties/SEM/capillary

rheometry/FTIR/also used metallocene EPDM,

metallocene EPDM-g-MA, and metallocene

EP-g-MA

Lopez-Quintana

et al. 2008

PA-6/ETFE/ETFE-g-MA/

LDPE-g-MA/PO-f-GMA

TSE/mechanical properties/abrasion test Atwood et al. 2007

PA-6/UHMWPE/

HDPE-g-MA

Brabender mixer/mechanical and tribological

properties/FTIR

Wang et al. 2007b

PA-6/EPDM-g-MA One-step melt grafting and copolymer formation/

SEM/DSC/selective solvent extraction/FTIR/

NMR/mechanical properties/comparison to

two-step process

Coltelli et al. 2006

(see also Komalan

et al. 2008)

PA-6/ethylene-octene

copolymer-g-MA

TEM/mechanical properties/also used

amorphous PA

Huang and Paul

2006 (see also

Huang et al. 2006a,

b; Yu et al. 1998)

PA-6/PMMA-f-anhydride PA-amine reaction with glutaric anhydride in

PMMA chain/morphology/physical properties

Iliopoulos et al.

2006; Freluche

et al. 2005

PA-6/ethylene-octene

copolymer/PE-g-MA

Mechanical properties/morphology/dimensional

stability

Sanchez et al. 2006

(continued)
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Table 5.12 (continued)

Polyamide/polyolefin Characterization and comments References

PA-6/EPDM-g-MA Dynamic packing injection molding/mechanical

properties/SEM/impact strength vs. interparticle

distance/blend properties vs. those prepared by

conventional molding

Wang et al. 2006

PA-6/EVAc/EVAc-g-MA Attenuated total reflectance IR/mechanical

properties/morphology/properties vs. MA

content (1–6 %)

Bhattacharyya

et al. 2001, 2005

PA-6/EPDM/EPDM-g-MA TSE/morphology/effects of temperature and

extruder residence time/monitoring of chemical

conversion and morphology

Covas and

Machado 2005

PA-11/PE/EPDM-g-MA Mechanical properties/SEM Hu et al. 2004

PA-6/EP/EP-g-MA Rheology/morphology/effect of EP-g-MA

content level

Oommen et al.

2004

PA-6/LDPE/PE-g-MA Brabender mixer/SEM/DSC/selective solvent

extraction/comparison of blend properties to those

of blends with EAA in place of PE-g-MA

Jiang et al. 2003

PA-6/EP/EP-g-MA Morphology development along extruder screw

axis

Machado et al.

1999, 2002

PA-6/EPDM/EPDM-g-MA Melt mixing/TEM/effect of viscosity ratio/effect

of partially cross-linking rubber phase

Oderkerk and

Groeninckx 2002

PA-6 (20)/EEA-g-MA (80;

17 wt% EA; 1 wt% MA)

TSE at 220 �C/TEM/selective solvent extraction/

NMR/FTIR/SEC/DSC/mechanical properties/

also used EEA with 0.5 wt% MA/PA amine-

terminated at one end

Pernot et al. 2002

PA-11/ethylene-octene

copolymer-g-MA

Morphology, ductile-brittle transition temps. and

mechanical properties as a function of MA

grafting level

Li et al. 2001

PA-6/NR-f-MA Melt processing/rheology/DMA/morphology Carone et al. 2000

PA-6/VLDPE-g-MA TSE/SEM/optical microscopy/mechanical

properties/DSC/DMTA/comparison to

commercial (PA-6/ULDPE) blend/also used

VLDPE-g-DEM

Lazzeri et al. 1999

(see also Gadekar

et al. 1998)

PA-6/EP-g-MA Melt blending/rheology/mechanical properties/

DMTA/morphology/effect of component ratio/

also addition of MgO

Okada et al. 1999

PA-6/EVAc/EVAc-g-MA Morphology/mechanical properties/interfacial

adhesion

Piglowski et al.

1999

PA-6/EP/EP-g-MA Melt mixing/SEM/effect of processing

conditions, content of EP-g-MA, PA-6 MW, and

mode of mixing

Thomas and

Groeninckx 1999

PA-6/EPDM-g-MA DSC/morphology/amount of PA graft vs. blend

composition/length of PA graft/also used PA-66

Van Duin et al.

1998

PA-6 (75)/EPDM-g-MA

(25) or EP-g-MA or

ULDPE-g-MA

TSE at 270 �C/mechanical properties/SEM/

rheology/comparison to SEBS-g-MA impact

modifier

Burgisi et al. 1997

PA-66 (75)/EPDM-g-MA

(0.4–1 % MA) (25)

TSE at 255 �C/mechanical properties Roberts et al. 1997
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Table 5.12 (continued)

Polyamide/polyolefin Characterization and comments References

PA-6 (9-6)/PE (90)/

HDPE-g-MA (1-4)

PA + HDPE-g-MA extruded on TSE at

240 �C followed by blow molding with 90 %

PE/DSC/SEM/rheology/permeation test/

mechanical properties/selective solvent

extraction + FTIR for PA-HDPE copolymer

characterization

Yeh et al. 1997

PA-6 (70-0)/LDPE (30-100)/

E-BA-MA (0-6) or

EVAc-g-MA

SSE at 235 �C/DSC/SEM/WAXD/tensile

properties/selective solvent extraction/interfacial

tension estimates/also ternary blends containing

EP (30 %)

Beltrame et al.

1996

PA-6 (80)/EP (0-20)/

EP-g-MA (1.1 % MA) (0-20)

SSE at 240 �C or TSE at 280 �C/torque
rheometry/TEM/titration of residual

amine groups/effects of extruder type and

PA mol. wt. and amine end-group concentration

on morphology, mechanical properties, and

ductile-brittle transition temperature/effects of

di- vs. monofunctional PA

Oshinski

et al. 1996a, b, c, d

PA-6 (100-0)/aromatic

PA-(0-100)/EP-g-MA (0-20)

TSE at 280–300 �C/DSC/DMA/rheology/

mechanical properties/MFI/TEM/selective

solvent extraction/effects of different extrusion

sequences

Xanthos et al. 1996

PA-6 (70)/EP (0-30)/

EP-g-MA (0-30)

Internal mixer at 240 �C/SEM/effects of

adding phthalic anhydride to consume

amine end-groups/model reactions to assess roles

of amine- vs. amide-anhydride reactions

Marechal et al.

1995

PA-66 (100-80)/

EPDM-g-MA (0-20)

TSE/mechanical properties/SAXS/SEM/

TEM/effects of rubber level and

functionality/factors affecting ductile-brittle

transition temperature/analysis of fracture

surfaces

Muratoglu et al.

1995a, b

PA-6 (95-80)/EP-g-MA

(0.7 % MA) (5-20)

TSE at 290 �C/blends made from PA +

masterbatch of 20 wt% EP-g-MA/

SEM/deformation and fracture behavior vs.

strain retention and rubber content

Dijkstra et al. 1994

PA-6 (100-80) or PA-66/

EP-g-MA (1.5 % MA) (0-20)

Processing study with SSE and TSE/TEM/

mechanical properties vs. extrusion conditions

and morphology/effects of using PA + rubber

masterbatch

Majumdar et al.

1994g

Amorphous PA (80)/

EP-g-MA (0.7 % MA) (20)

Internal mixer at 200 �C/torque rheometry/

selective solvent extraction/SEM study of

morphology development in reactive and in

nonreactive blends

Scott and Macosko

1994a, 1995b

Aromatic PA (50)/

hydrogenated NBR (50)/

NBR-co-MA (30 % MA)

(0-10)

Miniature mixer at 250 �C/morphology/

ellipsometry/L101 (0.9 phr) added for

vulcanization of rubber phase/effects of mixing

protocol/other carboxylated rubbers also used

Bhowmick et al.

1993

PA-46 (90)/EP-g-MA

(1 % MA) (10)

TSE at 310 �C/SEM/mechanical properties/also

blends containing polysulfone and

PA-polysulfone copolymer

Koning et al. 1993a

(continued)
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Table 5.12 (continued)

Polyamide/polyolefin Characterization and comments References

PA-11 (20) or PA-6/

HDPE-g-MA (80)

Internal mixer or TSE at 210 �C/torque
rheometry/mechanical properties/SEM/selective

solvent extraction/DSC/simultaneous addition of

PA + PE + MA + radical initiator

Lambla and

Seadan 1992, 1993

PA-6 (80)/EP-g-MA

(1.3–4.4 % MA) (20)

Internal mixer at 260 �C/FTIR/mechanical

properties/SEM

Abbate et al. 1992

PA-6 (90)/EEA-MA

(1.5 % MA) (10)

TSE/mechanical properties/DSC/SEM/MFI/also

blends containing glass fiber

Crespy et al. 1992

PA-6/PMMA-f-glutaric

anhydride

TSE/mechanical properties/selective solvent

extraction/FTIR/optional NaOH catalyst/PMMA

partially functionalized by extrusion with

dimethylamine

Harvey et al. 1992

PA-6 (100-0) or PA-66/

EP-g-MA (1.2 % MA)

(0-100)

Double extruded in SSE at 240 �C or 280 �C/
mechanical properties/torque rheometry/lap shear

adhesion/DMA/effects of mixing protocol

Oshinski

et al. 1992a, b

PA-6 (50)/(88 HDPE +12

LLDPE) (0-50)/(88 HDPE +

12 LLDPE)-g-MA (0.27 %

MA) (0-50)

TSE at 275 �C/mechanical properties/melt

viscosity/rheology/SEM/effects of

functionalized PE mol. wt./MA grafted to

mixture of HDPE + LLDPE

Padwa 1992

PA-6 (100-0)/HDPE (0-100)/

HDPE-g-MA (0.8 % MA)

(0-5)

SSE at 245 �C/SEM/DSC/capillary rheometry Kim et al. 1991

PA-6 (30-10)/HDPE (70-90)/

EPDM-g-MA (1.8 % MA)

(1, 3, or 5 parts)

Internal mixer at 250 �C/DSC/DMA/optical

microscopy/SEM/also binary blends containing

95 PA + 5 EPDM-g-MA

Kim and Kim 1991

PA-6 (90-10) or PA-11/

HDPE (10-90) or MDPE/

PE-g-MA (0-10)

Internal mixer at 200–300 �C/torque rheometry/

capillary rheometry/SEM/selective solvent

extraction/FTIR

Serpe et al. 1990

PA-66 (80)/EP-g-MA (20) TSE at 280 �C/morphology vs. unfunctionalized

EP use/DSC/DMA/EELS

Ban et al. 1988,

1989

PA-6 (90)/EPDM-g-MA (10) SSE/selective solvent extraction/%N/FTIR/

mechanical properties vs. MA level

Borggreve and

Gaymans 1989

PA-6 (90)/EPDM-g-MA

(10) or EP-g-MA or

PE-g-MA

SSE/selective solvent extraction/mechanical

properties/morphology/dilatometry tests/also

used unfunctionalized poly(etherester) TPE

Borggreve

et al. 1989a, b

Aromatic PA (84 parts)/

EPDM-g-FA (8.4 parts;

1.5–2.0 % FA)/ionomer resin

(7.6 parts; 72 % Zn

neutralized)

TSE at 321 �C/mechanical properties vs. blends

with less EPDM-g-FA or without ionomer

Dunphy 1989

PA-6 (35 %)/polyarylate

(35 %)/EP-g-nadic anhydride

(15 %)/EVAc-co-GMA

(15 %)

TSE at 270 �C/mechanical properties vs. blends

with only one functionalized rubber/other PA

used

Okamoto

et al. 1989

PA-6 (100-80)/EPDM-g-MA

(0-20)

SSE/0.4 wt% MA/morphology/mechanical

properties correlation with interparticle distance

Borggreve

et al. 1988a, b

PA-6 (90-80)/EP-g-MA

(0-10)/unfunctionalized EP

(10-20)

Internal mixer at 260 �C/mechanical properties

vs. morphology

D’Orazio et al.

1988
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Table 5.12 (continued)

Polyamide/polyolefin Characterization and comments References

Copolyamide of 60 %

polyhexamethylene

adipamide and 40 %

polyhexamethylene

adipamide-terephthamide/

EP-g-MA

Melt extrusion/mechanical properties Neilinger et al.

1988

PA-66,6 copolymer (84)/

ethylene-butene copolymer-

g-FA (16; 1 wt% FA)

Extruded at 232 �C/mechanical properties

vs. blend with unfunctionalized EB copolymer

Sawden 1988

PA-6 (80)/LDPE-g-S-MA

(20)

TSE at 240 �C/mechanical properties/also used

PA-66 and PA-46

Vroomans 1988

PA-6 (100-80)/EP (0-20)/

EP-g-MA (0-20)

Internal mixer at 260 �C/0.6–4.5 wt%

MA/morphology/mechanical properties

Greco et al. 1987

PA-6 (100-70)/EP (0-20)/

EP-g-MA (0-30)

Internal mixer at 260 �C/mechanical properties

vs. morphology

Cimmino

et al. 1986

PA-66 (100-96)/

EPDM-g-MA (0-4)

TSE at 204–347 �C/FTIR/DSC/SEM/mechanical

properties vs. MA level (0–10 %)

Crespy et al. 1986

PA-6 (50)/EP-g-MA (50;

1.7–1.9 % MA)

SSE at 215–232 �C/mechanical properties

vs. higher MW EPDM-g-MA

Olivier 1986a

(cf. Phadke 1988a)

PA-6 (100-70)/EP (0-30)/

EP-g-MA (10-30)

internal mixer at 260 �C/crystallinity by

DSC/SAXS/WAXS/SEM/optical microscopy

Martuscelli et al.

1985

PA-6 (80 parts)/

hydrogenated poly-

butadiene-g-MA (20 parts;

0.4 wt% MA)

TSE at 288 �C/mechanical properties/also used

other MA-grafted polyolefins

Hergenrother et al.

1984, 1985

PA-6 (100-80)/EP (0-20)/

EP-g-MA (0-20)

Internal mixer at 260 �C/2.9 % MA/morphology/

mechanical properties vs. EP-g-MA fraction

Cimmino

et al. 1984

PA-66 (41 parts)/PA-6

(40 parts)/EPDM (9 parts)/

EPDM-g-FA (10 parts;

1.5–2.0 % FA)

TSE at 310–320 �C/mechanical properties

vs. blends with single PA

Roura 1982, 1984

PA-66 (100-60)/PE-g-MA

(0-40)

TSE at 270 �C/0.4 % MA/mechanical properties/

adverse effect of blocking anhydride groups/

morphology

Hobbs et al. 1983

PA-6 (80)/ethylene-butene

copolymer-g-MA (20;

0.35 % MA)

Extruded at 250 �C/mechanical properties Ohmura et al. 1982

PA-6/EP-hexadiene-

norbornadiene

copolymer-g-FA

TSE at 270 �C/mechanical properties Richardson 1981

PA-66 or amorphous

PA/functionalized ethylene

copolymer

TSE/anhydride- or carboxylic acid- or epoxide-

functionalized ethylene copolymer/mechanical

properties

Epstein 1979

PA-66 (24 parts)/

LDPE-g-MA (10 parts)

TSE at 271 �C/mechanical properties vs. control/

effect of different radical initiators for grafting

LDPE/PA-6 also used

Swiger and Juliano

1979; Swiger and

Mango 1977
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Table 5.13 PA/PO blends: block copolymer formation by amine + carboxylic acid reaction

Polyamide/polyolefin Characterization and comments References

PA-66/oxidized LLDPE Mechanical properties/morphology Zhu et al. 2010

Aromatic PA (50)/

hydrogenated NBR (50)/

carboxy-terminated NBR

(0-5)

Miniature mixer at 250 �C/
morphology/ellipsometry/L101

(0.9 phr) added for vulcanization of

rubber phase/effects of mixing

protocol/other carboxylated

rubbers also used

Bhowmick et al. 1993

PA-6 (75)/oxidized

LDPE (25)

Internal mixer at 240 �C/
morphology/mechanical and

rheological properties

vs. functionalization level

Curto et al. 1990

PA-6 (47.5)/PE (47.5)/

oxidized LDPE (5)

1 in. extruder at 222 �C/heat-aged
morphology/mechanical properties

Armstrong 1968

Table 5.14 PA/PO blends: graft copolymer formation by amine + carboxylic acid reaction

Polyamide/polyolefin Characterization and comments References

PA-6/carboxylated nitrile

rubber

TSE/DMTA/TEM/effects of carboxylation

level on blend properties/rubber cured

during mixing

Chowdhury et al.

2007

PA-6/LDPE/EAA (6 wt% AA) Morphology/interfacial tension measured

by breaking thread method/also used EAA

partially Zn neutralized

Minkova et al.

2002, 2003

PA-6/EAA/optionally with

LDPE

SEM/effect on blend properties of

different AA content in EAA/also used

EAA partially Zn neutralized

Filippi et al. 2002

PA-6/EVAc/EAA Mechanical properties/morphology/

rheology/comparison to blend without

either of EVAc or EAA

Wang et al. 2001

PA-6/PE-g-AA DSC/WAXS Psarski et al. 2000

PA-6 (60)/PE-f-(10-undecenoic

acid) (40)

TSE/morphology/mechanical properties/

Molau test/FTIR/f-PE synthesized using

metallocene catalyst/also used 10-undecen-

1-ol or N-methyl-10-undecenylamine

Anttila et al. 1999

PA-6/EVAl-f-carboxylic acid FTIR/SEM/DSC/DMTA/rheology/

selective solvent extraction/ionic linkage

postulated

De Petris et al.

1998

PA-6/LLDPE-g-AA Internal mixer/SEM/DSC Qui et al. 1999

PA-6 (9-6)/PE (90)/EAA (11 %

AA; 40 % Zn neutralized) (1-4)

PA + EAA extruded on TSE at 240 �C
followed by blow molding with 90 %

PE/DSC/SEM/rheology/permeation test/

mechanical properties/selective solvent

extraction + FTIR for PA-EAA copolymer

characterization

Yeh and

Fan-Chiang 1997;

Yeh et al. 1997

PA-1010 (75)/EP (5-25)/

EP-g-AA (1 % AA) (0-20)

SSE at 210 �C/mechanical properties/

SEM/DSC/WAXD

Xiaomin et al.

1996

(continued)
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5.8.6.4 Copolymer Formation by Amine or Carboxylic Acid + Epoxide
Reaction

Table 5.15 shows examples of PA/PO blends compatibilized through graft copol-

ymer formation between PA amine or carboxylic acid end-groups and pendent

epoxy groups on polyolefins.

Table 5.14 (continued)

Polyamide/polyolefin Characterization and comments References

PA-6 (90-10)/HDPE (10-90)/

EMAA ionomer (0-30)

Internal mixer at 250 �C/torque rheometry/

SEM/dispersed phase particle size

vs. interfacial modifier concentration/

emulsification curves/effects of mixing

protocol/also blends containing PP in place

of HDPE

Favis 1994; Willis

and Favis 1988

PA-6 (75-25)/HDPE (25-75)/

EMAA ionomer (0-5)

SSE/interfacial tension measurements/

morphology before and after annealing/

mechanical properties

Chen and White

1993

PA-6 (40-20)/HDPE (60-80)/

EMAA ionomer (2)

TSE at 250 �C/use of PE + 10 % EMAA

ionomer masterbatch/rheology/SEM/also

ribbon extruded blends

Gonzalez-Nunez

et al. 1993

PA-6 (100-0)/EMAA ionomer

(0-100)

Internal mixer at 250 �C/torque rheometry/

SEM/selective solvent extraction/FTIR/

DSC

Willis et al. 1993

PA-6 (90)/EAA (10 % AA)

(10)

TSE/mechanical properties/DSC/SEM/

MFI/also blends containing glass fiber

Crespy et al. 1992

PA-6 (80-90)/EAA (20-10) TSE at �270 �C/FTIR/NMR/DTA/GPC/

selective solvent extraction/morphology/

amine, acid quantification/% chains grafted

Braun and Illing

1987

PA-66 (85)/acid-functionalized

EP (15)

TSE at 230–280 �C/rheology/SEM/

dispersed phase particle size vs. interfacial

tension/effect of component viscosity ratio

Wu 1987

PA-6 (90)/EMAA (10) Internal mixer at 250 �C/mechanical

properties and morphology as function of

MAA content/FTIR/selective solvent

extraction/DSC/role of H-bonding

MacKnight et al.

1985

PA-6 (90-80)/EAA (10-20) or

EMAA ionomer/TPPite (1) or

trialkyl phosphite condensing

agent

SSE at 265–315 �C/selective solvent
extraction/model compound reactions/

FTIR/13C NMR/31P NMR

Aharoni et al.

1984; Aharoni

1983

PA-66/EMAA (11–12 wt%

acid; 66 % Zn neutralized)

TSE at 280 �C/mechanical properties

vs. using unneutralized EMAA

Murch 1974

PA-66/EMAA (9.8–16.4 wt%

acid)

SSE at 280 �C/mechanical properties/effect

of amine end-group concentration

Kohan et al. 1972

PA-6 (50)/PE (40)/EMAA (10;

4 mol% acid; 38 % Na

neutralized)

Double-pass extrusion/mechanical

properties

Mesrobian et al.

1968

PA-66/EMAA (5.7 mol% acid) SSE at 280 �C/morphology/barrier

properties

Anonymous 1965
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5.8.6.5 Copolymer Formation by Miscellaneous Reactions
Miscellaneous compatibilization methods belonging to this category are listed in

Table 5.16. Chen and Wang (2001) reported that pan-milling a blend of PA-6 and

PP resulted in chain scission and subsequent copolymer formation resulting in

a blend with improved properties compared to the same blend prepared by extru-

sion. Li et al. (1993) have shown that PA-PO copolymer may be formed through

displacement reaction between PA amine end-groups and benzylic bromide groups

Table 5.15 PA/PO blends: copolymer formation by amine or carboxylic acid + epoxide reaction

Polyamide/polyolefin Characterization and comments References

PA-6/MDPE-g-GMA Mechanical properties/morphology/GMA

grafting optionally performed in presence of

styrene monomer and differing concentration of

DCP RI

Daneshvar and

Masoomi 2012

PA-12/ENR Mechanical properties/morphology/temperature

scanning stress relaxation measurement/

optionally with dynamic vulcanization/

comparison to blends with unfunctionalized NR

Narathichat et al.

2011

PA-6/PE-g-GMA TSE/SEM/DSC Huang et al. 2008

PA-6 (25-75)/LDPE

(75-25)/E-GMA

Brabender mixer/SEM/rheology/DSC/

morphology as function of blend composition,

compatibilizer concentration, and GMA content/

also used LDPE-g-GMA, SEBS-g-GMA

Wei et al. 2005;

Minkova et al.

2002

PA-6/LDPE/E-g-GMA Melt blending/morphology/thermal properties/

selective solvent extraction/comparison of

properties to those of blends with EAA and

PE-g-MA in place of E-g-GMA

Chiono et al. 2003

PA-6/LDPE-g-GMA

(3.5 wt% GMA)

Internal mixer/torque rheometry/SEM/DSC/

FTIR/Molau test/GMA grafting with addition of

styrene monomer in presence of peroxide/

comparison to blends with unfunctionalized

LDPE

Wei et al. 2003

PA-6/ENR Morphology/DSC/mechanical properties/FTIR/

compatibilization of PO blends

Xie et al. 2003

PA-6/PE-f-GMA Melt mixing at 240 �C/morphology/pull-out of in

situ formed graft copolymer/also used PE-g-MA

in place of PE-f-GMA

Pan et al. 2001,

2002

PA-6/EPDM-f-epoxide Melt mixing/morphology/comparison to blend

with unfunctionalized EPDM

Wang et al. 1998b

PA-6 (75)/SB core-

MMA-GMA shell impact

modifier (25)

Mini-extruder at 240 �C/TEM/dispersed phase

agglomeration as function of epoxide

concentration on shell surface

Aerdts et al. 1997

PA-6 (100-0 parts)/

PE-g-GMA (0-100 parts)

Custom mixer at 230 �C/SEM/DSC/DMA/

mechanical properties/selective solvent

extraction/FTIR/also used PA-11, PA-12,

PA-612, or PA-610/optionally + HDPE

Koulouri et al.

1997

PA-6 (80)/EPDM-g-

GMA (20; 2.8 % GMA)

Mechanical properties Olivier 1986b
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Table 5.16 PA/PO blends: copolymer formation by miscellaneous reactions

Polyamide/polyolefin Characterization and comments References

PA-6/NBR/NBR-f-oxazoline

(5–7 phr)

Mechanical properties/morphology/DSC/

rheology/swelling/creep behavior

Gomes et al. 2013

PA-6/EPDM-g-MA/epoxy

resin

TSE/mechanical properties/morphology/

DSC/rheology/effects of blending

protocol on blend properties

Wang et al. 2012f

PA-6/EP-g-isocyanate Mechanical properties/morphology/FTIR/

DSC/rheology/EP grafted with allyl

(3-isocyanato-4-tolyl) carbamate

Ding et al. 2003

PA-6 (80)/LDPE (20)/EAA

(2 phr)/bis-oxazoline coupling

agent (0.2–0.35 phr)

TSE/SEM/rheology/DSC/mechanical

properties/Molau test/used

2,20-(1,3-phenylene)-bis(2-oxazoline)

Scaffaro et al. 2003

(see also Canfora

et al. 2004; and La

Mantia et al. 2005)

PA-6/ULDPE-g-DEM TSE/rheology/morphology/dielectric

spectroscopy/selective solvent extraction/

FTIR/DSC/impact strength

Sanchez et al. 2001

PA-6/oxazoline-f-nitrile rubber DSC/impact strength/portion of nitrile

groups on rubber converted to oxazoline

groups in separate reaction

Piglowski et al.

2000

PA-6/polyepichlorohydrin Banbury mixer/rheology/TEM/diffuse

reflectance IR/Molau test/X-ray

diffractometry/also used poly

(epichlorohydrin-co-ethylene oxide)

Da Costa et al.

1999; Da Costa and

Felisberti 1999

PA-6/EP-g-isocyanate morphology/mechanical properties/DSC/

comparison to blends made with

unfunctionalized EP/EP grafted with

reaction product of 2-hydroxyethyl

methacrylate and isophorone diisocyanate

Jun et al. 1999

PA-6/PE/oxazoline-f-PE TSE/mechanical properties/morphology/

comparison to blends with

unfunctionalized PE/also used PP,

oxazoline-f-PP, oxazoline-f-EP, and

oxazoline-f-SEBS

Vocke et al. 1998,

1999

PA-6 (90-10)/LDPE-g-

isocyanate (10-90)

Internal mixer at 245 �C/SEM/rheology/

mechanical properties/comparison to

blends made with unfunctionalized LDPE/

FTIR/PE grafted with 2 wt% reaction

product of 2-hydroxyethyl methacrylate

and isophorone diisocyanate

Park et al. 1997

PA-6 (100-70)/brominated poly

(isobutylene-co-p-methylstyrene)

(2.3 mol% p-methylstyrene;

0.7 wt% Br) (0-30)

TSE/TEM/SEM/optical microscopy/DSC/

mechanical properties/fracture

mechanism

Li et al. 1993

PA-6 (80 parts)/EP-g-

N-methacrylyl caprolactam

(20 parts)

TSE at 270 �C/PA-6 was mixture of two

grades with different amine end-group

content/mechanical properties vs. blends

with unfunctionalized EP/also used PA-66

andPA-46/also usedN-acrylyl caprolactam

and N-methacrylyl laurolactam

Akkapeddi et al.

1989

(continued)

5 Reactive Compatibilization 557



pendent on brominated poly(isobutylene-co-p-methylstyrene) (see also Bhadane et al.

2008, 2011; and Tsou et al. 2009, 2011). Coran and Patel (1983a) suggest that PA-PO

copolymer may be formed by a displacement reaction between PA amine end-groups

and PO chloride groups, simultaneous with dynamic vulcanization of the PO phase.

Moncur (1982) reported that PA-PO copolymermay form through PA amine end-group

displacement of chloride from a PO copolymer bearing reactive chloride.

5.8.7 Polyamide + Polyolefin + Polypropylene Blends

5.8.7.1 Copolymer Formation by Amine + Carboxylic Acid Reaction
Favis (1994) and Willis and Favis (1988) prepared compatibilized PA blends with

PP and carboxylic acid-functionalized EMAA ionomer. Blends containing 90-10

parts PA-6, 0-30 parts EMAA ionomer, and 10-90 parts PP were combined in an

internal mixer at 250 �C and characterized by torque rheometry and SEM. Dispersed

phase particle size vs. interfacial modifier concentration was determined. Emulsi-

fication curves were constructed. Effects of mixing protocol on blend properties

were studied. Blends were also prepared containing HDPE in place of PP.

5.8.7.2 Copolymer Formation by Amine + Anhydride Reaction
PA/PP blends have been compatibilized through graft copolymer formation between

polyamide amine end-groups and pendent anhydride groups on a functionalized

polyolefin as exemplified in Table 5.17.

Chen and White (1993) and Chen et al. (1988) have reported properties for blends

containing 75-25 parts PA-6 (or PA-11), 25-75 parts LDPE (or HDPE), and 0-5 parts

PP-MA. The blends were prepared in an SSE at 200–230 �C and characterized by

mechanical properties andDSC.Morphology and capillary rheometrywere done before

and after annealing. Interfacial tensionmeasurements for the blends were also reported.

5.8.7.3 Copolymer Formation by Amine or Carboxylic Acid + Epoxide
Reaction

As shown in Table 5.18, PA/PP blends can be compatibilized through graft copol-

ymer formation between polyamide amine end-groups and pendent epoxide groups

Table 5.16 (continued)

Polyamide/polyolefin Characterization and comments References

PA-6 (100-0) or PA-6,66,610

terpolymer or PA-69/

chlorinated PE (0-100)/L101 RI

Internal mixer at 225 �C/selective solvent
extraction/FTIR/mechanical properties/

also blends containing m-phenylene

bismaleimide or trimethylolpropane

triacrylate + RI

Coran and Patel

1983a

PA-66 (2.7 parts)/EA-BA-vinyl

benzyl chloride copolymer (0.9

parts; 0.23–0.33 % reactive

chloride)

SSE at 280 �C/multiple pass extrusion/

mechanical properties/also used vinyl

chloroacetate as reactive chloride source

Moncur 1982
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on a functionalized PO. Since there are multiple epoxide sites on the polyolefin,

some cross-linked copolymer may result as well if the PA is functionalized at both

ends. The proportion of cross-linked copolymer formed also depends upon blend

composition and processing conditions.

Table 5.17 PA/PO/PP blends: copolymer formation by amine + anhydride reaction

Polyamide/polyolefin/PP Characterization and comments References

PA-11 (60)/EB-g-MA (10)/PP (30) Twin-screw melt kneader/

mechanical properties/SEM/

EDXA/PA-EB premixed/

comparison to other orders of

mixing

Kawada et al. 2013

PA-6 (0-40)/ethylene-octene

copolymer-g-MA (0-20)/PP

PP continuous phase/morphology

by SEM and TEM/mechanical

properties

Bai et al. 2004 (see

also Liu et al. 2004,

2006)

PA-6 (30)/EP-g-MA (0-20) PP

(50-70)

Internal mixer at 240 �C/TEM/

mechanical properties vs. volume

fraction of compatibilizer

Rösch et al. 1996;

Rösch 1995; Rösch

and M€ulhaupt 1994

PA-6 (100-0)/EP-g-MA (1.1 % MA)

(0-20)/PP (0-100)

SSE at 240 �C/mechanical

properties/ductile-brittle transition

temperatures/DMA/tensile

dilatometry/SEM/TEM/effects of

PP and PA molecular weight/

effects of adding PP-MA

Gonzalez-Montiel

et al. 1995a, b, c

PA-6 (100-0)/E-BA-g-FA

(0.4 % FA) (10)/PP (0-100)

TSE at 245 �C/DSC/SEM/

mechanical properties

Ikkala et al. 1993;

Holsti-Miettinen et al.

1992

PA-66 (1.8 parts)/mixture of EP and

PP grafted with MA (1 part; 1 wt%

MA)

TSE at 271 �C/moisture absorption

vs. blends without functionalized

polymers

Perron and

Bourbonais 1988

PA-6 (30 parts)/PP (50 parts)/70:30

mixture of EP and PP grafted

with nadic anhydride (20 parts;

0.2 wt% NA)

TSE at 250 �C/mechanical

properties vs. blends with mixture

of EP and PP functionalized

separately instead of as a mixture

Fujita et al. 1987

Table 5.18 PA/PO/PP blends: copolymer formation by amine or carboxylic acid + epoxide

reaction

Polyamide/polyolefin/PP Characterization and comments References

PA-6 (30) or PA-66/PP (70)/

E-BA-GMA (2.5 % GMA) (3.5)

TSE at 250–280 �C/SEM/interfacial

tension measurements by imbedded

fiber retraction/comparison to blend

without compatibilizer/masterbatch

prepared from PP + 5 % E-BA-GMA

Kirjava et al. 1995

PA-6 (100-0)/PP (0-100)/

E-EA-GMA (8 % GMA) (0-10)

TSE at 245 �C/mechanical properties/

DSC/SEM

Ikkala et al. 1993;

Holsti-Miettinen

et al. 1992
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5.8.8 Polyamide + Polyolefin + Styrene Copolymer Blends

5.8.8.1 Copolymer Formation by Amide-Ester Exchange
Horak et al. (1997) prepared compatibilized PA blends with ABS in the presence of

polyacrylate copolymer bearing pendent ester groups. A graft copolymer is obtained

when PA amine end-groups undergo transreaction with the pendent ester groups. In

an example, 50-45 parts PA-6 was mixed with 45-50 parts ABS and 0-10 parts

MMA-co-AN (80 % MMA) in an internal mixer at 240 �C. The blend was charac-

terized by SEM, WAXS, and mechanical properties. The effects of premixing PA +

MMA-co-AN or of adding dibutyltin dilaurate or Ti(OBu)4 catalyst were examined.

5.8.8.2 Copolymer Formation by Amine + Anhydride Reaction
As shown in Table 5.19, PA/PO blends have been compatibilized through graft

copolymer formation between polyamide amine end-groups and pendent anhydride

groups on a functionalized styrene copolymer or alternatively through copolymer

formation between PA and anhydride-functionalized PO in the presence of PS or

a styrene copolymer.

5.8.8.3 Copolymer Formation by Amine or Carboxylic Acid + Epoxide
Reaction

Huang et al. (2011) prepared blends of PA-6 with ABS in the presence of ethylene-

acrylate-GMA copolymer. Characterization techniques included SEM, DSC, HDT,

and mechanical properties.

Filippi et al. (2004) prepared blends of PA-6 with LDPE in the presence of

SEBS-g-GMA. Inefficient compatibilization of PA/PE was observed in comparison

to the use of SEBS-g-MA apparently due to cross-linking reactions involving both

amine and carboxylic acid end-groups on PA.

An interesting study by Kudva et al. (1998) showed that PA-6/ABS blends were

poorly compatibilized through graft copolymer formation between PA amine or

carboxylic acid end-groups and MMA-co-GMA. Extensive characterization indi-

cated that, although the epoxy-functionalized MMA is miscible with the SAN

domain, the difunctionality of PA end-groups led to PA cross-linking rather than

formation of a compatibilizing copolymer.

5.8.9 Polyamide + Polyphenylene Ether Blends

PA/PPE blends in these sections include those containing PPE-miscible PS or a

functionalized PS. These blends often contain a rubbery impactmodifier, such as SEBS.

5.8.9.1 Blends Containing PPE Melt Functionalized with Anhydride
Groups: PA-PPE Copolymer Formation by Amine + Anhydride
Reaction

Anhydride groups are readily introduced into polyphenylene ethers such as poly

(2,6-dimethylphenylene ether) (PPE) by extrusion with maleic anhydride (MA) or
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Table 5.19 PA/PO/styrene copolymer blends: copolymer formation by amine + anhydride

reaction

Polyamide/polyolefin/styrene

copolymer Characterization and comments References

PA-66/polybutadiene-g-MA/ABS FTIR/Molau test/MFI/DMA/SEM Yang et al.

2012

PA-1010/PP-g-(styrene-co-MA)/ABS Mechanical properties/SEM/

crystallization behavior

Zhang et al.

2012

PA-6/PP-g-(styrene-co-MA)/PS SEM morphology Wang et al.

2011

Recycle PA-PP (75-25)/SEBS-g-MA SEM/rheology/mechanical properties/

also used PP-g-MA in place of SEBS-g-

MA

Hong et al.

2006

PA-6/PP/PP-g-(styrene-co-MA) SEM/rheology/DMA/mechanical

properties/enhancement in properties

compared to use of PP-g-MA or PP-g-

styrene

Wang and Xie

2006

PA-6/LDPE/styrene-b-(ethylene-

co-propylene)-g-MA

Morphology/thermal and mechanical

properties/comparison to binary PA and

LDPE blends with SEP-g-MA and to

ternary blends with HDPE-g-MA or

SEBS-g-MA in place of SEP-g-MA

Filippi et al.

2004, 2005

PA-6 (15)/PP (70)/SEBS +

SEBS-g-MA (15)

TSE/TEM/thermal and mechanical

properties/progressive replacement of

SEBS with SEBS-g-MA

Wilkinson

et al. 2004

PA-6/ABS/PMMA-co-MA Mechanical properties/morphology/

also used PMMA-co-GMA in place of

PMMA-co-MA

Araujo et al.

2003a, b

PA-6/LDPE/SEBS-g-MA (2 wt% MA) Morphology/interfacial tension

measured by breaking thread method

Minkova et al.

2003

PA-66 (60)/PP (20)/SEBS-g-MA (20) Blend characterization using

microscopic techniques/effect of

different levels of MA

Wong and Mai

1999, 2000

PA-6/EP-g-MA/SMA Melt extrusion/mechanical properties/

morphology

Kelnar et al.

1999

PA-6 (75)/PMMA (25)/SMA (20 %

MA) (5-35)

Melt extrusion/morphology

vs. extrusion time and parts of SMA in

blend

Dedecker and

Groeninckx

1998

PA-6 (50)/PP (50)/SEBS-g-MA

(5–25 wt%)

Morphology/mechanical properties/

effects of different mixing protocols

Ohlsson

et al. 1998a, b

PA-6 (85-75)/SAN (25% AN) (12-25)/

imidized acrylate copolymer (56%

methyl glutarimide, 40% MMA, 2%

MAA, 3% glutaric anhydride) (0-8)

TSE at 240˚C/torque rheometry/SEM/

morphology development in extruder

vs. screw design and processing

conditions/also PA-6 and PA-66 blends

with SEBS-g-MA/titration of residual

amine end-groups

Majumdar

et al. 1997

PA-6 (10)/HDPE (80-90)/SEBS-g-MA

(0-10)

TSE at 230 �C/rheology/mechanical

properties/DSC/SEM

Chandramouli

and Jabarin

1995

(continued)
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congeners such as fumaric acid (FA), itaconic acid, citraconic acid, and related

compounds. Evidence has been presented that such anhydride groups are predom-

inantly located along the PPE main chain and with a fraction also at chain ends

(Glans and Akkapeddi 1991b). This functionality distribution depends on the type

and level of functionalization agent and on the mixing protocol during extrusion

processing. PPE that has been melt functionalized, for example, with FA or MA

reacts with PA to give predominantly graft copolymer by reaction of anhydride

pendent groups on PPE with amine end-groups of PA. There is certainly

a proportion of block copolymer formation as well since some anhydride function-

ality may be present at the chain ends on PPE. In the examples given in Table 5.20,

PPE was functionalized in either a separate extrusion step before mixing with PA or

in the front section of an extruder with downstream feeding of PA.

Son et al. (2000a, b) have studied the effect of processing conditions on the

morphology of PA blends with PPE compatibilized through addition of MA.

PPE has also been melt functionalized with various esters of trimellitic anhydride

substituted in the 4-position (Sivavec and M?cCormick 1991). A phosphite catalyst

Table 5.19 (continued)

Polyamide/polyolefin/styrene

copolymer Characterization and comments References

PA-6 (78-55)/EP-g-MA (1.1 % MA)

(0-22)/EPDM-g-SAN (0-45) or ABS

SSE at 240 �C/TEM/mechanical

properties

Lu et al. 1995

PA-6 (25)/LDPE (75)/SEBS-g-MA

(0-5)

TSE at 250 �C/SEM/observation of

morphology development along

extruder screw axis

Lim and White

1994

PA-6 (50-45) or PA-66 or PA-11 or PA-

612 or PA-610 or PA-1212 or PA-6-66

copolymer/ABS (45-50)/imidized

acrylate copolymer (56% methyl

glutarimide, 40% MMA, 2% MAA,

1% glutaric anhydride) (0-10)

SSE at 240˚C or two different types of

TSE/torque rheometry/TEM/DSC/

mechanical properties vs. extrusion

conditions and morphology/ductile-

brittle transition temperatures/effects of

PA amine end-group concentration

Majumdar

et al. 1994a

PA-6 (100-0)/ABS (0-100)/imidized

acrylate copolymer with various acid +

anhydride concentrations (0-20)

SSE at 240˚C/TEM/torque rheometry/

mechanical properties vs.

compatibilizer content,

functionalization level, rubber conc.

and mixing protocol/ductile-brittle

transition temperatures

Majumdar

et al. 1994b

PA-6 (75) or PA-66 or PA-6,66

copolymer/SAN (6-40% AN) (0-25)/

imidized acrylate copolymer with

various acid + anhydride

concentrations (0-25)

SSE at 240˚C/torque rheometry/DSC/

TEM/mechanical properties/effects of

AN content/effects of acid + anhydride

concentration/effects of PA amine end-

group concentration

Majumdar

et al. 1994g

PA-6 (75)/LDPE (25)/SEBS-g-MA

(2 % MA) (0-15)

SSE at 240 �C/mechanical properties/

SEM/optical microscopy/DSC

Armat and

Moet 1993

PA-6 (75-25)/HDPE (25-75)/

SEBS-g-MA (0-5)

SSE/interfacial tension measurements/

morphology before and after annealing/

mechanical properties

Chen and

White 1993
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Table 5.20 PA/PPE blends – blends containing PPE melt functionalized with anhydride groups:

copolymer formation by amine + anhydride reaction

Polyamide/PPE Characterization and comments References

PA-66 (48)/PPE-g-FA (37)/

EPDM-g-cyclic ortho ester (15)

TSE/impact strength vs. control

blends/also used oxidized PPE and

PPE-f-citric acid/EPDM reacted in

separate extrusion step with

graftable cyclic ortho ester

Khouri and Campbell 1997

PA-6 (40 parts)/PPE (50 parts)/

SEBS (10 parts)/vinyl

trimellitic anhydride (1.5 wt%)

TSE at 290 �C/mechanical

properties/PPE preextruded with

anhydride/also used 2-isopropenyl

oxazoline, 2-styryl oxazoline,

cinnamic acid, and other

functionalized species

Akkapeddi et al. 1992

PA-6 (41)/PPE-g-MA (0–3 %

MA) (49)/SEBS (10)

TSE at 280 �C/selective solvent
extraction/mechanical properties/

ductile-brittle transition

temperatures/SEM/TEM

Campbell et al. 1990

PA-6 (40)/PPE-g-FA (60) SSE at 275 �C/X-ray diffraction for
compositional analysis and

crystallinity level/comparison to

blend made with unfunctionalized

PPE

Murthy et al. 1990

PA-6 (50 parts)/PPE (50 parts)/

MA (0.5 parts)

TSE at 290 �C/impact strength

vs. ratio of PA amine end-groups to

PA carboxylic acid end-groups/

also used PA-66/also used citric

acid, malic acid, or n-phenyl citric

amide

Fujii et al. 1989

PA-66 (41 parts)/PPE

(40 parts)/SEBS copolymer

(10 parts)/citric acid (0.25

parts)

TSE at 300 �C/PPE
precompounded with

functionalization agent/mechanical

properties/malic acid also used/

other PA also used

Gallucci et al. 1989

PA-66 (50 parts)/PPE

(50 parts)/SEBS (5 parts)/

1,2,3,4-cyclopentane

tetracarboxylic acid (0.5 parts)

TSE at 315–321 �C/mechanical

properties/PPE preextruded with

acid/also used 1,4,5,8-naphthalene

tetracarboxylic acid, pyromellitic

dianhydride, tetrabromophthalic

anhydride

Grant and Jalbert 1989

PA-66 (60)/PPE (36)/

polyoctenylene (4)/anthracene-

MA adduct (1)

Double screw kneader/adduct

precompounded with

PPE/morphology and mechanical

properties compared to blends with

MA in place of adduct/also used

PA-6, PA-12

Dröscher and Jadamus

1988

PA-66 (40 parts)/PPE

(50 parts)/SB copolymer

(10 parts)/MA (0.5 parts)

TSE at 300 �C/all components

throat fed/radial teleblock SB

copolymer/effect of S block length

on mechanical properties/PA-6

also used

Ueda et al. 1988 (see also

Abe et al. 1988; Shibuya

et al. 1988a, b; Shibuya and

Kosegaki 1987)

(continued)
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was used to promote transesterification and functionalization at PPE phenolic chain

ends. As an example, 412 g PPE was extruded with 8 % 4-(o-carbophenoxyphenyl)-
trimellitic anhydride and 0.5 % triphenyl phosphite on a TSE at 170–300 �C. Analysis
of the extrudate showed 40 % carboxylation and 55 % capping of PPE phenolic

end-groups. Extrusion of 49 parts capped PPE with 41 parts PA-66 and 10 parts

SEBS provided molded test parts with Izod impact strength of 247 J/m. The PPE-PA

copolymer in this case is primary block type. For melt functionalization of PPE with

various trimellitamides and subsequent compatibilized blends with PA, see also

Sivavec and Fukuyama (1992).

5.8.9.2 Blends Containing PPE Solution Functionalized with
Anhydride Groups: PA-PPE Block Copolymer Formation by
Amine + Anhydride Reaction

Campbell et al. (1990) have reported properties for compatibilized PA-PPE blends

made using anhydride-terminated PPE. Anhydride-terminated PPE was made by

capping PPE phenolic end-groups with trimellitic anhydride acid chloride in solution.

A block copolymer may form between PA amine end-groups and PPE-anhydride

during subsequent melt mixing. For example, a blend containing 49 parts

Table 5.20 (continued)

Polyamide/PPE Characterization and comments References

PA-66 (41 parts)/PPE

(49 parts)/SBS (10 parts)/

triethylammonium fumarate

(0.7-1.5 parts)

TSE/mechanical properties/PPE,

SBS, fumarate preextruded before

mixing with PA/effect of fumarate

loading/other ammonium

fumarates also used in place of

triethyl

Yates 1988

PA-66 (41 parts)/PPE

(49 parts)/EPDM (10 parts)/

MA (0.6-3.1 parts)

TSE/mechanical properties/PPE,

EPDM, MA preextruded before

mixing with PA/SBS, SEBS, and

EP also used in place of EPDM

Yates and Ullman 1988

PA-66 (1 part)/PPE-g-MA

(1 part; 0.1–3.0 wt% MA)

SSE/insolubles analysis/

mechanical properties/detrimental

effect of using RI for grafting MA

to PPE/also used itaconic acid in

place of MA/control blends

changing grafting protocol/also

used other PA types

Jalbert and Grant 1987;

Grant et al. 1988

PA-66 (41 parts)/PPE

(49 parts)/SEBS (10 parts)/FA

(0.7-1.5 parts)

TSE at 285 �C/mechanical

properties/PPE, SEBS, FA

preextruded before mixing with

PA/SEBS + EPDM also used/PA-6

also used

Van der Meer and Yates

1987 (see also Taubitz

et al. 1991)

PA-66 (3 parts)/PPE (7 parts)/

MA (1 part)

Brabender mixer at 250–300 �C/
mechanical properties vs. blend

without MA

Ueno and Maruyama

1982a
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PPE-anhydride, 41 parts PA-6, and 10 parts SEBS impactmodifierwas extruded using

a TSE at 280 �C. The copolymer-containing blend was characterized by selective

solvent extraction, mechanical properties, SEM, and TEM. Ductile-brittle transition

temperatures were determined. The same anhydride-terminated PPE was also used to

prepare compatibilized blends with PA-66 (Aycock and Ting 1986, 1987).

5.8.9.3 Blends Containing PPE Solution or Melt Functionalized with
Aryloxy Triazine Groups: PA-PPE Copolymer Formation by
Amine + Ester Exchange Reaction

PPE has been functionalized in solution with a variety of chloro aryloxy triazine

derivatives in the presence of a base to provide a reactive diaryloxy triazine-capped

PPE (Brown 1991b, 1993). Diaryloxy triazine-capped PPE can also be prepared by

melt functionalization through transesterification of the cyanuric acid phenyl ester

(i.e., aryloxy triazine) with PPE phenolic end-groups (Brown 1992b). Extrusion of

the functionalized PPE with an amine-functionalized polymer such as amine-

terminated PA results in formation of a compatibilizing block copolymer through

displacement of at least one aryloxy group from the diaryloxy triazine end-cap.

Typically, a 2,6-unfunctionalized aryloxy group is displaced from the triazine

end-cap during extrusion in preference to displacement of more hindered

2,6-dimethylphenoxy PPE terminal unit. The reaction may also be viewed as an

esteramide exchange reaction between a cyanuric acid ester (i.e., the diaryloxy

triazine terminal group on PPE) and PA-amine end-group. In one example, 41 %

PA-66 extruded with 49 % diaryloxy triazine-capped PPE, and 10 % impact

modifier showed Izod impact strength of 753 J/m and tensile elongation of 122 %

compared to 37 J/m and 11 % for the same blend containing unfunctionalized

PPE. The effect of PA amine end-group concentration on blend properties was

examined.

5.8.9.4 Blends Containing PPE Functionalized with Carboxylic Acid:
Copolymer Formation by Amine + Carboxylic Acid Reaction

Yates and White (1989) introduced carboxylic acid functionality into PPE by

metalation in solution with alkyl lithium and treatment with carbon dioxide.

Extrusion of this functionalized PPE (45 parts) with PA-66 (45 parts) and SEBS

(10 parts) provided a composition which showed eightfold improvement in impact

strength compared to a similar blend made with unfunctionalized PPE.

5.8.9.5 Blends Containing Functionalized PPE: PA-PPE Copolymer
Formation by Amine or Carboxylic Acid + Electrophile Reaction

PA/PPE blends have been compatibilized through copolymer formation between

PA amine or carboxylic acid end-groups and an electrophile-functionalized PPE

(Table 5.21). Typically, the PPE is functionalized in a separate reaction either in the

melt or in solution to introduce an electrophilic moiety (such as epoxide,

carbodiimide, cyclic ortho ester, imide, or the like) at a phenolic end-group or

along the PPE main chain or both.
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5.8.9.6 Blends Containing Unfunctionalized PPE: Copolymer Formation
by Coupling Agent Addition

Unfunctionalized PPE has been compatibilized with immiscible PA by addition of a

coupling agent capable of reacting with both PPE and PA end-groups. In one

example, 4,40-methylenediphenyl diisocyanate (1 part) was used to compatibilize

PPE (49 parts) with PA-6 (41 parts) in the presence of an impact modifier.

Properties of compatibilized blends were compared to those without coupling

agent and without impact modifier (Pernice et al. 1993). Similar work was

performed by Chiang et al. (1998). Chiang and Chang (1998) employed

a multifunctional epoxy resin for the same purpose.

5.8.9.7 Blends Containing Unfunctionalized PPE + Functionalized PS:
PA-PS Copolymer Formation by Miscellaneous Reactions

Unfunctionalized PPE may be compatibilized with immiscible PA by addition of

functionalized polystyrene capable of forming copolymer with PA (Table 5.22).

This is a common compatibilization strategy for PPE blends since both PS itself and

Table 5.21 PA/PPE blends – blends containing functionalized PPE: PA-PPE copolymer forma-

tion by amine or carboxylic acid + electrophile reaction

Polyamide/PPE Characterization and comments References

PA-6/PPE/PPE-f-

phthalimide/SEBS

Brabender mixer/torque rheometry/FTIR/

NMR/mechanical properties/PPE end-capped

using N-methyl-4-nitrophthalimide/maximum

impact strength at 1.65 % functionalized PPE

in blend

Ghidoni et al. 1996

PA-66 (41 parts)/PPE-f-

cyclic ortho ester (49 parts)/

SBS (10 parts)/Lewis acid

catalyst

TSE at 120–288 �C/mechanical properties

vs. blend with no catalyst/ortho ester

functionalization either in solution or in the

melt

Khouri et al. 1992,

1993

PA-66 (41 parts)/PPE-f-

dialkylphosphatoethoxy

triazine (49 parts)/impact

modifier (10 parts)

TSE at 120–288 �C/mechanical properties

vs. blends with unfunctionalized

PPE/chloroethoxy and bromoethoxy triazine

could be used in place of

dialkylphosphatoethoxy triazine

Phanstiel and

Brown 1991, 1992

PA-66 (41 parts)/PPE-g-

GMA (49 parts)/impact

modifier (10 parts)

TSE at 185–345 �C/mechanical properties/

various other graftable epoxides also used

Brown 1991a

PA-66 (41 parts)/PPE-f-

epoxytriazine (49 parts)/

impact modifier (10 parts)

TSE at 120–320 �C/mechanical properties

vs. blend with unfunctionalized PPE/PPE

capped with various chloro-epoxy triazines/

also used other PA

Brown et al. 1991b

PA-12 (60 parts)/PPE-f-

oxazoline (40 parts)

TSE at 290 �C/mechanical properties vs. blend

with unfunctionalized PPE/also used imide-

functionalized PPE and EPDM impact

modifier

Neugebauer et al.

1991
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functionalized polystyrenes with a relatively low level of functionality are

miscible with PPE. The examples in the table include use of anhydride-, acid-,

and epoxide-functionalized polystyrenes, all of which are capable of reacting with

nucleophilic end-groups on PA to form a graft copolymer.

Table 5.22 PA/PPE/PS blends – blends containing unfunctionalized PPE + functionalized PS:

PA-PS copolymer formation by miscellaneous reactions

Polyamide/PPE/polystyrene Characterization and comments References

PA-6 (70)/PPE (30)/SMA

(21.8 % MA)

FTIR/DSC/SEM/mechanical properties/

also blends containing SEBS-g-MA/also

blends containing PPE-g-MA

Wang et al.

2010b, c, d

PA-6/PPE/PS/SMA Morphology/DSC/effect of different

mixing protocols/also studied blends

without PPE

Tol et al. 2004,

2005

PA-6/PPE/SEBS-g-MA Melt extrusion/rheology/TEM/DSC/

mechanical properties

Wu et al. 2006a

(see also Wu et al.

2004)

PA-6 (70-30)/PPE (30-70)/

SMA (8 % MA) (0-10)

TSE at 290 �C/FTIR/SEM/capillary

rheometry/DMA/mechanical properties

Chiou et al. 1999;

Chiang and Chang

1997

PA-6/PPE/SMA Morphology/FTIR/effect of blending

protocol/effects of wt% MA in SMA and

PA-6 MW

Dedecker and

Groeninckx 1999

PA-6 (70-50)/PPE (30-50)/

S-GMA (0-10)

TSE at 280 �C/torque rheometry/capillary

rheometry/SEM/DMA/mechanical

properties

Chiang and Chang

1996

PA-6 (70-50)/PPE (30-50)/

SAA (11–46 % AA) (0-3)

Internal mixer or TSE at 280 �C/rheology/
SEM/mechanical properties/MFI/effect of

different AA contents in SAA

Jo and Kim 1992

PA-6 (40 parts)/PPE (40 parts)/

SBS (10 parts)/styrene-

chloromethylstyrene

copolymer (10 parts; 3 %

chloromethylstyrene)

TSE at 280 �C/mechanical properties

vs. blends without chloro-functionalized

copolymer/also used S-GMA or styrene-

vinyl oxazoline copolymer

Taubitz et al. 1990

PA-66 (63 parts)/PPE

(27 parts)/EP-g-MA (8 parts;

0.08 % MA)/PS-g-GMA

(2 parts)

TSE at 320 �C/mechanical properties

vs. blends with unfunctionalized EP or

EP-g-MAmade without RI/also used PA-46

Mawatari et al.

1989

PA-66 (50 parts)/PPE-g-MA

(25 parts)/SEBS-g-MA

(25 parts; 0.6 wt% MA)

TSE at 300 �C/insolubles analysis/
mechanical properties vs. blends with

unfunctionalized PPE or SEBS/also used

PA-6

Nakazima and

Izawa 1989

PA-6 (20 parts)/PPE (60 parts)/

SMA (20 parts)

TSE at 280 �C/PA preextruded with

SMA/mechanical properties vs. blends with

either PS or SMMA copolymer/also used

SMMA-MA or styrene-N-phenyl

maleimide copolymer

Kasahara et al.

1982
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5.8.10 Polyamide + Polyphenylene Sulfide Blends

Gui et al. (2013) prepared blends of an elastomeric PA with PPS in the presence of

an epoxy resin. Blend characterization techniques included rheology, FTIR, and

mechanical properties.

Yamao and Kosaka (2000) have prepared compatibilized blends of PA-66 or

PA-46 with an amine-functionalized PPS in the presence of either pyromellitic acid

anhydride or a multifunctional epoxy resin as coupling agent. See also Ishio

et al. (2011).

Blends containing PA and an anhydride-modified polyphenylene sulfide have

been prepared by Kadoi et al. (1996). For example, PPS was extruded with either

maleic anhydride, itaconic anhydride, or succinic anhydride to form a PPS shown to

have carbonyl incorporation by FTIR after selective solvent extraction to remove

unreacted anhydride. Blends of modified PPS and PA-66 were extruded at

290–310 �C and molded to provide test parts with improved properties compared

to blends with unmodified PPS.

5.8.11 Polyamide + Polypropylene Blends

5.8.11.1 Copolymer Formation by Amine + Anhydride Reaction
Immiscible blends of PA and PP have been compatibilized through copolymer

formation between PA amine end-groups and maleic anhydride-functionalized

PP to form a new imide linkage (Table 5.23). The structure of maleic

anhydride-functionalized PP has been discussed, e.g., by De Roover

et al. (1995) and Sclavons et al. (1996). The authors demonstrated that the

free radical initiated maleation of PP in the molten state leads to anhydride

groups locating mainly at PP chain ends. Consequently, unless PP has been

functionalized by a process that suppresses PP chain degradation, the reaction

product of amine-terminated PA with MA-functionalized PP may be predom-

inantly a block copolymer.

5.8.11.2 Copolymer Formation by Amine + Carboxylic Acid Reaction
As shown in Table 5.24, PA/PP blends can be compatibilized through graft copol-

ymer formation between PA amine end-groups and pendent acid groups grafted at

more than one site along the PP chain or with acid groups along a poly(acrylic acid)

segment grafted at a single PP site.

5.8.11.3 Copolymer Formation by Amine or Carboxylic Acid + Epoxide
or Oxazoline Reaction

Deng et al. (2007) compatibilized PA-66 blends with PP through addition of alpha-

methylstyrene-GMA copolymer. Evidence was presented that the copolymer acts to

functionalize PP in situ with GMA groups. PA-6 blends with PP or PE were also

prepared using this method.
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Table 5.23 PA/PP blends: copolymer formation by amine + anhydride reaction

Polyamide/PP Characterization and comments References

Amorphous PA/PP/PP-MA

(20 %)

Morphology/Young’s modulus/

mechanical properties

Aranburu and

Eguiazábal 2013

Recycle PA-6/PP/PP-g-MA TSE/thermal and mechanical properties/

morphology

Jaziri et al. 2008

PA-6/PP/PP-g-MA Torque rheometry/mechanical properties/

SEM/no effect seen using PP with different

MFI/comparison to blends with

unfunctionalized PP or using PP-g-AA

Agrawal et al. 2007

PA-12/PP/PP-g-MA Mechanical properties/SEM/critical

concentration of compatibilizer for

optimum properties/comparison to

compatibilization theories

Jose et al. 2006b, c

(see also Wu

et al. 2006b)

PA-1010/PP/PP-g-MA Melt mixing/mechanical properties/SEM Yan and Sheng

2006

PA-6/PP/PP-g-MA Melt mixing/fracture toughness measured

using asymmetric double cantilever beam

test/X-ray diffraction/XPS

Seo and Ninh 2004

PA-6/PP/PP-g-MA

(2.5–10 wt%)

Internal batch mixer/morphology/

rheology/DSC/laser scanning confocal

microscopy

Afshari et al. 2002

PA-6/PP/PP-g-MA Melt mixing/morphology/effect of

processing conditions including screw

speed and configuration

Tabtiang and

Venables 2002

PA-6/PP-g-MA Melt mixing/SEM/TEM/interfacial tension

studied using Neumann Triangle method

Zhaohui et al. 2001

PA-66/PP-g-MA Morphology/comparison to blends

compatibilized by addition of PA-66-PP

copolymer

Champagne et al.

2000

Poly(m-xylene adipamide)/

PP-g-MA

Brabender at 265 �C/FTIR/model

reactions/copolymer structure

De Roover

et al. 2000

PA-6/PP-g-MA TSE/morphology development over

extruder screw length/mechanical

properties/development of 1-pass extruder

process for grafting and compatibilization

Cartier and Hu

1999 (see also

Franzheim

et al. 2000; Barangi

et al. 2008)

Amorphous PA/PP/PP-MA Melt blending/SEM/XPS/interfacial

fracture toughness/effects of PP-MA level

Cho and Li 1998

Amorphous PA (30)/PP (70-0)/

PP-MA (0-70)

Mini-Max molder at 240 �C/laser light
scattering/TEM/SEM/ellipsometry

Li et al. 1997

PA-6 (30)/PP (60-70)/PP-MA

(0.4 % MA) (0-10)

TSE at 230 �C/rheology/DSC/WAXS/

FTIR/FT-Raman/optical microscopy

Marco et al. 1997

PA-66 (100-0)/PP (0-100)/

PP-MA (0-5)

TSE at 255 �C/mechanical properties Roberts et al. 1997

PA-6/PP-MA Interfacial fracture energies between

molded plaques as function of temperature/

video imaging, ESCA and SEM of fracture

surfaces/DSC

Bidaux et al. 1996

(continued)
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Table 5.23 (continued)

Polyamide/PP Characterization and comments References

PA-6 (30-25) or PA-12/PP

(60-70)/PP-MA (0-20)

Internal mixer at 240 �C/TEM/mechanical

properties and dispersed phase domain size

vs. vol. fraction of compatibilizer/also

blends containing EP rubber

Rösch et al. 1996;

Rösch 1995; Rösch

and M€ulhaupt
1993, 1995a, b

PA-6 (100-25)/PP (25-100)/

PP-MA (5.3 % MA) (0-9)

Internal mixer at 235 �C/mechanical

properties/DSC/water absorption/SEM/

DMA

Sathe et al. 1996

PA-12 (25)/PP (0-75)/PP-MA

(0-75)

Solution precipitation followed by heat

treatment at 180 �C/SEM/DMA/DSC/

effects of annealing/selective solvent

extraction

Tang et al. 1995,

1996

PA-6 (60)/PP-MA (40) SSE or TSE/mechanical and thermal

properties/use of recycle PP containing

5–10 % EVAl + 2–5 % LDPE vs. virgin PP

Akkapeddi et al.

1995

PA-6 (100-0)/PP (0-100)/PP-

MA (0.4–3.1 % MA) (0-100)

SSE or internal mixer at 240 �C/torque
rheometry/mechanical properties/TEM

Gonzalez-Montiel

et al. 1995b, d

PA-66 (30-0)/PP (40-100)/

PP-MA (0-30)

Internal mixer at 240–270 �C/SAXS/
effects of extrusion temperature on

dispersion

Lin et al. 1995

PA-6 (75-68)/PP (25-23)/

PP-MA (10)

TSE at 240 �C/SEM/mechanical and

thermal properties/rheometry/effects of PA

mol. wt./also glass filled blends

Wu et al. 1995

PA-66 (75-25)/PP (25-75)/

PP-MA (0.2–2.7 % MA) (0-25)

TSE at 285 �C/morphology and

mechanical properties vs. 0.2 or 2.7 wt%

MA content PP/DSC crystallization

behavior

Duvall

et al. 1994a, b, c

PA-66 (50-20)/PP-MA

(0.9–2.1 % MA) (50-80)

Mechanical properties/rheology/SEM/

copolymer analysis

Fritz et al. 1994

PA-66 (76-19)/PP (19-76)/

PP-MA (0.4 % MA) (0-5)

TSE at 280 �C/morphology and

mechanical properties vs. PA-PP viscosity

ratio

Hietaoja et al. 1994

PA-6 (80-30)/PP (18-56)/

PP-MA (0-14)

Internal mixer or TSE at 240 �C/SEM/

mechanical and rheological properties/

DMA/water absorption

Speroni 1994

PA-12 (80)/PP (20)/PP-MA

(6 % MA) (4) or PP-g-AA

Internal mixer at 210 �C/torque rheometry/

SEM/DSC/rheology/mechanical

properties

Valenza and

Acierno 1994

PA-6 (100-0)/PP (0-100)/

PP-MA (0.2 % MA) (0-10)

TSE at 245 �C/DSC/SEM/mechanical

properties

Ikkala et al. 1993;

Holsti-Miettinen

et al. 1992

PA-6 (100-0)/PP (0-100)/

PP-MA (5 % MA) (0-6)

Internal mixer at 240 �C/rheology/
mechanical properties/SEM/DSC/effects

of processing conditions

La Mantia 1993

PA-6 (30)/PP (50-70)/PP-MA

(0-20)

Internal mixer/TEM/SEM/creep

measurements

Schlag et al. 1993

(continued)
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Pompe et al. (2002) have prepared compatibilized PA/PP blends using

oxazoline-modified PP.

Zhang and Yin (1998), Xiaomin et al. (1997, 1998), and Zhang et al. (1996,

1997) have prepared compatibilized PA/PP blends by adding epoxide-grafted

PP. Graft copolymers result from reaction between PA amine end-groups and

pendent epoxide groups on PP (or with epoxide groups along a poly(GMA) segment

grafted at a single PP site). For example, 100-15 parts PA-1010 was mixed with

0-85 parts PP and 0-25 parts PP-g-GMA in either an SSE or TSE at

200–210 �C. The resulting blends were characterized by selective solvent extrac-

tion, SEM, rheology, DSC, ESCA nitrogen analysis, FTIR, mechanical properties,

and peel test. Since there may be multiple epoxide sites on the polypropylene, some

cross-linked copolymer may result if the polyamide is functionalized at both ends.

The proportion of cross-linked copolymer formed also depends upon blend com-

position and processing conditions.

5.8.11.4 Copolymer Formation by Miscellaneous Reactions
Lin and Isayev (2006) prepared blends of PA-6 and PP by treatment with high-

intensity ultrasound during extrusion. Mechanical properties, crystallinity, and

morphology were investigated. The competition between polymer degradation

and partial in situ compatibilization was assessed.

Table 5.23 (continued)

Polyamide/PP Characterization and comments References

PA-6 (60)/PP (40)/PP-MA (12) Round-robin DMTA study of commercial

blend supplied as extrudate

Wippler 1993

PA-6 (100-0)/PP (0-100)/

PP-MA (0-5)

Fiber extrusion at 260 �C/mechanical

properties/SEM/SALS

Grof et al. 1992

PA-6 (100-10)/PP (0-75)/

PP-MA (3 % MA) (0-90)

Extruder at 245 �C/SEM/DSC/rheology Park et al. 1990

PA-66 (85 parts)/PP-g-MA

(10 parts; 0.11 % MA)/

EVAc-co-GMA (5 parts;

10 % GMA)

Extruded at 280 �C/mechanical properties

vs. blends without both functionalized

polymers/also used PA-6, PE-g-GMA, or

EP-g-MA

Mashita et al. 1988

(PA-6,66 copolymer (35)-NBR

(65) vulcanizate) (50)/(PP

(50)-EPDM (50) vulcanizate)

(50)/PP-MA (10)

Internal mixer at 220 �C/PA + rubber

vulcanization and PP + rubber performed

in separate steps before blending/

mechanical properties vs. use of

unfunctionalized PP/comparison to use of

functionalized PP in initial vulcanizate/

PP-f-carboxymethyl maleamic acid

Coran et al. 1985

PA-6/PP-MA Extrusion molding at 230 �C/selective
solvent extraction/DSC/morphology/

mechanical properties vs. MA content/

residual amine conc.

Ide and Hasegawa

1974
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5.8.12 Polyamide + Polypropylene + Styrene Copolymer Blends

5.8.12.1 Copolymer Formation by Amine + Anhydride Reaction
As shown by examples listed in Table 5.25, PA/PP blends have been compatibilized

through graft copolymer formation between polyamide amine end-groups and

pendent anhydride groups on a functionalized styrene copolymer.

5.8.13 Polyamide + Polysiloxane + Styrene Copolymer Blends

Maric et al. (2001) have studied PA blends with poly(dimethylsiloxane) (PDMS)

either in binary blends of the functionalized polymers or in ternary blends with

a functionalized styrene copolymer. The efficiency of copolymer formation

concurrent with morphology development and stabilization was studied for

reactions between PA-amine and PDMS-anhydride, between PA-amine and

PDMS-epoxy, and between PA-carboxylic acid and PDMS-epoxy. The effects

of relative melt viscosities on interfacial reactivity and resulting morphology

were noted.

Table 5.24 PA/PP blends: copolymer formation by amine + carboxylic acid reaction

Polyamide/PP Characterization and comments References

PA-6/PP/PP-g-AA TSE/blends containing tracer monitored by

optical detector during extrusion

Pinheiro et al. 2008;

Melo and Canevarolo

2005

PA-6 (25-75)/PP (0-75)/

oxidized PP (10-60)

TSE at 240 �C/mechanical properties and

MFR vs. blends without oxidized PP/also

used oxidized PP-Na or -Zn ionomer

Dang et al. 2005

PA-66/PP-g-COOH Mechanical properties/PP functionalized

by grafting with a peroxide-COOH/

comparison to blends containing PP-g-MA

in place of PP-g-COOH

Bohn et al. 2001

PA-6/PP-f-AA DSC/WAXS Psarski et al. 2000

PA-1010 (75)/PP (5-25)/

PP-g-AA (5 % AA) (0-20)

Internal mixer at 205 �C/SEM/rheology/

mechanical properties/selective solvent

extraction/ESCA nitrogen analysis

Zhang and Yin 1997

PA-6 (85)/PP (7.5-15)/

PP-g-AA (6 % AA) (0-7.5)

Internal mixer or TSE at 235–255 �C/
selective solvent extraction/morphology/

mechanical and viscosity properties/

reaction kinetics from torque

measurements

Dagli et al. 1994

PA-6 (100-0)/PP (0-100)/

PP-g-AA (2 % or 6 % AA)

(0-6)

Internal mixer at 240 �C/rheology/
mechanical properties/SEM/DSC/effects

of processing conditions

La Mantia 1993

PA-11 (100-0)/PP (0-100)/

PP-g-AA (6 % AA) (0-100)

TSE at 240 �C/torque rheometry/DMA/

SEM

Liang and Williams

1992
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5.8.14 Polyamide + Polysulfone Blends

5.8.14.1 Copolymer Formation by Amine + Carboxylic Acid Reaction
PA blends with polysulfone have been compatibilized through graft copolymer forma-

tion between polyamide amine end-groups and pendent carboxylic acid groups on

a polysulfone functionalized using 4,40-bis(4-hydroxyphenyl)pentanoic acid

(Marechal et al. 1998). Characterization was by mechanical properties and morphol-

ogy. A similar strategy was used by Ibuki et al. (1999) who in addition studied

anhydride-terminated or anhydride-grafted polysulfone. See also Charoensirisomboon

et al. (1999a, b, 2000) and Koriyama et al. (1999) and further papers by these authors.

5.8.15 Polyamide + Polystyrene or Styrene Copolymer Blends

5.8.15.1 Copolymer Formation by Acid-Base Interaction
Villarreal et al. (2004) have prepared blends of PA-6 with PS compatibilized by

addition of poly(styrene-co-sodium acrylate). Characterization techniques included

mechanical properties andSEM.See alsoRodrı́guez-Rı́os et al. (2004) for relatedwork.

Table 5.25 PA/PP/styrene copolymer blends: copolymer formation by amine + anhydride reaction

Polyamide/PP/styrene copolymer Characterization and comments References

PA-6/PP-g-(S)MA/PS SEM/selective solvent extraction/

effect of order of component

addition/PP grafted with MA in

presence of styrene monomer

Li et al. 2011c

PA-6/PP/PS/PP-g-MA/SMA TSE/SEM/DSC/selective solvent

extraction/comparison to

compatibilized and

uncompatibilized binary blends of

PA/PS and PA/PP

Omonov et al. 2005

PA-6 (100-0)/PP (0-100)/

SEBS-g-MA (2 % MA) (0-10)

TSE at 245 �C/TEM/SEM/

mechanical and viscosity

properties/DSC/DMTA/fracture

mechanical study

Heino et al. 1997a;

Holsti-Miettinen

et al. 1992, 1994

PA-6 (30)/PP (50-70)/

SEBS-g-MA (0-20)

Internal mixer at 240 �C/TEM/

mechanical properties and dispersed

phase domain size vs. volume

fraction of compatibilizer

Rösch et al. 1996;

Rösch 1995; Rösch and

M€ulhaupt 1993, 1994

PA-6 (100-0)/PP (0-100)/

SEBS-g-MA (0–1.8 % MA)

(0-20)

SSE at 240 �C/mechanical

properties/ductile-brittle transition

temperatures/DMA/TEM/SEM/

effects of rubber functionality level/

effects of adding PP-MA/tensile

dilatometry

Gonzalez-Montiel

et al. 1995a, b, c

PA-6 (100-0)/PP (0-100)/

SEBS-g-MA (2 % MA) (10)

TSE/DSC/SEM Ikkala et al. 1993
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Compatibilized blends of PA-6 with syndiotactic PS (sPS) were prepared by

melt blending in the presence of sulfonated sPS (Li et al. 2002). Blends were

characterized by morphology, mechanical properties, and DSC. Sulfonated sPS at

a level of 20 wt% or less was reported to be miscible with sPS. For related work

involving PA-6 and sulfonated PS, see Molnar and Eisenberg (1991, 1992).

5.8.15.2 Copolymer Formation by Amine + Anhydride Reaction
Immiscible blends of PA and PS or styrene copolymer have been compatibilized

through graft copolymer formation between PA amine end-groups and anhydride-

functionalized styrene copolymer to form a new imide linkage (Table 5.26).

PA/PS blends have also been compatibilized through block copolymer forma-

tion between amine-terminated PA and anhydride-terminated PS. Anhydride

end-groups were introduced into PS through reaction of either anion-terminated

PS or hydroxy-terminated PS with trimellitic anhydride acid chloride. For example,

Park et al. (1992) blended 80 parts PA-6 with 10-16 parts PS and 4-10 parts

anhydride-terminated PS in an internal mixer at 240 �C. The blends were charac-

terized by torque rheometry, SEM, selective solvent extraction, DSC, morpholog-

ical stability to annealing, and lap shear adhesion. The effect of mixing protocol on

properties was studied. Properties were also compared to those for blends

compatibilized by added PA-PS graft copolymer that had been synthesized in

a separate step.

5.8.15.3 Copolymer Formation by Amine + Carboxylic Acid Reaction
Melt reactions between amine-terminated PA and carboxylic acid groups on styrene-

acrylic acid copolymer have been demonstrated (Table 5.27). The initial reaction

product is a graft copolymer, but longer reaction times may result in cross-linking,

since the polyamides (PA-66 and PA-69) can have two amine end-groups per chain

(Kuphal et al. 1991). Monoamine-terminated polyamides were reported in the same

study to exhibit miscibility with SAA through hydrogen-bonding depending upon

AA content. For PA-1010 blends with carboxylated PS, see Li and Li (1999).

Kausar et al. (2013) prepared blends of PS and amine-f-PSwith an aramid prepared

from 1,5-diaminonaphthalene and 1,4-phenylenediamine with isophthaloyl chloride.

Morphological and thermophysical properties were investigated. Formation of an

aramid-g-PS copolymer was proposed, perhaps through an amine-carboxylic acid

reaction. For related blends of amine-f-PS and aramid, see Shabbir et al. (2008, 2010).

5.8.15.4 Copolymer Formation by Amine or Carboxylic Acid + Epoxide
Reaction

Sun et al. (2005) prepared compatibilized blends of PA-6 with ABS-co-GMA. See

also Singh and Gupta (2011).

Chen et al. (2003) have studied PA-6 blends with sPS compatibilized using

S-co-GMA in a torque rheometer. Blends were characterized using SEM, mechan-

ical properties, and DSC.

Chang and Hwu (1991) prepared compatibilized PA/PS blends through

addition of epoxide-functionalized S-GMA copolymer. A graft copolymer
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Table 5.26 PA/PS or styrene copolymer blends: copolymer formation by amine + anhydride

reaction

Polyamide/PS or styrene copolymer Characterization and comments References

PA-6 (70)/PS (30)/PS-f-MA

(1.5 phr)

SEM/TEM/DSC Cai and Wu 2014

PA-6/ABS/SAN-MA copolymer Viscosity monitoring/SEM/

mechanical properties

Handge et al. 2012

PA-6/ASA-f-MA SEM/Molau test/mechanical

properties

Liu et al. 2012b

PA-6/ABS-g-MA/epoxy resin DSC/mechanical properties/DMA/

SEM/TEM

Shulin et al. 2011

PA-6/ABS/SAN/SAN-co-MA TSE/rheology/Vicat B/mechanical

properties

Weber et al. 2010

PA-6/SB-g-MA TSE/SEM/DMTA/DSC/mechanical

properties

Ding and Dai 2008

PA-6/ABS/SAN-co-MA Mechanical properties/morphology/

crystallinity

Ren et al. 2008

PA-6/SAN/SAN-f-MA Melt mixing/morphology/rheology/

AFM

Sailer and Handge

2007a, b, 2008

PA-6/ABS-g-MA TEM/FTIR/Molau test/mechanical

properties/also used ABS-g-AA and

ABS-g-GMA

Sun et al. 2008 (see

also Xu et al. 2008;

Fu et al. 2013)

PA-6/PS/SMA Morphology/rheology/DMA/effects

of processing conditions on blend

properties

Choi et al. 2006

PA-12/SEBS-g-MA TSE/TGA/SEM/DMTA/DSC/

comparison to blend with

unfunctionalized SEBS

Jose et al. 2006a

Amorphous PA or PA-6 or PA-66/

SEBS/SEBS-g-MA

Effect of different processing

conditions TSE

vs. SSE/morphology/mechanical

properties

Huang et al. 2004

PA-66 (70)/PS (30/SMA or phthalic

anhydride-terminated PS (<10 wt%)

Morphology/fluorescent label to

visualize copolymer/also used

syndiotactic PS

Jeon et al. 2004a

PA-12/PS/anhydride-end-capped

PS-b-polyisoprene copolymer

Melt blending/morphology/

morphology is PA-12 core with

polyisoprene shell in PS matrix

Koulic et al. 2004

PA-6/syndiotactic PS-g-MA FTIR/mechanical properties/

morphology/DSC

Zhang and Son 2003

PA-6 (50 wt%)/ABS/SAN-f-MA TSE/morphology/rheometry/

mechanical properties

Jafari et al. 2002a, b

PA-1010 (75)/HIPS (15)/

HIPS-g-MA (10; 1–5 % MA)

Melt mixed/mechanical properties/

SEM

Chen et al. 1999;

Chen and Liu 1999

PA-6/PS/MA-terminated PS Melt mixing/mechanical properties/

SEM/effect of PS MW/MA-

terminated PS synthesized using

ATRP

Koulouri et al. 1999a

(continued)
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Table 5.26 (continued)

Polyamide/PS or styrene copolymer Characterization and comments References

Amorphous PA (80)/SAN (20)/SMA Morphology/mechanical properties/

interfacial adhesion strength

measured using an asymmetric

double cantilever beam fracture test

Cho et al. 1997,

1998

PA-6/SMA (28 % MA) DSC/morphology/amount of PA

graft vs. blend composition/length of

PA graft/also used PA-66

Van Duin et al. 1998

PA-6 (75)/SMA (20 % MA) (0-5)/

SB core + MMA shell impact

modifier (20-25)

Mini-extruder at 240 �C/TEM/

comparison to blends containing

core-shell impact modifier with

GMA grafted onto shell

Aerdts et al. 1997

PA-6 (75)/SEBS-g-MA (25) TSE at 270 �C/mechanical

properties/SEM/rheology/

comparison to PO-g-MA impact

modifiers

Burgisi et al. 1997

PA-6 (80)/SEBS (0-15)/

SEBS-g-MA (0.5–1.8 % MA) (0-20)

SSE at 240 �C/mechanical

properties/TEM/effects of different

MA levels

Kayano et al. 1997

PA-6 (95-60)/SMA (5-40) Internal mixer at 250 �C/mechanical

properties/SEM/WAXS/SAXS/also

blends with SMA pre-reacted with

0–100 % octadecylamine based on

MA content

Kelnar et al. 1997

PA-6 (20)/ABS (80)/poly

(N-phenylmaleimide-S-MA)

(3 % MA) (0-20)

TSE at 250 �C/rheology/
SEM/selective solvent extraction/

FTIR/effects of processing

conditions

Lee et al. 1997

PA-6 (80)/PS-g-MA (0.08–0.18 %

MA) (20)

Internal mixer at 230 �C/
SEM/tensile properties/rheology/

FTIR/NMR/selective solvent

extraction

Jo et al. 1996

PA-6 (80-70) or PA-66/SMA (0-10)/

SB core + MMA shell impact

modifier (20) or BA core + MMA

SSE at 240–280 �C/torque
rheometry/mechanical properties/

ductile-brittle transition

temperatures/TEM/effects of mixing

protocol

Lu et al. 1993, 1996

PA-6 (80)/SEBS (0-20)/SEBS-g-

MA (0.5–2 % MA) (0-20)

SSE at 240 �C or TSE at 280 �C/
torque rheometry/TEM/titration

of residual amine groups/effects

of extruder type and PA mol.

wt. and amine end-group

concentration on morphology,

mechanical properties, and

ductile-brittle transition

temperature/effects of

di- vs. monofunctional PA

Oshinski

et al. 1996a, b, c, d

(continued)
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Table 5.26 (continued)

Polyamide/PS or styrene copolymer Characterization and comments References

PA-6 (80-20)/PS (20-80)/PS-g-MA

(0.08–0.68 % MA) (5)

Internal mixer at 230 �C/SEM/

tensile properties/rheology/

laminate butt joint test/effect of PS

mol. wt. in PS-g-MA/effect of

mixing sequence

Park et al. 1996

PA-6 (78-55)/EPDM-g-SAN (0-45)

or ABS/SEBS-g-MA (1.8 % MA)

(0-22)

SSE at 240 �C/TEM/mechanical

properties

Lu et al. 1995

amorphous PA (20)/SMA

(17 % MA) (80)

Internal mixer at 200 �C or

TSE/selective solvent extraction/

SEM study of morphology

development in reactive and in

nonreactive blends/comparison of

mixer efficiencies

Scott and Macosko

1995a; Sundararaj

et al. 1995

Amorphous PA/SMA (8–23 %MA)/

SAN (25 % AN)

Melt-pressed, spin-coated film

layers/ellipsometer measurement for

interfacial area vs. MA content and

annealing time

Yukioka and Inoue

1994

PA-6 (95-60)/SEBS-g-MA

(28 % S/2 % MA) (5-40)

TSE at 245 �C/TEM/mechanical and

viscosity properties/DMTA

Holsti-Miettinen

et al. 1992, 1994

PA-6 (60)/ABS (36-40)/SMA

(25 % MA) (0-4)

Double extrusion on

SSE/mechanical properties vs. SMA

content/TEM

Majumdar et al.

1994c

PA-6 (100-80) or PA-66 or PA-11 or

PA-12 or PA-1212 or PA-612 or

PA-610 or PA-69 or PA-46/SEBS

(0-20)/SEBS-g-MA (1.8 % MA)

(0-20)

SSE at 240 �C/torque rheometry/

mechanical properties/TEM/

ductile-brittle transition temperatures/

interfacial tension estimates/effects of

PA amine end-group concentration on

copolymer formation (titration before

and after extrusion)/torque rheometry

Majumdar et al.

1994d, e

PA-6 (100-80) or PA-66 or PA-12 or

PA-1212 or PA-6,66 copolymer/

SEBS (0-20)/SEBS-g-MA (29 % S +

1.8 % MA) (0-20)

Processing study with SSE and

two different types of TSE/TEM/

mechanical properties

vs. extrusion conditions and

morphology/effects of using

PA + rubber masterbatch

Majumdar

et al. 1994f

PA-6 (100-85)/SEBS (0-15)/

SEBS-g-MA (8–13 % MA) (0-4)

TSE at 260 �C/SEM/WAXS/DMA/

mechanical properties

Wu et al. 1994

PA-6 (80-20)/PS (20-80)/

SEBS-g-MA (0-5) or SMA

SSE at 230 �C/DSC/capillary
rheometry and morphology before

and after annealing/mechanical

properties/interfacial tension

measurements/comparison to blends

containing SAN in place of SMA

Chen and White

1993; Chen

et al. 1988

PA-6 (100-0)/ABS (0-100)/SMA

(8 % MA) (0-10)

Internal mixer at 220–240 �C/
DMA/rheology/SEM/effect of

preblending of PA + SMA or

ABS + SMA

Kim et al. 1993

(continued)
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Table 5.26 (continued)

Polyamide/PS or styrene copolymer Characterization and comments References

PA-6 (70-0)/ABS (30-100)/

S-MMA-MA (25 % MA) (0-8)

SSE at 260 �C/mechanical

properties/SALS/optical

microscopy/SEM

Misra et al. 1993

PA-6 (80) or PA-66/SEBS (0-16)/

SEBS-g-MA (0.5–2 % MA) (0-20)

TSE at 250 �C/mechanical

properties/TEM

Modic and Pottick

1993

PA-6 (100-70)/SBS (0-10)/

SBS-g-MA (0.5–1.5 % MA) (0-30)

TSE at 240 �C/rheology/solvent
swelling/SEM/TEM/mechanical

properties

Seo et al. 1993

PA-6 (85)/SEBS (11-15)/

SEBS-g-MA (0-4)

TSE at 260 �C/SEM/WAXS/

mechanical properties

Wu et al. 1993

PA-6 (100-0) or PA-66/SEBS

(0-100)/SEBS-g-MA (1.8 % MA)

(0-100)

Double extruded on SSE at

240 �C or 280 �C/TEM/

mechanical properties/torque

rheometry/lap shear adhesion/

DMA/DSC/effects of mixing

protocol

Oshinski

et al. 1992a, b

PA-6 (80)/PS (10-16)/SMA

(2 % MA) (4-10)

Internal mixer at 240 �C/torque
rheometry/SEM/selective solvent

extraction/DSC/morphological

stability to annealing/lap shear

adhesion/comparison to PA-PS block

copolymer-compatibilized blends

Park et al. 1992

PA-6 (100-0) + poly(m-xylene

adipamide) (0-100)/SEBS (0-20)/

SEBS-g-MA (1.8 % MA) (0-20)

SSE at 260 �C/torque rheometry/

mechanical properties/ductile-brittle

transition temp./TEM/DMTA/DSC/

effects of mixing protocol/effects of

PA-PA transamidation on properties

Takeda et al. 1992a

PA-6 (100-80) or PA-66 or PA-11 or

PA-12 or PA-1212 or poly(m-xylene

adipamide)/SEBS-g-MA (1.8 %

MA) (0-20)

SSE at 260–280 �C/torque rheometry/

mechanical properties/TEM/effects

of di- vs. monofunctional PA/effects

of preextrusion of PA-6 with 10 wt%

of different PA

Takeda et al. 1992b

PA-66 (90-10)/PS (10-90)/SMA

(11 % or 25 % MA) (0-0.5)

TSE/rheology/DSC/SEM/TEM/

selective solvent extraction/FTIR/

mechanical properties/also binary

blends of PA + SMA

Chang and Hwu

1991

PA-6 (100-0)/SMA (8 % MA)

(0-100)

TSE at 240 �C/rheology/SEM/DSC/

mechanical properties/HDT/FTIR

Kim and Park 1991

PA-6 (100-0)/SAN (0-100) or

ABS/SMA (14 % or 25 % MA)

(0-10) or imidized acrylate

copolymer with 1 % MA content or

SAN-co-IPO (1 % oxazoline)

Double extrusion on SSE/torque

rheometry/mechanical properties/

selective solvent extraction/SEM/

lap shear adhesion/SAN + SMA

double extruded in separate step

followed by extrusion with PA

Triacca et al. 1991

PA-6 (100-70)/SAN (0-30)/SMA

(15 % or 30 % MA) (0-7.5)

Mini-max molder at 230 �C/SEM/

mechanical properties/selective

solvent extraction/FTIR

Angola et al. 1988

(continued)
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results from reaction of pendent epoxide groups with either amine or acid

end-groups on PA. A blend of 50 parts PA-66, 50 parts PS, and 0-0.5 parts

S-GMA (3 % GMA) was prepared on a TSE and characterized by rheology,

SEM, and mechanical properties. Since there are multiple epoxide sites on

S-GMA, some cross-linked copolymer may result if the polyamide is

functionalized at both ends. The proportion of cross-linked copolymer formed

also depends upon blend composition and processing conditions. See also Martens

et al. (2004).

Table 5.26 (continued)

Polyamide/PS or styrene copolymer Characterization and comments References

PA-6 (50 parts)/ABS-g-MA

(50 parts; 1 wt% MA)

TSE at 260 �C/mechanical

properties vs. blend with

unfunctionalized ABS/also used

PA-66 and amorphous PA

Grant and Howe

1988

PA-6 (80 parts)/hydrogenated

styrene-butadiene copolymer-g-MA

(20 parts; 0.5–2.3 wt% MA)

TSE/mechanical properties vs. blend

with unfunctionalized copolymer/

also used PA-66 or hydrogenated

styrene-butadiene copolymer-g-AA

Shiraki et al. 1986,

1987a, b

PA-6 (50 parts)/S-MMA-MA

copolymer (50 parts; 9 wt% MA)

TSE at 260 �C/morphology/

copolymer analysis/mechanical

properties vs. blend with S-MMA

copolymer/also used PA-66, SMA,

or SAN-MA

Kasahara et al. 1983

PA-6 (358 parts)/PS (90 parts)/SMA

(2.3 parts; 50 % MA)

Extruded at 227–232 �C to form rods/

properties vs. blends without SMA

Sims 1976

PA-6 (80-20)/S-MAA (20-80) Extrusion molding at 230 �C/
selective solvent extraction/DSC/

mechanical properties

Ide and Hasegawa

1974

Table 5.27 PA/styrene copolymer blends: copolymer formation by amine + carboxylic acid

reaction

Polyamide/styrene copolymer Characterization and comments References

PA/ABS-f-carboxylic acid Order in its place of reactivity in the melt was

ABS-g- undecylenic acid > ABS-g-oleic

acid > ABS-g-crotonic acid > ABS-g-acrylic

acid

Zhou et al.

2004

PA-6 (100-87.5)/SAA

(8 % AA) (0-12.5)

SSE at 240 �C/torque rheometry/mechanical

properties/TEM/effects of adding 20 % BA core

+ MMA shell impact modifier

Lu et al.

1994

PA-66 (50) or PA-69/SAA

(20 % AA) (50)

Internal mixer at 220 �C or 265 �C/melt flow/

DSC

Kuphal et al.

1991

PA-6 (70-50)/PS (0-90)/

PS-MMA-MAA (3-11 %

MAA) (0-30)

Two-roll mill at 230 �C/SEM/optical

microscopy/selective solvent extraction

Fayt and

Teyssie 1989

5 Reactive Compatibilization 579



5.8.15.5 Copolymer Formation by Amine or Carboxylic Acid +
Isocyanate Reaction

Zhang et al. (2013a) prepared compatibilized PA/PS blends through addition of

an isocyanate-functionalized PS. For example, blends comprising PA-6 and

PS-co-(3-isopropenyl-a,a-dimethylbenzene isocyanate) were characterized using

FTIR, DSC, and morphology determination. The effects of different functionalized

PS loading and the isocyanate level in the PS copolymer were investigated.

Yin et al. (2009b) prepared blends of PA-6 with SEBS which had been

functionalized with e-caprolactam-blocked allyl (3-isocyanate-4-tolyl) carbamate.

5.8.15.6 Copolymer Formation by Amine or Carboxylic Acid +
Oxazoline Reaction

As shown in Table 5.28, blends of PA and PS have been compatibilized through

graft copolymer formation between PA amine or acid end-groups and oxazoline-

functionalized styrene copolymer.

5.8.16 Polyamide + Polyurethane Blends

5.8.16.1 Copolymer Formation by Carboxylic Acid or Amine +
Isocyanate Reaction: Blends Containing a Coupling Agent

PA/TPUblendshavebeencompatibilizedbyadditionof abis-isocyanate coupling agent

that is capableof reactingwithnucleophilic end-groupsonbothpolymers to formablock

copolymer.Frankeet al. (1993)haveextrudedPA-6 (20-0parts)withpolyester-urethane

(78-100 parts) using a TSE at 230 �C in the presence of 0.5-2 parts diphenylmethane

diisocyanate.Thecouplingagentwas addeddownstreamof the extruder feed throat.The

blends were characterized by TEM, SEC, DSC, DMA, and FTIR.

5.9 Polyester Blends

Examples of polyester blends not shown in earlier sections are listed in alphabetical

order of the second polymer in the blend unless otherwise noted. Polycarbonate

blends are also included as polyesters. When copolymer characterization was not

performed, the structure of the compatibilizing copolymer is inferred from the

Table 5.28 PA/styrene copolymer blends: copolymer formation by amine or carboxylic acid +

oxazoline reaction

Polyamide/styrene copolymer Characterization and comments References

Amorphous PA (99-80)/S-IPO

(1 % IPO) (1-20)

Internal mixer at 210 �C/SEM/interfacial

fracture toughness/flexural properties/selective

solvent extraction/FTIR

Tan et al. 1996

Amorphous PA (20)/S-IPO

(1 % IPO) (80)

Internal mixer at 200 �C/torque rheometry/

selective solvent extraction/SEM study of

morphology development in reactive and in

nonreactive blends

Scott and

Macosko

1995a
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functionality location on each of the two polymers. In some cases, more than one type

of compatibilizing copolymer may have formed.

Copolymer-forming reactions for compatibilizing immiscible blends, some of which

areapplicable toPESTblends,havebeenstudiedbyOrret al. (2001)whodetermined that

theorderof increasing reactivity in functionalizedpolymerpairs is acid/amine, hydroxyl/

(anhydride or acid), aromatic amine/epoxy, aliphatic amine/epoxy, acid/oxazoline, acid/

epoxy, aromatic amine/anhydride, and aliphatic amine/anhydride (most reactive).

For reviews of reactive compatibilization of poly(lactic acid) (sometimes

referred to as polylactide) with other immiscible polymers, see Imre and Pukanszky

(2013) and Liu and Zhang (2011).

5.9.1 Polyester + Polyester (or Polycarbonate) Blends

5.9.1.1 Copolymer Formation by Alcohol + Carboxylic Acid Reaction:
Blends Containing a Condensing Agent

As shown in Table 5.29, blends of immiscible polyesters may be compatibilized

through copolymer formation mediated by addition of a phosphite condensing

agent. Block copolymer results when the phosphite-activated end-group of one

PEST reacts with a nucleophilic end-group of another PEST. The reaction takes

place at the phase interface. A secondary phosphite is a by-product. The relative

proportions of copolymer vs. simple chain-extended PEST may depend upon the

relative solubility of condensing agent in each of the immiscible polymer phases.

5.9.1.2 Copolymer Formation by Carboxylic Acid + Epoxide
or Oxazoline or Isocyanate Reaction: Blends Containing
a Coupling Agent

Blends of poly(lactic acid) and poly((butylene-adipate)-co-terephthalate) have

been prepared with the addition of either 2,20-(1,3-phenylene)-bis(2-oxazoline) or
phthalic anhydride (Dong et al. 2013). Blends were characterized using DSC, SEM,

and mechanical properties.

Table 5.29 PEST/PEST blends – blends containing a condensing agent: copolymer formation by

alcohol + carboxylic acid reaction

Polyester/polyester Characterization and comments References

PET (75)/PBT (25)/various

phosphite condensing agents

(0–5 %)

Internal mixer at 275–280 �C/GPC/DSC/
torque rheometry/viscometry/selective

solvent extraction/phosphorus analysis/

effect of PET end-group concentrations/

FTIR for end-groups concentration/effect

of phosphite structure/model study with

OH + COOH-terminated acrylic polymer/

detailed mechanistic study

Jacques et al. 1993,

1996a, b, 1997

PET (80-70)/TPE polyester

(20-30)/various phosphite

condensing agents (0–3 %)

Internal mixer at 271 �C/torque
rheometry/mechanical properties/31P

NMR/GPC/DSC/environmental stress

cracking/use of recycle PET

Abu-Isa et al. 1996
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Polycarbonate blends with poly(lactic acid) have been compatibilized through

addition of bis(isocyanate), bis(carbodiimide), oxazoline-f-PS, or epoxy resin

(Wang et al. 2012e; Mukawa et al. 2011).

Blends of aliphatic-aromatic polyester (75-25 parts) and poly(lactic acid) (25-75

parts) have been compatibilized through extrusion with a copolymer of styrene,

GMA, and isomethacrylates (0-5 parts) (Hale 2008). Polyesters included those

derived from adipic acid-terephthalic acid-butanediol. Mechanical properties

were greatly improved compared to those for blends with no compatibilizer.

Poly(e-caprolactone) blends with poly(lactic acid) have been compatibilized in

the presence of polyepoxide or either di- or trisisocyanate (Harada et al. 2008).

Harada et al. (2007) have prepared compatibilized blends of PLA with poly

(butylene succinate) through addition of lysine trisisocyanate. Characterization

techniques included MFR, mechanical properties, SEC, and laser scanning confocal

microscopy.

The crystallization behavior of PTT-PC blends in the presence of either epoxy

resin or EPDM-g-GMA has been studied by Xue et al. (2005).

PET-PEN blends have been compatibilized in the presence of a bis-oxazoline

coupling agent (Yang et al. 2002b).

Ju et al. (2000) prepared compatibilized blends of polyarylate with an LCP in the

presence of tetraglycidyl-4,40-diaminodiphenyl methane coupling agent.

Chin and Chang (1997) and Chin et al. (1996) have compatibilized blends of

immiscible PEST through addition of a multifunctional epoxide coupling agent

capable of reacting with nucleophilic end-groups on each of the two immiscible

PEST at the phase interface to give a block copolymer containing the coupling agent

as linking group. In one example 100-85 parts PET was extruded using a TSE at

270–285 �Cwith 0-15 parts LCP (Hoechst Vectra®A900) and 0-2 parts tetrafunctional

epoxy resin. The blends were characterized by torque rheometry, capillary rheometry,

DSC, SEM, and FTIR. Mechanical properties were determined vs. composition and

morphology. Ethyltriphenylphosphonium bromide was added as a catalyst to promote

the reaction of polyester acid or alcohol end-groups with epoxy resin. The relative

proportions of copolymer vs. simple chain-extended PEST depend at least partly upon

the relative solubilities of coupling agent and catalyst in each of the immiscible

polymer phases. See also Tjong and Meng (1999) and Dekkers et al. (1992).

5.9.1.3 Copolymer Formation by Radical Coupling
Krishnaswamy et al. (2013) prepared blends of poly(lactic acid) with poly

(3-hydroxybutyrate-co-4-hydroxybutyrate) containing 17–40 wt% 4-hydroxybutyrate

in the presence of radical initiator. Blendswere characterized bymelt strength, viscosity,

andmechanicalproperties.Blendpropertieswerecompared tocontrolblendswithoutRI.

Wang et al. (2009a) have compatibilized the biodegradable polymers

poly(L-lactic acid) and poly(butylene succinate) in the presence of DCP radical

initiator (0.05–0.2 phr). For related work, see Lan et al. (2013).

For blends of poly(butylene succinate) with poly(hydroxybutyrate-co-
hydroxyvalerate or poly(hydroxybutyrate) compatibilized in the presence of radical

initiator, see Ma et al. (2012a).
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Blends of poly(lactic acid) and poly(butylene-adipate-co-terephthalate) were pre-
pared in the presence of varying concentrations of L101 RI by Coltelli et al. (2010).

The blends were characterized by morphology, rheology, and mechanical properties.

Other radical-radical coupling reactions used to compatibilize blends of immiscible

polyesters include those by Avella et al. (1996); Immirzi et al. (1994); and Cavallaro

et al. (1993). Specifically, 70-30 parts poly(hydroxybutyrate-co-hydroxyvalerate)
(4 mol% valerate) or poly(hydroxybutyrate) was mixed with 30-70 parts PCL in an

internal mixer at 100 �C or 160 �C in the presence of 0-0.5 parts DCP or DBP radical

initiator. Blends were characterized by SEM, mechanical properties, selective solvent

extraction, and FTIR.

5.9.1.4 Copolymer Formation by Redistribution Reaction
Brief reviews covering redistribution reactions (often referred to as transesterification

reactions or simply transreactions) in polyester and in polycarbonate binary blends

have been prepared by Porter et al. (1989) and Porter and Wang (1992). Carrot

et al. (2007) have surveyedmore recent knowledge relating to PET/PC blends. Pesneau

et al. (2001) have studied the relative effectiveness of different transesterification

catalysts, finding that dibutyltin oxide had the highest activity of those studied. Other

reviews of transreactions in polyester blends include Montaudo et al. (1999), Pilati

et al. (1999), Economy et al. (1999), and also portions of other chapters in Fakirov

(1999) (transreactions in condensation polymers).

Selected references for redistribution processes in PEST/PEST blends are

listed in Table 5.30. Early studies of these processes focused on measuring

the extent of redistribution under specific processing conditions rather than on

producing compatibilized polymer blends with an attractive balance of properties.

A number of other studies have reported the limits of miscibility for certain

melt-mixed polyester pairs in the absence of transesterification – see, for example,

the NMR study of PC/PET blends (Abis et al. 1994). Table 5.30 omits references in

which transesterification in PEST/PEST blends is brought about under static

conditions either by annealing or heating in a DSC chamber.

5.9.2 Polyester + Polyether Blends (Including Polycarbonate)

5.9.2.1 Copolymer Formation by Transesterification
A graft copolymer may be formed through transesterification between pendent

hydroxy groups on phenoxy polyether resin and ester linkages in the chains of an

immiscible polyester or polycarbonate phase (Table 5.31). Since the product is a graft

copolymer accompanied by a low molecular weight fragment from the polyester, this

is a degradative copolymer-forming process. The initial product of the transreaction

is a graft copolymer as the alcohol reacts into the polyester chain. Longer reaction

time may result in a cross-linked copolymer since the pendent polyester segment is

capable of further reaction with OH on a different phenoxy chain. These types of

blends have also been prepared by solution casting followed by annealing. Blends of

LCP with phenoxy resin provide an example (Kodama 1992).
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Table 5.30 PEST/PEST blends: copolymer formation by redistribution reaction

Polyester/polyester Characterization and comments References

Poly(lactic acid)/PC NMR/GPC/DMA/effects of catalysts: Zn

borate, Ti pigment, or tetrabutyl titanate

Liu et al. 2013a

Poly(lactic acid)/poly

(butylene succinate)

Melt blended/torque rheometry/SEM/

mechanical properties/TPPite catalyst

Ojijo et al. 2013

PEN/PET Influence of capping PET OH end-groups on

extent of transesterification

Blanco et al. 2012 (see

also Becker et al. 2002)

PC/poly(lactic acid)/

tetrabutylammonium

tetraphenyl borate

TSE/mechanical properties/DMTA/

comparison to blend with no catalyst

Penco et al. 2012

PTT/poly(butylene

succinate)

Melt blended at 270 �C for various times or

for 2 h. at various temperatures/mechanical

properties/DSC/morphology/polarized

optical microscopy

Zhou et al. 2012

PET/PTT DSC/WAXD/effect of mixing time Castellano et al. 2011

PET (20)/PC (80)/cobalt

catalyst

DSC/DMA/MFR/mechanical properties/

detrimental effect of transesterification on

properties

Mendes et al. 2011

PTT/PC DMTA/TGA/morphology/DSC/WAXD/

FTIR

Aravind et al. 2010a

PET/PTT (�30 wt%) Melt extrusion/DSC/mechanical properties/

comparison to product obtained either from

solution or by melt spinning

Safapour et al. 2010

Poly(lactic-co-glycolic)
acid/poly(trimethylene

carbonate)

Morphology/mechanical properties Zhang et al. 2010

PEN/LCP (Hoechst

Vectra A950)

DSC/mechanical properties/morphology/

selective solvent extraction

Caligiuri et al. 2009

PC/LCP/ABS DSC/13C NMR/SEM/rheology/mechanical

properties/determination of optimum

transreaction vs. properties/phosphorus-

containing LCP

Chen et al. 2009

PEN/PTT DMA/DSC/NMR/effect of melt processing

time and temperature

Jafari et al. 2009

Polyestercarbonate/PC/

tetrabutylphosphonium

hydroxide catalyst

TSE or SSE/mechanical properties/rheology/

HDT/haze/effects of different catalysts and

catalyst loading/polyestercarbonate derived

from resorcinol-isophthalate-terephthalate

Berkstresser et al. 2008

PET (90-50)/poly

[ethylene

5,50-isopropylidene-
bis(2-furoate)] (10-50)

DSC/NMR/MALDI/TGA Kamoun et al. 2006

PC (50)/PET (50)/alkyl

titanate catalyst

Torque rheometer at 270 �C/DSC/SALS/
FTIR/SEM/TEM/DMTA

Wilkinson et al. 2005

PEN/poly(pentylene

terephthalate)

SEM/optical microscopy/X-ray analysis/1H

NMR/effect of reaction time

Woo et al. 2005

PC (30-50)/PBT

(70-50); also PC/PTT;

PET/PTT

Biaxial extruder at 280 �C/mixture of various

phosphite catalysts with calcium hypophosphite/

Tm/Tg/GPC/NMR/mechanical properties

Aramaki et al. 2004

(continued)
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Table 5.30 (continued)

Polyester/polyester Characterization and comments References

PEN/PET TSE/kinetics of reaction vs. model

compounds

Medina et al. 2004;

Alexandrova et al. 2002

PET (80)/poly(ethylene

isophthalate) (20)

Melt mixed at 270 �C/mechanical properties/

NMR/DSC/monitoring of block copolymer to

random copolymer transition/also used poly

(ethylene terephthalate-co-isophthalate)

Kint et al. 2003

PET/LCP Internal mixer/LCP derived from

p-hydroxybenzoic acid + ethylene

terephthalate (80:20 or 60:40)/DSC/NMR/

SEM/also used PEN in place of PET

Park and Kim 2003

PET/PC TSE/with and without lanthanum acetyl

acetonate catalyst/DSC/SEM/mechanical

properties

Kong and Hay 2002

PBT/polyester-urethane Melt mixed/mechanical properties/DMA/

DSC/SEM/NMR

Archondouli and

Kalfoglou 2001

PEN/PET Deuterated PET/small-angle neutron

scattering/effects of temperature and heating

time/reaction kinetics/NMR

Collins et al. 2001

PET (70)/PC (30) Extruder mixing/mechanical properties/

effects of processing conditions

Garcı́a et al. 2001

PBT/PET Structural analysis of copolyester formed by

interchange reaction/13C NMR/effect of

reaction time/solubility/dibutyltin dilaurate

vs. Ti(OBu)4 catalyst

Kim et al. 2001b

PEN/LCP Melt blended/mechanical properties/DSC/

DMA/SEM/evidence for transreaction

between PEN and PET segments of LCP

Xie et al. 2001b

PBT/PET Deuterated PET/small-angle neutron

scattering/effects of temperature and heating

time/reaction kinetics

Backson et al. 1999

PC/LCP LCP derived from ethylene glycol-

p-hydroxybenzoic acid-terephthalic acid/13C
NMR/reaction kinetics showing which LCP

segment was most active in transreaction

Ho and Wei 1999 (see

also Bum et al. 2001)

PEN/LCP LCP derived from ethylene glycol-

p-hydroxybenzoic acid-terephthalic acid/
dibutyltin dilaurate catalyst/mechanical

properties/thermal and rheological properties

Kim et al. 1999b (see

also Hong et al. 2001)

PBT/PC Melt mixed/monitoring reaction to determine

structure of copolymer and mechanism of

reaction/also used PET

Montaudo et al. 1998a

PET (50)/PC (50) Internal mixer at 270 �C/selective solvent
extraction/NMR/GPC/lanthanide catalyst

comparison

Fiorini et al. 1997

PET (100-90)/LCP

(0-10) (Unitika

LC3000)

TSE at 290 �C/DSC/SEM/capillary

rheometry/WAXD/NMR/fiber tensile

properties/dibutyltin dilaurate catalyst

(0–0.1 wt%)

Hong et al. 1997

(continued)
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Table 5.30 (continued)

Polyester/polyester Characterization and comments References

PBT (70-30)/PC (30-70) TSE at 270 �C/DSC/NMR/FTIR/optical

microscopy

Hopfe et al. 1997;

Pompe et al. 1996

PC (100-0)/PET (0-100) Internal mixer or TSE at 270–280 �C/DSC/
SEM/selective solvent extraction/NMR/SEC/

rheology/torque rheometry/catalyst

comparison

Ignatov et al. 1996,

1997a, b; Fiorini

et al. 1995

PC (100-0) or PET/LCP

(0-100) (Hoechst Vectra

B950)

TSE at 280 �C/DSC/annealing studies Lin and Yee 1997

Polyarylate (90-10)/

PETG (10-90)

Internal mixer at 235 �C/torque variation/
DSC/NMR/FTIR/selective solvent extraction

Oh et al. 1997

PEN (40)/PET (60) TSE at 280 �C/NMR/time-resolved light-

scattering measurements during annealing

Okamoto and Kotaka

1997

PC (70-30)/PBT (30-70) TSE at 270 �C/DSC/NMR/copolyester

content vs. annealing time/miscibility

vs. copolymer content

Pompe and Häubler

1997

PC (50)/LCP

(50) (Unitika LC3000 or

Eastman X-7G)

Internal mixer at 300 �C/SEM/DMTA/

selective solvent extraction/NMR/rheology/

Ti(OBu)4 catalyst (0–0.3 wt%)

Stachowski and

DiBenedetto 1997

Amide-modified PBT

(30)/PC (70)/TPPite

(0–2.2 %)

Mini-TSE at 270�/DMA/DSC/NMR/amine

end-group titration

Van Bennekom

et al. 1997

PC (70-30)/LCP (30-70) Internal mixer at 310 �C/DSC/NMR/FTIR/

LCP was poly(p-oxybenzoate-co-

p-phenylene-isophthalate)

Wei et al. 1997

PC (90-60)/LCP (10-40)

(poly(oxybenzoate-co-

ethyleneterephthalate))

Internal mixer at 240–290 �C/DSC/NMR/

SEM/use of copolymer as compatibilizer for

PC + different LCP/transesterification

inhibition with TPP/also catalysis by Ti(OBu)4

Wei and Ho 1997; Wei

et al. 1996; Wei and Su

1996; Su and Wei 1995

PBT (50)/PC (50)/

Ti(OR)4 catalyst

Internal mixer at 230 �C/SEM/DSC/SAXS/

WAXS

Wilkinson et al. 1997

(see also Tatum

et al. 2000)

PET (50)/PEN (50) Extent of reaction vs. time at 280 �C/IV/MW/

hydrodynamic radius

Yoon et al. 1997

Polyarylate (50-10)/

PBT (50-90)/Ti(OBu)4
catalyst (0.005–0.2 %)

Mini-max molder at 260–280 �C/mechanical

properties/DSC/NMR including model

compounds

Eguiazábal et al. 1996;

Fernandez-Berridi

et al. 1995; Espinosa

et al. 1993; Valero

et al. 1990

PBT (25)/PET (75)/

Ti(OBu)4 catalyst

(0–1,050 ppm)

Internal mixer at 275–280 �C/13C NMR

determination of transesterification level/

stabilizing effect of TPPite (0–5 %)

Jacques et al. 1996c

PET (100-20)/LCP

(0-80) (poly

(oxybenzoate-co-

ethyleneterephthalate))

Internal mixer at 275–293 �C/NMR/SEM/

DSC/degree of reaction vs. mixing time and

ratio of LCP monomer units

Ou and Lin 1996a, b

(see also Ou et al. 1999;

Ou 1998)

PBT (100-0)/PCE (42 %

or 70 % ester) (0-100)

Internal mixer at 250 �C/DSC/selective
solvent extraction

Rodriguez et al. 1996

(continued)
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Table 5.30 (continued)

Polyester/polyester Characterization and comments References

Polyarylate (100-0)/

PET (0-100)

Injection molded mixture/torque rheometry/

DSC/NMR/SEM/DMTA/mechanical

properties

Martinez et al. 1992,

1994

PBT (50)/PC (50) TSE at 290 �C/TEM/time-resolved light

scattering/effect of transesterification on

phase separation

Okamoto and Inoue

(1994)

PC (90-70)/PCL (10-30) Internal mixer or SSE at 240–250 �C/DSC/
selective solvent extraction/FTIR/rheology/

toluene sulfonic acid (0.1-2) or Ti(OBu)4 or

dibutyltin dilaurate catalyst/other catalysts

ineffective

Shuster et al. 1994

PC (91-39) or PBT or

polyarylate/

polypivalolactone

(9-61)

Mini-TSE at 280 �C/selective solvent
extraction/FTIR/DSC/Ti(OBu)4 catalyst

(0–0.5 wt%)

Tijsma et al. 1993, 1994

PC (50)/LCP (50) (poly

(oxybenzoate-co-

ethyleneterephthalate))

Internal mixer at 260 �C/Ti(OBu)4 catalyst
(0–0.5 wt%)/FTIR/GPC/SEM/use of

copolymer as compatibilizer for PC + LCP

Amendola et al. 1993

PBT (25-75)/PC (75-25) Melt mixing or solution precipitation/TGA/

mass spectroscopy/viscometry

Montaudo et al. 1993

PEN (100-0)/PET

(0-100)

SSE at 275–315 �C/effect of multiple

extrusion passes/NMR/DSC/effect of residual

titanium catalyst levels

Stewart et al. 1993a

PC (80-20)/LCP (20-80)

(poly(4,4-dioxy-

diphenyl-co-iso-or

terephthalate))

Internal mixer at 290 �C/rheology/selective
solvent extraction/FTIR/NMR/TEM/DSC

Belousov et al. 1992

PET (43)/PC (57) Internal mixer at 270 �C/FTIR/NMR/DSC/

TGA/DMA/IV/model reactions

Berti et al. 1992a, b

Polyarylate (50)/

PBT (50)

TSE at 260–320 �C/DSC/NMR/Ti(OBu)4
catalyst (60–270 ppm)

Miley and Runt 1992

Poly(hexamethylene

terephthalate) (67-20)/

LCP (80-33) (poly

(oxybenzoate-co-

ethyleneterephthalate))

Mini-max molder at 260 �C/selective solvent
extraction/DSC/NMR/SEM/WAXS/DMTA/

effects of added phosphite stabilizer

Croteau and Laivins

1990; Laivins 1989

Polyarylate (50)/PC

(20)/PET (30)

Thermal redistribution in SSE at 280–325 �C/
DSC/FTIR/also stabilizers added to prevent

thermal

Cheung et al. 1989

PC (50) or polyarylate/

PET (50) or PBT

Stabilizers to prevent thermal

redistribution/31P NMR study of stabilizer

fate

Golovoy et al. 1989

PC (90-10)/PET (10-90) Thermal redistribution/DSC/FTIR/optical

microscopy

Suzuki et al. 1989

Polyarylate (15-85)/

PC (85-15)

Thermal redistribution in SSE vs. TSE

260–300 �C/DSC/mechanical properties

Golovoy et al. 1987

Polyarylate (50)/

PBT (50)

Capillary rheometry at 280–300 �C/selective
solvent extraction/FTIR

Arruabarrena

et al. 1986

(continued)
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5.9.3 Polyester + Polyetherimide Blends

5.9.3.1 Copolymer Formation through Coupling Agent Addition
PEST blends with PEI (derived from 2,2-bis[4-(3,4-dicarboxyphenoxy)phenyl]

propane dianhydride and meta-phenylene diamine) have been compatibilized in

the presence of various multifunctional epoxy resins and a catalyst (Brown

et al. 2000b). PEST types included mixtures of PCT and PETG; catalysts included

sodium stearate. Mechanical properties and HDT were compared to properties for

blends without either epoxy resin or catalyst.

Silvi et al. (1997) have compatibilized an immiscible blend of LCP and similar

PEI through copolymer formation in the presence of a coupling agent. Represen-

tative coupling agents included PE-co-GMA and the o-cresol novolak reaction

product with epichlorohydrin. Mechanical properties and HDT were compared to

properties for blends without polyepoxide. PEI could be diluted with polyarylate,

polyestercarbonate, PET, or PEN.

5.9.3.2 Copolymer Formation by Transreaction
A copolymer may be formed through transreaction between a bisphenol

A polyestercarbonate resin and imide linkages in the chains of an immiscible PEI

phase in the presence of a catalyst (Brown et al. 1998b). This is a degradative

Table 5.30 (continued)

Polyester/polyester Characterization and comments References

PET (60)/PC (40) Thermal redistribution in internal mixer

260 �C/FTIR/DSC/DMA

Huang and Wang 1986

Polyarylate/PC Thermal redistribution in internal mixer

250–300 �C/torque vs. time, temperature/

DSC/DMA

Mondragon and

Nazábal 1985, 1986

PET (50)/PC (50) Stirred batch reactor at 275 �C/selective
solvent extraction/selective degradation/IV

measurements/optional addition of Ti(OBu)4
catalyst

Pilati et al. 1985

Polyarylate (100-0)/

PET (0-100) or PETG

or PC

SSE at 265–270 �C/thermal redistribution on

molding 260–350 �C/time, temp. effects/

DMA/DSC/selective solvent extraction

Robeson 1985

Polyarylate (80-10)/PC

(20-90)

TSE at 220–320 �C gradient/redistribution

during devolatilization of mixtures in

solution/DSC/impact strength/comparison to

control compositions

Freitag et al. 1985

PC (100-0)/

copolyester of

cyclohexanedimethanol

and iso-and terephthalic

acids (0-100)

SSE at 275–300 �C/IV/DSC/use of arsenic
trioxide to quench residual titanate catalyst

Smith et al. 1981
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process initially forming block copolymer and eventually random copolymer as

chains continue to react. The final product may be transparent. Various phosphite

catalysts were used. PC and polyarylate could be used in place of polyestercarbonate.

Bookbinder and Sybert (1992) prepared compatibilized blends of Hoechst Vectra®

A950 with amine-terminated PEI. A copolymer may form through reaction of PEI

amine groups with main-chain ester units of LCP in a degradative process.

5.9.4 Polyester + Polyethersulfone Blends

Kanomata et al. (2011) prepared compatibilized blends of either PBT or PET and

polyethersulfone using PES having hydroxyphenyl end-groups. Blends prepared in

a Brabender mixer were characterized using TEM and torque rheometry in com-

parison with control blends.

5.9.5 Polyester + Polyolefin Blends (Excepting Polypropylene)

5.9.5.1 Copolymer Formation by Alcohol + Anhydride Reaction
As shown in Table 5.32, PEST/PO blends have been compatibilized through

copolymer formation between polyester alcohol end-groups and pendent anhydride

Table 5.31 PEST/polyether blends: copolymer formation by transesterification

Polyester/polyether Characterization and comments References

PTT/phenoxy NMR/SEM/rheometry Farmahini-Farahani et al. 2008

LCP (Hoechst Vectra A950)

(90-0)/phenoxy (10-100)

Mini-max molder at 290 �C/
rheology/DSC/SEM/mechanical

properties/selective solvent

extraction/FTIR

Choi et al. 1995

PBT (30-0)/PC (0-100)/

phenoxy (0-100)

Internal mixer at 240 �C/torque
rheometry/DSC/DMTA/selective

solvent extraction/also PC +

phenoxy binary blends

Remiro and Nazábal 1991a, b

PBT (50)/phenoxy (50) Internal mixer at 230 �C or 250 �C/
torque rheometry/selective solvent

extraction/FTIR/DSC/DMTA/

mechanical properties

Eguiazábal and Nazábal 1990

PC (0-100)/phenoxy

(100-0)

Internal mixer at 200–250 �C;
torque vs. time, temperature/DSC/

DMA/improved modulus and

tensile strength as copolymer forms

Mondragon et al. 1986, 1988;

Mondragon and Nazábal 1987

Polyarylate (100-0)/

phenoxy (0-100)

Internal mixer at 230 �C, 250 �C, or
270 �C/torque rheometry/DSC/

mechanical and thermal properties

Mondragon et al. 1987

Polyarylate (70-20)/

phenoxy (30-80)

SSE at 265–270 �C/thermal

redistribution during molding at

270–320 �C/DMA

Robeson 1985
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Table 5.32 PEST/PO blends: copolymer formation by alcohol + anhydride reaction

Polyester/polyolefin Characterization and comments References

PETG/EVAc-g-MA Internal mixer/mechanical properties/Young’s

modulus/gel content/effect of MA and DCP RI

level on EVAc properties

Hwang et al.

2012

Poly(lactic acid)-g-MA

(50)/PVAl (50)

Brabender mixer/mechanical properties/NMR/

also blends containing unfunctionalized PLA

Quintana et al.

2012

Poly(lactic acid)-g-MA/

PEG

Melt blended/DSC/rheometry/comparison to

blend with unfunctionalized PLA

Hassouna et al.

2011

PTT/EPDM-g-MA Morphology/rheology/comparison to blends with

unfunctionalized EPDM

Aravind et al.

2010b

Recycle PET/

LLDPE-g-MA

Low-temperature solid-state extrusion/

mechanical properties/DSC/morphology/FTIR

Zhang et al.

2008

PTT/(ethylene-octene

copolymer)-g-MA

Melt mixing/mechanical properties/morphology Guerrica-

Echevarrı́a et al.

2007

PET/HDPE/HDPE-g-MA Mechanical and thermal properties/MA-grafted

PO prepared using UV preirradiation process

resulting in different grafting and cross-linking

degrees/comparison of blend properties to those

containing PO-g-MA prepared using RI process/

also used LDPE and LLDPE and their

corresponding MA-grafted species

Martinez et al.

2007

PBT/HDPE-g-MA Mechanical properties/morphology/rheology/

comparison to blends with unfunctionalized

HDPE

Qi et al. 2006

PTT/EPDM/EP-g-MA DSC/positron annihilation lifetime measurements Ravikumar

et al. 2006

PBT (80)/EVAc-g-MA (20) Haake mixer/torque rheometry/FTIR/SEM/

mechanical properties vs. blend with

unfunctionalized EVAc

Kim et al. 2003,

2001a

PET/HDPE/MA Mechanical properties/SEM Lusinchi

et al. 2000

LCP (Hoechst Vectra

A950)/PP-g-MA

Extruder/rheology/SEM/mechanical properties

vs. LCP concentration

Tjong et al.

1998

PBT (100-20)/EVAc-g-MA

(0.8 % MA) (0-80) or

EMM-g-MA

TSE at 260 �C/GPC/SEM/DSC/mechanical

properties vs. use of unfunctionalized EVAc or

EMM

Kang et al. 1997

PBT (60)/LCP (Hoechst

Vectra A950) (25)/

EPDM-g-MA (15)

TSE at 290 �C/SEM/optical microscopy/Raman

spectroscopy/mechanical properties/selective

solvent extraction/FTIR

Seo 1997

PET/HDPE/HDPE-g-MA

(5 parts per 100 parts PET)

or EVAc-g-MA

TSE at 270 �C/rheology/interfacial tension
measurements

Ihm and White

1996

PET (100-0)/HDPE (0-20)/

EMAc-MA (1.4 % MA)

(0-100)

TSE at 280 �C/DMA/DSC/mechanical properties/

SEM/FTIR/optical microscopy/use of recycle

PET

Kalfoglou

et al. 1995
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functionality on a polyolefin such as maleic anhydride-grafted polyolefin. Because

this alcohol-anhydride reaction is reversible with the equilibrium lying on the side

of unreacted anhydride, only a relatively small amount of copolymer may be

formed. Consequently, the dispersed polymer phase may not be well stabilized

against coalescence upon further thermal treatment (for a discussion, see, e.g., Sun

et al. (1996) and Boyer et al. (2005)). Alternatively, at least some copolymer may

be formed by a degradative mechanism through transesterification between poly-

ester main-chain linkages and a low concentration of pendent acid groups in

anhydride functionalized polyolefin. In addition copolymer may possibly form

through anhydride exchange between PEST-CO2H end-groups and PO-anhydride.

Alternatively, it may also happen that compatibilization results from hydrogen-

bonding interaction.

5.9.5.2 Copolymer Formation by Carboxylic Acid + Cyclic Ortho Ester or
Epoxide Reaction

Table 5.33 shows examples of PEST/PO blends that have been compatibilized

through graft copolymer formation either by reaction of polyester carboxylic acid

end-groups with either pendent cyclic ortho ester or pendent epoxide groups on

a polyolefin or by reaction of polycarbonate epoxide end-groups with carboxylic

acid groups on a polyolefin. In any case, the copolymer is joined through a new

ester linkage. Since there may be multiple electrophilic sites or multiple carboxylic

acid sites on the polyolefin, some cross-linked copolymer may result if the polyester

is functionalized at both ends. The proportion of cross-linked copolymer formed

also depends upon blend composition and processing conditions.

When the new ester linkage is formed, a secondary alcohol group forms as well

through ring opening of the epoxide group. The new secondary alcohol may also

react with polyester main-chain linkages to form copolymer through a degradative

transesterification process. Consequently, two very different types of copolymer

may be formed in certain blends of this section.

Perret et al. (1996) have encapsulated a third polymer within a PO phase

dispersed in a PEST matrix; the third polymer was PA-66, having higher Tm than

the matrix. In this ternary blend, the epoxy-functionalized PO was capable of

reacting with terminal functional groups on both of the other two polymers. The

blend was formed either by preextrusion of PO with PA, followed by extrusion with

PEST, or by feeding PO and PA to the feed throat of an extruder, then adding PEST

downstream. The morphology showed a PEST matrix in which shells of PO

Table 5.32 (continued)

Polyester/polyolefin Characterization and comments References

PET (85-20)/HDPE

(10-75)/PO-g-MA (0-5)

TSE at 270 �C/SEM/DSC/optical microscopy/

mechanical properties

Sambaru and

Jabarin 1993

PBT (80)/EP-g-MA

(2.3 % MA) (20)

Internal mixer at 240 �C/mechanical properties/

SEM/rheology/DSC/selective solvent extraction

Cecere

et al. 1990
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Table 5.33 PEST/PO blends: copolymer formation by carboxylic acid + cyclic ortho ester or

epoxide reaction

Polyester/polyolefin Characterization and comments References

Poly(lactic acid)/ethylene-octene

copolymer-g-GMA (>10 wt%)

Mechanical properties/FTIR/

Molau test/morphology/critical

interparticle distance of dispersed

domains

Feng et al. 2013a

Poly(lactic acid)/ethylene-co-

methyl acrylate-co-GMA

Mechanical properties/FTIR/

morphology/addition of N,

N-dimethylstearylamine catalyst

(0.2 wt%)

Feng et al. 2013b; Zhang

et al. 2013b

Poly(lactic acid)/E-GMA Mechanical properties/SEM/TEM/

thermal expansion properties/

comparison to blends with SEBS-

g-MA or unfunctionalized

ethylene-octene copolymer in

place of E-GMA

Jiang et al. 2013

Poly(lactic acid)/NR/NR-g-

GMA

Internal mixer/thermal and

mechanical properties/

morphology/effect of GMA level

on properties

Juntuek et al. 2012

Poly(lactic acid)/EBA-GMA/

EMAA-Zn ionomer

TSE/mechanical properties/DMA/

morphology/also effect of different

ionomer cations

Liu et al. 2011b, 2012a,

2013b; Song et al. 2012b

PET/EMA + EMA-co-GMA

(25:75 wt%:wt%)

SSE/DSC/ductile-brittle transition

temperature/IV measurement/

effect of catalyst system used in

preparing PET/also used PET

containing isophthalic acid

residues and recycle PET

Colhoun et al. 2011

Recycle PET/E-GMA Mechanical properties/

morphology/density/effect of

processing conditions on blend

properties

Kunimune et al. 2011

Poly(lactic acid)/ethylene-octene

copolymer/E-GMA (10 phr)

Mechanical properties/

morphology/rheology/FTIR

Pai et al. 2011; Li et al.

2011a

PET/ethylene-octene copolymer/

ethylene-octene copolymer-g-

GMA

Use of recycle PET/morphology/

mechanical properties/thermal

properties/evidence for copolymer

formation

Liu et al. 2009a, 2010a

Poly(lactic acid)/EBA-GMA/

EMAA partially Zn neutralized

Extrusion blending/TEM/

mechanical properties/effects of

blending temperature and

elastomer/ionomer ratio

Liu et al. 2010b

Poly(lactic acid)/EB/PP-PO

copolymer/E-GMA

Twin-screw kneader/DSC/TEM/

mechanical properties/two-step

vs. one-step mixing process/also

used ethylene-octene copolymer in

place of EB

Shimano and Moritomi

2010
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Table 5.33 (continued)

Polyester/polyolefin Characterization and comments References

Poly(lactic acid)/E-GMA Mechanical properties Oyama 2009

Poly(lactic acid)/LLDPE/

ethylene-octene

copolymer-g-GMA

SEM/DSC/WAXD/FTIR/

spreading coefficient calculation

Su et al. 2009

PET/HDPE/EBA-g-GMA Haake torque rheometer/capillary

rheometry/SEM morphology/

effect of EBA-g-GMA level on

blend properties

Li and Lu 2008; Li

et al. 2009d

Recycle PET/PC/EBA-co-GMA Low-temperature solid-state

extrusion/mechanical properties/

SEM/DSC/FTIR/effect of blending

sequence on properties

Peng et al. 2008

PBT/NBR/EPDM-g-GMA Two-step mixer process/DSC/

SEM/TEM/DMTA/mechanical

properties/indirect dynamic

vulcanization/also used EPDM-g-

ally(3-isocyanato-4-tolyl)

carbamate

Shi et al. 2008

PBT/EP-g-GMA Mechanical properties/

morphology/effect of GMA

grafting level on properties

Sun et al. 2006

PET/EP-g-GMA Internal mixer/rheology/SEM/

DMA/FTIR/Molau test/EP

functionalized with GMA in the

presence of trimethylol propane

triacrylate/comparison to blends

containing unfunctionalized EP or

EP functionalized with GMA in

absence of triacrylate

Al-Malaika and Kong

2005

PBT/EMA/EMA-g-GMA TEM/DMTA/reaction kinetics/

compatibilization accompanied by

dynamic vulcanization of rubber

phase

Martin et al. 2003,

2004a, b, c

PBT/(ethylene-octene

copolymer)-g-GMA

Extrusion processing/mechanical

properties/morphology/also blends

containing unfunctionalized

ethylene-octene copolymer

Aróstegui and Nazábal

2003a, b

PET/EP/E-g-GMA (8 wt%

GMA)

Deformation mechanisms/

fractography of impact fractured

samples/tensile dilatometry/DMA

Loyens and Groeninckx

2003a, b

PET/EP/EP-g-GMA Morphology/critical interparticle

distance/mechanical properties

Loyens and Groeninckx

2002

Recycle PET/HDPE/E-GMA Morphology/rheology/DSC/FTIR/

NMR/capillary rheometry/

mechanical properties/comparison

to blends containing various MA- or

AA-f-PO in place of E-GMA

Pracella et al. 2002

(continued)
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Table 5.33 (continued)

Polyester/polyolefin Characterization and comments References

LCP/PE-f-epoxide TSE/morphology/mechanical and

thermal properties/effect of blend

component ratios and of different

PE epoxy levels

Tynys et al. 2002

PBT (80)/EMA-GMA (20) SEM/selective solvent extraction/

EMA-GMA modified with benzoic

acid to vary the amount of epoxide

present/quantification of PBT-PO

copolymer formation vs. PO cross-

linking

Martin et al. 2001

PET/UHMWPE-f-epoxide TSE or batch mixer/morphology/

mechanical properties/UHMWPE

powder irradiated, then reacted first

with AA, then with a difunctional

cycloaliphatic epoxy resin to

introduce epoxide functionality/

comparison of properties to those of

blends containing UHMWPE-f-AA

Mascia and Ophir 2001

PET/HDPE/HDPE-g-GMA Internal mixer/SEM/also grafting

of GMA in presence of styrene

monomer

Pazzagli and Pracella

2000

PET/E-GMA Mechanical properties/morphology/

also used ethylene-ethyl acrylate-

GMA copolymer/effect of GMA

level on blend properties

Pietrasanta et al. 1999

PBT (100-85)/EPDM-g-GMA

(0-15)

Internal mixer at 245 �C/SEM/

mechanical properties vs. use of

unfunctionalized EPDM

Wang et al. 1997

PBT (80-60)/EMAc-GMA

(12-24)/PA-66 (8-16)

Buss Ko-kneader/pre-

compounding of PA + EMAc-

GMA at 270 �C followed by

compounding with PBT at 250 �C/
SEM/mechanical properties

Perret et al. 1996

PET (60) or PC + PE/EEA-GMA

(25) or E-GMA/EEA (15) or EP

SSE or TSE/mechanical properties/

TEM

Akkapeddi et al. 1995

PBT (100-0) or LCP (Hoechst

Vectra A950)/EEA-GMA

(0-100)

TSE at 240 �C/DSC/SEM/FTIR/

rheology/mechanical properties/

comparison vs. properties of EEA-

GMA blends with PBT or LCP + PP

Holsti-Miettinen

et al. 1995

PET (100-0)/HDPE (0-20)/E-

GMA (0-100) or EEA-GMA

TSE at 280 �C/DMA/DSC/

mechanical properties/SEM/FTIR/

optical microscopy/use of recycle

PET

Kalfoglou et al. 1995

PET (80-70)/EEA-GMA (20-30) TSE at 280 �C/mechanical

properties/SEM/rheology/

properties comparison to properties

comparison to blends with

unfunctionalized rubbers/effects of

amine catalyst addition

Penco et al. 1995
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surround cores of PA. The blend was an impact-modified PEST with higher impact

strength than the corresponding blend containing epoxy-functionalized PO alone.

One reason for the improvement may be that the volume fraction of PO impact

modifier was effectively increased by inclusion of PA core. Copolymer formation

between PEST and PO may also be combined with subsequent dynamic vulcani-

zation of the PO phase in either the same or a separate processing step (Okamoto

et al. 1994; Moffett and Dekkers 1992).

5.9.5.3 Copolymer Formation by Carboxylic Acid + Oxazoline Reaction
PEST/PO blends have been compatibilized through graft copolymer formation by

reaction of polyester carboxylic acid end-groups with pendent oxazoline groups on

an appropriate PO. The copolymer contains a new esteramide linkage. Wörner

et al. (1997) have blended 0-20 parts oxazoline-functionalized rubbers containing

more than one oxazoline group per chain with 100-80 parts acid-terminated PBT in

Table 5.33 (continued)

Polyester/polyolefin Characterization and comments References

PET (20-18)/HDPE (73-78)/

E-GMA (2-9)

Internal mixer or TSE at

270–290 �C/DSC/selective solvent
extraction/FTIR/rheology/

mechanical properties/morphology

vs. order of mixing

Dagli and Kamdar 1994

PBT (80-50)/E-GMA (3 %

GMA) (20-50)

TSE at 260 �C/adipic acid (0.1)

optionally added as rubber

vulcanization agent/mechanical

properties/TEM

Okamoto et al. 1994

PET (50) or PETG/E-GMA

(6 % GMA) (50)

Internal mixer at 270 �C/torque
rheometry/GPC/effects of residual

levels of different catalysts used to

synthesize polyesters

Stewart et al. 1993b

PBT (50)/EPDM-g-GMA

(1.5 %, 3 %, or 6 % GMA) (50)

TSE at 250 �C/extrusion of PBT +

EPDM -g-GMA followed by

re-extrusion with vulcanization

agent (either L130 or 6-

aminohexyl carbamic acid)/

mechanical properties/SEM/TEM

Moffett and Dekkers

1992 (see also

Hepp 1985; Olivier

1986b; Phadke 1988b;

Pratt 1988; Pratt

et al. 1988)

PBT (50-95)/EPDM-g-cyclic

ortho ester (50-5)

TSE at 250 �C/different cyclic
ortho esters used/tensile properties

vs. blends with unfunctionalized

EPDM or EPDM-g-GMA/other

PEST also used

Shea et al. 1992

Epoxy triazine-capped PC (50)/

acid- or anhydride-

functionalized PO (50)

Solution reaction/copolymer

analysis by selective solvent

extraction/numerous

functionalized PO used/also used

SMA in melt reaction in place of

functionalized PO

Brown et al. 1991a
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an internal mixer at 240 �C. Oxazoline-functionalized B-AN or E-B-AN was used.

The copolymer structure was initially a graft copolymer. However, if additional

oxazoline groups on the rubber react with additional PBT acid groups, then

a cross-linked copolymer structure can arise. The blends of Wörner et al. were

characterized by torque rheometry, mechanical properties, DMA, SEM, DSC, and

level of oxazoline groups on the rubber (fraction of nitrile groups on AN-containing

rubber that had been converted to oxazoline groups). Improved blend properties

were obtained through addition of a bis-oxazoline chain extender for PBT.

5.9.5.4 Copolymer Formation through Coupling Agent Addition
Zhang et al. (2013c) prepared compatibilized blends of poly(lactic acid) and EVAl

in the presence of a multifunctional epoxy resin and zinc stearate. Characterization

techniques included morphology, dynamic light scattering, and barrier properties.

Compatibilized blends of PBT with EVAc have been prepared through addition

of 2,20-(1,3-phenylene)-bis(2-oxazoline) coupling agent (Scaffaro and La Mantia

2006; Scaffaro et al. 2004). The effect of EAA addition was studied. Evidence was

presented that chain extension of the reactive polymers by the coupling agent was

negligible. Blends characterization included mechanical properties and morphol-

ogy in comparison to uncompatibilized blends.

Zhang and Hourston (1999) prepared blends of PBT and either LDPE or EPDM

in the presence of a bismaleimide in a Haake mixer. A copolymer formation

mechanism involving radical coupling was proposed.

Okamoto and Inoue (1993) have compatibilized an immiscible blend of terminally

functionalized PEST and PO through block copolymer formation in the presence of

a coupling agent. For example, 80 parts hydroxy-terminated PCL was mixed in

a custommelt reactor at 120 �Cwith 20 parts carboxyl-terminated butadiene oligomer

(or carboxyl-terminated NBR) in the presence of 0-1 part aminopropyltriethoxysilane

coupling agent. Morphology development could be followed through analysis of

successive samples taken periodically from the reactor. Samples were characterized

by light-scattering photometry, ellipsometric analysis, and GPC.

5.9.5.5 Copolymer Formation by Diels-Alder Reaction
The benzocyclobutene functionality can thermally form an intermediate that can

function as the diene partner in a classical Diels-Alder ring-forming reaction with

an olefin.When benzocyclobutene and olefin are located on two immiscible polymers,

the reaction can in theory lead to copolymer formation. Dean (1993) has postulated

that copolymer is formed when 50-15 parts benzocyclobutene-terminated polyarylate

is mixed with olefin-containing EPDM in an internal mixer at 265 �C. Blends were
characterized by mechanical properties and DMTA.

5.9.5.6 Copolymer Formation by Transesterification
Polyester-polyolefin copolymer compatibilizers have been made through catalyzed

or thermal transesterification of polyester or polycarbonate or polyestercarbonate

main-chain ester linkages with pendent ester or acid groups (acidolysis) in a

polyolefin copolymer such as EVAc or EMAA (Table 5.34). In a separate example,
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Table 5.34 PEST/PO blends: copolymer formation by transesterification

Polyester/polyolefin Characterization and comments References

PC/PMMA/tin

2-ethylhexanoate catalyst

(0.5 wt%)

DSC/TGA/FTIR/selective solvent

extraction/1H NMR/optical transparency/

also SnCl2 · 2H2O catalyst

Singh et al. 2011, 2012

PET/PE-f-dibutyl

succinate/Zn acetate

catalyst

Mechanical properties/morphology/

selective solvent extraction/FTIR/also

used ZnO, Ti(OBu)4, and TiO(OCCH3)2
as catalysts

Coltelli et al. 2008

PET (70)/PO-f-dibutyl

maleate (30)/Zn acetate

catalyst

Mechanical properties/SEM/DSC/

selective solvent extraction

Coltelli et al. 2007

PC/HDPE/EAA/dibutyltin

oxide catalyst

Haake mixer/SEM/DSC/rheology/

formation of PC-EAA copolymer

Yin et al. 2007

PC/phenolic-f-PMMA Melt mixed at 280 �C/
tetraphenylphosphonium benzoate

catalyst/MMA copolymerized with alpha-

methyl-p-hydroxystyrene

Bolton et al. 2005

LCP (50)/poly(ethylene

acrylic acid) ionomer (50)

SSE or batch mixer/assessment of

acidolysis to form graft copolymer

compatibilizer

Son and Weiss 2001,

2002; Zhang et al. 2000

PC/poly(ethylene-co-

butylene) diol

Melt mixing/NMR/UV spectroscopy/

amine catalysis/DSC/GPC

Lee et al. 2001

PC/poly(MMA-co-AA)

(6 mol% AA; partially

neutralized with Zn cations)

Melt reaction at 235 �C/unneutralized
poly(MMA-co-AA) does not form

copolymer with PC/ternary blends with

PVDF/morphology/mechanical properties

Moussaif et al. 2000

PC/PMMA/SnOBu2
catalyst

NMR/SEC/thermogravimetry/MS Montaudo et al. 1998b

PC (50-30)/imidized

acrylate copolymer (77 %

glutarimide, 19 % MMA,

3 % MAA, 2 % glutaric

anhydride) (70-50)

Internal mixer at 260–270 �C or solution

casting/FTIR/optical microscopy/SEM/

TEM/SEC/model reactions/selective

solvent extraction/comparison to blends

with PMMA or with imidized acrylate

copolymer containing different imide

levels, or no acid or anhydride/details of

reaction mechanism

Debier et al. 1995,

1997a, b

PBT (70)/EVAc (10-20)/PE

(10-20)

Internal mixer at 230 �C/SEM/dibutyltin

oxide catalyst (0–4 %)/encapsulation of

PE dispersed phase by PBT-EVAc

copolymer

Legros et al. 1997

PBT (50-10)/EVAc (9 % or

28 % VAc) (50-90)

Internal mixer at 230 �C/selective solvent
extraction/NMR/FTIR/SEM/model

reactions/dibutyltin oxide catalyst

(0–1 %)/blends optionally + PE

Pesneau et al. 1997

PETG (90-80)/EVAc

(10-20)

Internal mixer at 210 �C/SEM/NMR

model study/rheology/DMA/interfacial

tension measurements by breaking thread

method/dibutyltin oxide catalyst (0–1 %)

Lacroix et al. 1996a, b

(continued)
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polyester-polyolefin copolymer has been formed through transesterification

between a carbonate ester linkage and an anhydride in a second polymer chain.

All these examples represent degradative copolymer formation since the PEST

chains are cleaved and the average molecular weight of the new copolymer is less

than the sum of the average molecular weights of the two immiscible polymers.

In Table 5.34, Debier et al. (1995, 1997) present evidence that copolymer forma-

tion occurs in PC + PMMA blends through transesterification between PC carbonate

ester linkages and acid groups produced by hydrolysis on PMMA. The table omits

references in which transesterification in appropriate polyester-polyolefin blends is

brought about under static conditions either by annealing or heating in a DSC chamber.

A block copolymer may be formed through transesterification between nucleo-

philic end-groups of one polymer and ester linkages in the chains of an immiscible

polyester phase. Sek and Kaczmarczyk (1997) and Minkova et al. (1996) used

oxidized PE as the acid-terminated polymer and an LCP with ester linkages suscep-

tible to transesterification with PE acid end-groups. Since the product is a block

copolymer accompanied by lowmolecular weight fragments from the polyester, this

type of copolymer-forming reaction is degradative. The process is not redistributive

since the PE chain cannot participate in redistribution. In an example, 50 parts LCP

polyester (a copolymer of sebacic acid, dihydroxybiphenyl, and p-hydroxybenzoic

acid) and 50 parts oxidized PE were mixed in an internal mixer at 240 �C. The blend
was characterized by selective solvent extraction, FTIR, DSC, and SEM.Optionally,

Ti(OBu)4 catalyst was added to promote reaction.

5.9.5.7 Copolymer Formation by Miscellaneous Reactions
Chen et al. (2013a) prepared blends of PCLwithNR in the presence of peroxidewhich,

in addition to cross-linking NR, served to enhance the compatibility of PCL andNR as

shown by FTIR and SEM. The blend was studied as a shape-memory composition.

Table 5.34 (continued)

Polyester/polyolefin Characterization and comments References

PET (100-0)/EEA (0-100) Glass mixer at 260–290 �C/DMA/SEM/

mechanical properties/selective solvent

extraction/FTIR/DSC

Gravalos et al. 1995

PET (68-23)/LLDPE

(23-68)/EMAA ionomer

(5-15)

Extruded at 280 �C/DMA/DSC/

mechanical properties/SEM/optical

microscopy

Kalfoglou et al. 1994

PETG (70-30)/EVAc (28 %

VAc) (30-70)

Internal mixer at 180 �C or 210 �C/SEM/

rheology/DSC/mechanical properties/

dibutyltin oxide catalyst (0–4 %)

Legros et al. 1994

PC (95-50)/HDPE (0-20)/

EMAA ionomer (5-50)

Internal mixer at 220 �C/torque
rheometry/FTIR/DSC/selective solvent

extraction/mechanical properties/SEM

Mekhilef et al. 1992

Poly(hydroxybutyrate) (80)/

EP-g-MA (4 % MA) (20) or

EP-g-dibutyl maleate or

partially hydrolyzed EVAc

Internal mixer at 180 �C/mechanical

properties/SEM

Abbate et al. 1991
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Hachemi et al. (2013) prepared blends of poly(lactic acid) with PVC in the

presence of DCP RI and MA. Characterization techniques included DSC, TGA,

SEM, and mechanical properties.

Gramlich et al. (2010) prepared blends of maleimide-terminated poly(lactic acid)

with conjugated soybean oil. A compatibilizing copolymerwas formed throughDiels-

Alder reaction betweenmaleimide double bond and diene units in conjugated soybean

chains. Blends were characterized by morphology and mechanical properties.

Pan et al. (2007) prepared compatibilized blends of PC with EMAc-g-GMA.

Characterization concluded that copolymer was formed through reaction of PC

phenolic end-groups and epoxy groups.

Jung et al. (2003) have prepared compatibilized blends of PET with LDPE

comparing a variety of functionalized LDPEs as compatibilizing agents, including

LDPE-co-AA, LDPE-f-MA, LDPE-f-GMA, and LDPE functionalized with either

masked or naked NCO monomers.

Park et al. (1998b) have prepared compatibilized blends of PET with PE using

PE grafted with 2-hydroxyethyl methacrylate-isophorone diisocyanate. See

also Park et al. (2002), Bae et al. (2001), and Kim et al. (2000a, b). For PBT/

ethylene-octene copolymer blends compatibilized using masked isocyanate, see

Yin et al. (2009a).

Hourston et al. (1991) have prepared compositions of 60-0 parts PBT and 16-40

parts EPDM in the presence of 0-60 parts copolymer of PBT with maleate ester

(3.5 % maleate) using a TSE at 255 �C. A compatibilizing copolymer was postu-

lated from the cross-linking reaction between maleate olefinic groups and EPDM

olefinic groups. Blends were characterized by mechanical properties and

TEM. Model studies were performed to understand the cross-linking process.

Blends were also prepared using an internal mixer at 250 �C.

5.9.6 Polyester + Polyolefin + Polypropylene Blends

5.9.6.1 Copolymer Formation by Carboxylic Acid + Epoxide Reaction
PEST/PP blends have been compatibilized through graft copolymer formation by

reaction of polyester carboxylic acid end-groups with pendent epoxide groups on an

appropriate PO with potentially some miscibility with PP (Table 5.35). The copol-

ymer is joined through a new ester linkage. Some cross-linked copolymer may also

form. When the new ester linkage is formed, a secondary alcohol group forms as

well. The new secondary alcohol may also react with polyester main-chain linkages

to form copolymer through a degradative transesterification process.

5.9.7 Polyester + Polyolefin + Styrene Copolymer Blends

5.9.7.1 Copolymer Formation by Alcohol + Anhydride Reaction
Examples of PEST/PO/styrene copolymer blend compatibilization in which

a copolymer may be formed between polyester alcohol end-groups and pendent
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anhydride functionality on a styrene copolymer are shown in Table 5.36. Because

the alcohol-anhydride reaction is reversible (with the equilibrium lying on the side

of unreacted anhydride), only a relatively small amount of copolymer may be

formed. In consequence, the dispersed phase polymer may not be well stabilized

against coalescence upon further thermal treatment (for a discussion, see, e.g., Sun

et al. (1996) and Boyer et al. (2005)). Alternatively, at least some copolymer

may be formed by a degradative mechanism through transesterification between

PEST main-chain linkages and a low concentration of pendent acid groups in

anhydride-functionalized styrene copolymer or in anhydride-functionalized

PO. In addition copolymer may possibly form through anhydride exchange

between PEST-CO2H end-groups and either anhydride-functionalized styrene

copolymer or anhydride-functionalized PO. Alternatively, it may also happen that

compatibilization results from H-bonding interaction. For related work in PET/PP

blends compatibilized using SEBS-g-MA (or PP-g-MA), see Papadopoulou and

Kalfoglou (2000).

5.9.7.2 Copolymer Formation by Carboxylic Acid + Epoxide Reaction
Larocca et al. (2010) prepared blends of PBT and SAN in the presence of

MMA-co-EA-co-GMA. Blend characterization techniques included morphology.

PBT samples with different molecular weight were used to change the PBT/SAN

viscosity ratio. In related work, AES was used in place of SAN (Larocca

et al. 2005).

Table 5.35 PEST/PO/PP blends: copolymer formation by carboxylic acid + epoxide reaction

Polyester/polyolefin/polypropylene Characterization and comments References

PET/EBA-GMA/PP Rheology/SEM Khonakdar

et al. 2013

Poly(lactic acid)/PB-f-epoxide/PP Haake mixer/torque rheology/DSC/

comparison to blend without PB-f-

epoxide or with unfunctionalized PB

Li et al. 2012b

Poly(hydroxybutyrate)/EMA-GMA/

PP

Morphology/mechanical properties Sadi et al. 2012

PBT/EPDM-f-epoxide/PP Haake mixer/SEM/FTIR/torque

rheometry/mechanical properties/EPDM

functionalized using performic acid

Ao et al. 2007b

PBT (70-30)/E-GMA (6 % GMA)

(0-20)/PP (30-70)

TSE at 255 �C/torque/capillary rheometry/

FTIR/SEM/TEM/mechanical properties/

catalysis of acid + epoxide reaction using

phosphonium salt

Tsai and

Chang 1996

PBT (100-0) or LCP (Hoechst

Vectra A950)/EEA-GMA (5)/PP

(0-100)

TSE at 240 �C/DSC/SEM/FTIR/rheology/

mechanical properties/comparison

vs. properties of binary EEA-GMA blends

with PBT or LCP

Holsti-

Miettinen et al.

1995

PBT (29 parts)/EVAc-co-GMA

(5 parts; 10 parts GMA)/PP-g-MA

(66 parts; 0.11 wt% MA)

Extruded at 240 �C/mechanical properties

vs. blends without functionalized

polymers/PET and E-GMA also used

Mashita

et al. 1991
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5.9.8 Polyester + Polyphenylene Ether Blends

PEST/PPE blends in these sections include those containing PPE-miscible PS or a

functionalized PS. These blends often contain a rubbery impact modifier, such as

SEBS, as well.

5.9.8.1 Blends Containing Functionalized PPE: PEST-PPE Copolymer
Formation by Degradative Process

Furuta et al. (1994) have prepared compatibilized blends of LCP with an amine-

functionalized PPE. For example, an LCP derived from p-acetoxybenzoic acid,

terephthalic acid, isophthalic acid, and 4,40-diacetoxydiphenyl was blended with an
amine-functionalized PPE to provide a blend with improved properties compared to

those with unfunctionalized PPE. PPE was melt functionalized with either

p-aminostyrene, diallylamine, allylamine, or vinylimidazole. Other LCP were

also used.

5.9.8.2 Blends Containing Functionalized PPE: PEST-PPE Copolymer
Formation by Carboxylic Acid + Electrophile Reaction

PEST/PPE blends have been compatibilized through copolymer formation between

polyester and a functionalized PPE (Table 5.37). Typically, the PPE is functionalized

in a separate reaction either in the melt or in solution to introduce an electrophilic

moiety (such as epoxide, carbodiimide, cyclic ortho ester, or the like) at a phenolic

end-group or along the PPEmain chain or both. The electrophilicmoiety can react with

PEST carboxylic acid end-groups in themelt resulting in a compatibilizing copolymer.

PEST-PPE blends have been compatibilized through block copolymer

formation between carboxylic acid end-groups on polyesters, such as PBT, and

epoxy-terminated PPE (Brown and Lowry 1992a). PPE was functionalized in

solution with a variety of chloro-epoxy triazine derivatives in the presence of

a base to provide a reactive epoxy triazine-capped PPE (Brown and Lowry 1992b;

Yates et al. 1992). Melt functionalization of PPE was also possible

(Brown et al. 2009). Representative chloro-epoxy triazine capping agents included

Table 5.36 PEST/PO/styrene copolymer blends: copolymer formation by alcohol + anhydride

reaction

Polyester/polyolefin/styrene

copolymer Characterization and comments References

Recycle PET/recycle HDPE/

PE-g-MA/SEBS

Morphology/mechanical properties/crystallinity

level/optionally with addition of methylene

di(phenyl isocyanate) coupling agent

Lei et al.

2009

PET/HDPE/SEBS-g-MA (1-5

parts per 100 parts PET)

TSE at 270 �C/rheology/interfacial tension
measurements

Ihm and

White 1996

PET (80)/HDPE (20)/

SEBS-g-MA (0-20)

SSE at 270 �C/rheology/SEM/mechanical

properties/use of recycle PET

La Mantia

et al. 1994

PET (100-0)/HDPE (0-100)/

SEBS-g-MA (5–20 phr)

TSE at 270 �C/mechanical properties/SEM/DSC/

WAXD

Carte and

Moet 1993
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2-chloro-4-(2,4,6-trimethylphenoxy)-6-glycidoxy-1,3,5-triazine. For example, blends

containing PBT, PPE-epoxide, and SEBS impact modifier were prepared using a TSE

and characterized by selective solvent extraction, morphology, and mechanical prop-

erties. Numerous other polyesters, polyestercarbonates, and polyesteramides were

used in these blends (see, e.g., Brown and Lowry 1992b).

PEST-PPE blends have also been compatibilized through block copolymer forma-

tion between carboxylic acid end-groups on polyesters, such as PBT, and PPE bearing

reactive dialkylphosphatoethoxy triazine terminal groups (Phanstiel and Brown 1991,

1992). In this case PPE was functionalized in solution with a variety of chloro

dialkylphosphatoethoxy triazine derivatives in the presence of a base to provide

a reactive triazine-capped PPE. Representative chloro dialkylphosphatoethoxy triazine

capping agents included 2-chloro-4-(2-di-n-butylphosphatoethoxy)-6-(2,6-xylenoxy)-

1,3,5-triazine. For example, a blend containing 60 parts PBT, 30 parts functionalized

PPE, and 10 parts impactmodifierwas prepared using a TSE.Molded test parts showed

Izod impact strength of 860 J/m compared to 48 J/m for a similar blend containing

unfunctionalized PPE. 2-Chloro-4-(2-chloroethoxy)-6-(2,4,6-trimethylphenoxy)-

1,3,5-triazine or 2-chloro-4-(2-bromoethoxy)-6-(2,4,6-trimethylphenoxy)-1,3,5-

triazine could be used in place of phosphatoethoxy triazine (Phanstiel and Brown

1993). See also Schmidhauser and Longley (1991).

PEST-PPE blends have also been compatibilized through block or graft

copolymer formation between carboxylic acid end-groups on polyesters, such as

PBT, and PPE bearing cyclic ortho ester groups. PPE could be either end-capped in

solution using a chloro ortho ester triazine derivative such as 2-chloro-4-(2-methoxy-

2-methyl-1,3-dioxolanyl)methoxy-6-phenoxy-1,3,5-triazine) (Khouri et al. 1992;

Khouri and Phanstiel 1992) or functionalized in the melt using a graftable cyclic

ortho ester such as 4-methacryloyloxymethyl-2-methoxy-2-methyl-1,3-dioxolane

Table 5.37 PEST/PPE blends – blends containing functionalized PPE: PEST-PPE copolymer

formation by carboxylic acid + electrophile reaction

Polyester/PPE Characterization and comments References

PBT (70)/PPE (30)/

ricinol-2-oxazoline

maleate/radical initiator

Brabender at 260 �C/SEM/melt index/HDT/mechanical

properties vs. control blend containing 2-ricinol-2-

oxazoline/1,3-bis(t-butylperoxyisopropyl)benzene RI

Oshima

et al. 1998

PET/epoxy or cyclic ortho

ester-functionalized

PPE/PE-co-GMA/SEBS

TSE at 280–300 �C/mechanical properties/morphology

vs. blends with unfunctionalized PPE or without

functionalized PE

Hwang

et al. 1996

PBT (2 parts)/PPE-g-

glycidyl acrylate (1 part;

4 % GA)/SEBS (0.33

parts)

TSE at 120–288 �C/PPE grafted in presence of

a lubricant/mechanical properties vs. PPE grafting

conditions

Khouri

et al. 1994

PBT (55)/PPE-g-GMA

(36)/SEBS (9)

TSE/mechanical properties/numerous other

functionalized PPE and functionalized PEST were

prepared, primarily in solution

Sybert et al.

1991

PBT (45 %)/

carbodiimide-

functionalized PPE

(45 %)/SEBS (10 %)

TSE/PPE functionalized in solution with 4,40-bis
(4-cyclohexylcarbodiimido) diphenylmethane/

mechanical properties/copolymer analysis by selective

solvent extraction/PET also used

Han and

Gately 1987

602 S.B. Brown



(Khouri et al. 1993). In either case, blends of various polyesters with cyclic ortho

ester-functionalized PPE showed markedly better mechanical properties compared

with control blends containing unfunctionalized PPE. Polyolefin grafted with cyclic

ortho ester could also be used in PEST blends comprising PPE grafted with cyclic

ortho ester (Khouri 1996).

5.9.8.3 Blends Containing Functionalized or Unfunctionalized PPE:
PEST-PPE Copolymer Formation through Coupling Agent or
Condensing Agent Addition

As illustrated in Table 5.38, coupling agents have been employed to compatibilize

PEST-PPE blends through copolymer formation between PEST carboxylic acid

Table 5.38 PEST/PPE blends: PEST-PPE copolymer formation through coupling agent addition

Polyester/PPE Characterization and comments References

PBT (55 parts)/PPE-g-FA

(32 parts; 2 % FA)/PE-co-GMA

(12 % GMA)

TSE at 250–290 �C/mechanical

properties vs. control blends/bis- and

tris-cyclic ortho ester and EPDM-g-

cyclic ortho ester used in place of

PE-co-GMA/SEBS or ZnSt optionally

added/PET, PEN, PBN also used

Brown et al. 1997b

PET (100-0 )/PPE (0-100)/

tetrafunctional epoxy resin

(0-0.5)

TSE at 265–290 �C/torque rheometry/

mechanical properties/FTIR/SEM/

DSC/ethyltriphenylphosphonium

bromide catalyst added/property

comparison vs. blend with difunctional

epoxy resin

Lo et al. 1997 (see also

Jana et al. 2001, for

PBT blends)

PET (48.5)/PPE (48.5)/

phosphorus tris(lactam) (3)

SSE at 270–280 �C/copolymer level by

selective solvent extraction/mechanical

properties vs. without tris(lactam)/

different tris(lactams) used/PET-PC-

PPE also studied

Glans and Akkapeddi

1991a

PET (3 parts)/PPE-g-MA

(2 parts; 1 % MA)/N,N0-bis
(2-methyl-2-nitropropyl)-1,4-

diaminobenzene (0.1 parts)

TSE at 270–300 �C/mechanical

properties vs. blends without

dinitrodiamine/also used PBT, other

functionalized PPEs, and other

dinitrodiamines

Mizuno et al. 1991

PBT (42)/PPE-g-FA (42)/SEBS

(10-12)/bis- or trisisocyanate

(2-9)

TSE at 265 �C/tris(6-isocyanatohexyl)
isocyanurate or 2,4-bis

(4-isocyanatophenylmethyl)phenyl

isocyanate/mechanical properties

vs. control blends/PET and elastomeric

PEST also used

Han 1988

PET/PPE/epoxidized

polybutadiene (0.5-5.0 parts;

7.5 % oxirane oxygen content)

TSE/mechanical properties vs. blends

with unfunctionalized PB/SB

copolymer optionally added

Kobayashi et al. 1988

PBT (50)/PPE-g-MA (50)/

diglycidyl ester of fatty acid

dimer (2)

Injection molded/mechanical

properties/HDT/melt viscosity

vs. blends with less epoxide

Nakamura et al. 1988
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end-groups and either PPE phenolic end-groups (unfunctionalized PPE) or PPE-g-

carboxylic acid or PPE-g-anhydride (functionalized PPE). Numerous similar examples

using epoxide coupling agents in PEST-PPE blends have been patented. Tang et al.

(1992) have employed a phosphite condensing agent in similar manner to form

compatibilizing copolymer. See also vanAert et al. (2001). Chen et al. (1993) employed

a catalyst of boric acid with either polyphosphoric acid or sulfuric acid as a condensing

agent to link PPE phenolic end-groups with LCP carboxylic acid end-groups.

5.9.8.4 Blends Containing Unfunctionalized PPE + Functionalized PS:
PEST-PS Copolymer Formation by Carboxylic Acid + Epoxide
Reaction

PEST/PPE blends have been compatibilized through graft copolymer formation

between polyester and a PPE-miscible functionalized styrene copolymer

(Table 5.39). In this instance, the reaction is between polyester carboxylic acid

Table 5.39 PEST/PPE/styrene copolymer blends – blends containing unfunctionalized PPE +

functionalized PS: PEST-PS copolymer formation by carboxylic acid + cyclic ortho ester or

epoxide reaction

Polyester/PPE/styrene copolymer Characterization and comments References

PBT (60)/PPE (40)/SB core +

MMA shell impact modifier with

GMA grafted onto shell (5)

Mini-extruder at 240 �C/TEM/

comparison of morphology with and

without addition of epoxy-

functionalized impact modifier

Aerdts et al. 1997

PBT (70-50)/PPE (30-50)/S-co-

GMA (2–15 % GMA) (0-20 parts)

TSE at 260 �C/mechanical properties/

SEM/DSC/torque rheometry/DMA/

ethyltriphenyl phosphonium bromide

catalyst (0-0.05 parts)

Liu et al. 1996 (see

also Han et al. 2011)

LCP (Hoechst Vectra A950)

(20-5)/PPE (40-47)/PS (40-47)/

S-co-GMA (2 %, 5 %, or 10 %

GMA) (0-5)

TSE at 290 �C/torque rheometry/

HDT/capillary rheometry/SEM/FTIR/

mechanical properties/

ethyltriphenylphosphonium bromide

catalyst (0-0.02 parts)

Chang and Chang

1995

PET (50-20)/PPE (50-80)/PS

(0-20)/S-co-GMA (15 % GMA)

(0-10 parts)

TSE at 290 �C/DSC/DMA/SEM/also

addition of phenoxy resin

Liang and Pan 1994

(see also Sano and

Ohno 1988)

PBT (20-80)/PPE (15-50)/SEBS

(5-25)/styrene-cyclic ortho ester

copolymer (2-15)

TSE at 270 �C/impact strength

vs. blends with unfunctionalized

PS/PS copolymer prepared using

styrene and

4-methacryloyloxymethyl-2-

methoxy-2-methyl-1,3-dioxolane, for

example

Khouri 1993

PBT (60)/PPE (30)/styrene-

isopropenyl oxazoline copolymer

(10 parts)/PC (8 parts)/SEBS

(12 parts)

TSE at 320 �C/mechanical properties

vs. blend without functionalized PS or

using SMA

Hamersma

et al. 1991

PET (30)/PPE (70)/SEBS-g-S-

GMA (20)

TSE/mechanical properties vs. blend

without functionalized SEBS

Mayumi and Omori

1988
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end-groups and pendent electrophilic groups on the styrene copolymer such as

epoxide, oxazoline, cyclic ortho ester, and the like typically leading to a new ester

linkage in the resulting copolymer. In the examples where the new ester linkage

is formed from an epoxide group, a secondary alcohol group forms as well.

The new secondary alcohol may also react with polyester main-chain

linkages to form copolymer through a degradative transesterification process.

Since there are typically multiple epoxide sites on the styrene copolymer, some

cross-linked copolymer may result as well if the polyester is functionalized at

both ends. The proportion of cross-linked copolymer formed also depends upon

functionality concentration on both PEST and PS, blend composition, and

processing conditions.

5.9.9 Polyester + Polyphenylene Sulfide Blends

Luo et al. (2013) employed a disulfide-modified PPS in compatibilized blends with

LCP blend characterization techniques including rheological, mechanical, and

thermal properties. Gopakumar et al. (1999) reported transesterification of thermo-

tropic LCP with carboxylic acid-terminated PPS. Blends were characterized by

morphology, mechanical properties, and DSC. Hanley et al. (1999) used a similar

compatibilization strategy for blends of PET and carboxylic acid-terminated

PPS. Chen et al. (1993) employed a catalyst of boric acid with either

polyphosphoric acid or sulfuric acid as a condensing agent to link PPS thiol

end-groups with LCP carboxylic acid end-groups.

5.9.10 Polyester + Polyphosphonate Blends

Kauth et al. (1988) have disclosed transesterification of aromatic polyesters and a

polyphosphonate in a devolatilizing extruder. For example, a polyester derived from

bisphenolA and 1:1 iso/terephthalic acid dissolved in dichloromethane/chlorobenzene

was devolatilized along with a similar solution of a polyphosphonate derived from

methanephosphonic acid and 4,40-dihydroxybiphenyl in a TSE at 340 �C. The isolated
transparent product had a single Tg by DSC and improved impact strength compared

to test parts of the individual homopolymers. Polycarbonate and polyestercarbonates

were also successfully transesterified with polyphosphonate using this procedure.

5.9.11 Polyester + Polypropylene Blends

5.9.11.1 Copolymer Formation by Alcohol + Anhydride Reaction
Bettini et al. (2013) prepared PET/PP blends in a TSEwith addition of PP-g-MA, the

latter grafted polymer prepared using MA alone or MA in the presence of styrene

monomer. The extent of PP degradation and MA incorporation was measured

as a function of styrene monomer level. The effect of styrene level in PP-g-(S)MA
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on subsequent blend properties was assessed using rheology, mechanical properties,

and SEM. A similar study was performed by Khonakdar et al. (2013). See also

Zhidan et al. (2011) for PET/PP/PP-g-MA blends incorporating recycle PET.

Akbari et al. (2007) prepared PET/PP blends using 5, 10, or 15 wt% PP-g-MA,

the latter grafted polymer being prepared by solid-state grafting. Characterization

methods included DSC, optical microscopy, SEM, and EDXA.

Xue et al. (2007a, b) investigated the effects of PP-g-MA addition for

compatibilizing blends of PTT and PP. Rheological, morphological, thermal and

mechanical properties were measured. For blends of poly(esteramide) LCP with

PP-g-MA, see Seo et al. (2006).

5.9.11.2 Copolymer Formation by Carboxylic Acid + Epoxide Reaction
PEST/PP blends have been compatibilized through graft copolymer formation by

reaction of polyester carboxylic acid end-groups with pendent epoxide groups on

an appropriate PP or on a PO or styrene-polyolefin copolymer showing some

miscibility with PP (Table 5.40). The copolymer is joined through a new ester linkage.

When the new ester linkage is formed, a secondary alcohol group forms as well

through ring opening of the epoxide. It is theoretically possible that the new secondary

alcohol may also react with polyester main-chain linkages to form copolymer through

a degradative transesterification process. Since there are multiple reactive sites on the

epoxide-containing polymers, some cross-linked copolymer may result if the acid-

containing polymer is functionalized at both ends. The proportion of cross-linked

copolymer formed also depends upon blend composition and processing conditions.

An example is also included in this section where a compatibilizing copolymer is

postulated to form by reaction between acidic phenolic end-groups on polycarbonate

and epoxide groups grafted to PP (Zhihui et al. 1998, 1997).

Using a TSE at 180 �C, Vainio et al. (1996b) have prepared blends of 42 parts

poly(butyl acrylate-co-GMA) (2–5 mol% GMA) with 53-58 parts PP and 0-5 parts

PP-g-AA (6%AA) as a compatibilizer. A cross-linked copolymer may result through

reaction of epoxide groups along the copolyester main chain with acid groups grafted

at more than one site along the PP chain (or with acid groups along a poly(acrylic

acid) segment grafted at a single PP site). The blends were characterized by DMTA,

gel content, FTIR, and TEM. Other functionalized poly(butylacrylate) copolymers

for use in these blends were also prepared by copolymerization with olefinic

oxazoline-, amine-, carboxylic acid-, and hydroxyl-containing monomers.

5.9.11.3 Copolymer Formation by Carboxylic Acid + Oxazoline Reaction
Vainio et al. (1997, 1996a) have compatibilized PEST/PP blends by graft copoly-

mer formation between acid-terminated polyester and oxazoline-grafted

PP. Specifically, 30 parts PBT was mixed with 0-70 parts PP and 0-70 parts

PP-g-oxazoline in an internal mixer at 250 �C or TSE at 240 �C. Blends were

characterized by SEM, torque rheometry, DMA, and DSC. Oxazoline-

functionalized PP was prepared by grafting PP with ricinol oxazoline maleinate

in the presence of styrene monomer + RI. The inclusion of styrene monomer

suppresses radical-induced decomposition of PP. Some cross-linked copolymer
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may also form in this blend if the polyester is acid-functionalized at both chain

ends. See also Vocke et al. (1998) and Jeziórska (2001).

5.9.11.4 Copolymer Formation through Ionomeric Cross-Linking
Compatibilized blends of 90 parts PBT and 10 parts oxidized PP or its

corresponding Na ionomer were prepared in TSE at 240 �C (Dang et al. 2005).

Blends were characterized by mechanical properties, morphology, and MFR com-

pared to blends with unfunctionalized PP.

5.9.11.5 Copolymer Formation by Radical Coupling
Li et al. (2012c) prepared blends of poly(lactic acid) with PP in the presence of

radical initiator. Blend characterization techniques included DSC. The effects of

different radical initiators and different concentrations of RI were studied.

Table 5.40 PEST/PP blends: copolymer formation by carboxylic acid + epoxide reaction

Polyester/polypropylene Characterization and comments References

Poly(lactic acid)/PP-g-GMA Extrusion/MFR/AFM/effects of

varying GMA content (0–3 %)/PP

grafted with GMA in presence of

multifunctional acrylate monomer

Li et al. 2012d

PET (80-50)/PP-g-GMA

(20-50; 5.2 wt% GMA)

Brabender mixer/SEM/DSC/melt

viscosity/PP grafted with GMA in

presence of styrene monomer

Pracella and Chionna

2003

PBT/PP/PP-g-MA/

multifunctional epoxy resin

Mechanical properties/morphology/

rheometry

Shieh et al. 2001

LCP (Rodrun LC3000)/PP/

PP-g-GMA

Morphology/DSC Yu et al. 2000

PC (30-10)/PP (70-90)/

PP-g-GMA (0.46 mol% GMA)

(2.5-20)

TSE at 250 �C/mechanical properties/

selective solvent extraction/SEM/

DSC/WAXS

Zhihui et al. 1997, 1998

PET (80-17.5)/PP (17.5-80)/

SEBS-g-GMA (0-5) or

SEBS-g-MA

TSE at 275 �C/mechanical properties/

SEM/rheology/DMTA

Heino et al. 1997b

LCP/PP/E-GMA Morphology, DSC, mechanical

properties

Chiou et al. 1996b

PBT (30)/PP-g-GMA (70) TSE at 240 �C/one-step grafting of

GMA to PP followed by downstream

feeding and copolymer formation with

PBT/comparison to two-step process/

effects of processing conditions/

mechanical properties/SEM/rheology/

failure of PP-MA or PP-g-AA to act as

compatibilizer

Hu et al. 1996;

Sun et al. 1996;

Champagne et al. 1999

Poly(butyl acrylate)-co-GMA

(2–5 mol% functional

monomer) (42)/PP (53-58)/

PP-MA (0.4 % MA)

TSE at 180 �C/mechanical properties/

DMTA/gel content/FTIR/TEM/poly

(butyl acrylate) also copolymerized

with olefinic oxazoline, amine,

carboxylic acid, or hydroxyl

Vainio et al. 1996b
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5.9.12 Polyester + Polysulfone Blends

Zhang and He (2002) have compatibilized LCP polyester (Hoechst Vectra® B950)

with polysulfone-g-MA, the functionalized polysulfone having been prepared in

solution. Blend characterization techniques included XPS, DMA, morphology and

melt viscosity.

5.9.13 Polyester + Styrene Copolymer Blends

5.9.13.1 Copolymer Formation by Alcohol + Anhydride or Carboxylic
Acid Reaction

Studies have been made of PEST/styrene copolymer compatibilization in which

a copolymer is formed between polyester alcohol end-groups and pendent anhy-

dride functionality on a styrene copolymer (Table 5.41). Because the alcohol-

anhydride reaction is reversible with the equilibrium lying on the side of unreacted

anhydride, only a relatively small amount of copolymer may be formed. Thus, the

dispersed phase polymer may not be well stabilized against coalescence upon

further thermal treatment (for a discussion, see, e.g., Sun et al. 1996 and Boyer

et al. 2005). Alternatively, at least some copolymer may be formed by a degradative

mechanism through transesterification between polyester main-chain linkages and

a low concentration of pendent acid groups in anhydride-functionalized styrene

copolymer. See also the work of Wu et al. (2010) for blends comprising PBT and

ultrafine, vulcanized ABS wherein a copolymer was postulated to form between

PBT-OH groups and surface carboxyl groups on ABS.

5.9.13.2 Copolymer Formation by Carboxylic Acid + Epoxide Reaction
As the examples of Table 5.42 demonstrate, PEST/styrene copolymer blends may

be compatibilized through graft copolymer formation by reaction of polyester

carboxylic acid end-groups with pendent epoxide groups on an appropriate styrene

copolymer. Also included in the table is an example of graft copolymer formation

in PC-styrene copolymer blends through reaction of styrene copolymer carboxylic

acid pendent groups with epoxide end-groups on an appropriately functionalized

PC. In either case, the copolymer formed is joined through a new ester linkage.

When the new ester linkage is formed, a secondary alcohol group is also formed

through ring opening of the epoxide. The new secondary alcohol may also react

with polyester main-chain linkages to generate copolymer through a degradative

transesterification process. When there are multiple reactive sites on at least one of

the two polymers, some cross-linked copolymer may result depending upon

functionalized polymer type, blend composition, and processing conditions.

5.9.13.3 Copolymer Formation by Transreaction
Bolton et al. (2005) prepared a copolymer of S-AN and alpha-methyl-

p-hydroxystyrene. The copolymer was shown to be an effective compatibilizer for

PC/SANblends extruded in the presence of tetraphenylphosphoniumbenzoate catalyst.

608 S.B. Brown



Su et al. (2001a, b) have prepared blends of PBT with hydroxy-functionalized

polystyrenes which differed in the number of hydroxy groups per chain. The effects

of triphenyl phosphite and titanium butoxide on PBT chain degradation and copol-

ymer formation were studied. Blends were characterized by FTIR, DSC, GPC,

morphology, rheology, and mechanical properties.

Wildes et al. (1999) have reported compatibilized blends of PC with amine-

functionalized SAN.

In a study by Landry et al. (1994), 50 parts PBT (or PET) was extruded with

50 parts poly(vinylphenol) using a mini-SSE at 254 �C or 293 �C, followed by

annealing at 265 �C or 290 �C. The blends were characterized by DSC. Copolymer

formation evidently occurs through a degradative reaction between pendent phe-

nolic groups on poly(vinylphenol) and ester linkages in the polyester main chain.

A low molecular weight polyester fragment results from this process.

5.9.13.4 Copolymer Formation by Miscellaneous Reactions
Liu et al. (2011a) prepared compatibilized PBT-ASA blends by addition of epoxy

resin coupling agent. Blends were characterized by mechanical properties and

morphology (TEM and FESEM).

Lee and Park (2001) prepared compatibilized PC-PBT-PS blends through

reacting PBT with oxazoline-functionalized PS. See Becker and Schmidt-Naake

(2003) for compatibilized blends of PC with oxazoline-functionalized SAN and

Table 5.41 PEST/styrene copolymer blends: copolymer formation by alcohol + anhydride

reaction

Polyester/styrene copolymer Characterization and comments References

PC/SEBS-g-MA/

triazabicyclodecene catalyst

260 �C optimum T/SEC/rheology + Van

Gurp-Palmen plot/DSC/also studied stannous

octoate catalyst

Chevallier et al.

2013

PET/ABS-g-MA Torque rheometer/SEM/DMA/use of

recycle PET

Wang

et al. 2012d

PET/SB-g-MA Correlation of rheology, mechanical

properties, and morphology

Sanchez-Solis

et al. 2001

PET/PS/SMA Melt mixing at 280 �C/morphology/

mechanical properties/thermal properties/

selective solvent extraction/viscosity change

Yoon

et al. 2000

PBT (70)/ABS (30)/SMA

(2.5-7.5)

SSE at 255 �C/mechanical properties Basu and

Banerjee 1997

PET (99-95)/SEBS-g-MA

(0–4.5 % MA) (1-5)

TSE at 260–280 �C/IV/SEM/DSC/selective

solvent extraction/mechanical properties/

rheology

Tanrattanakul

et al. 1997a, b

PET (100-0)/ABS (0-100)/

ABS-g-MA (3.5 % MA)

(0-100)

Extruded at 280 �C/DMA/DSC/mechanical

properties/SEM/FTIR/optical microscopy

Kalfoglou et al.

1996

PET (100-0)/SEBS-MA

(1.8 % MA) (0-100)

TSE at 280 �C/DMA/DSC/mechanical

properties/SEM/FTIR/optical microscopy/use

of recycle PET/ternary blends with HDPE also

prepared

Kalfoglou et al.

1995 (see also

Yu et al. 2004)
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Table 5.42 PEST/styrene copolymer blends: copolymer formation by carboxylic acid + epoxide

reaction

Polyester/styrene copolymer Characterization and comments References

PET (90)/S-BA copolymer

(10)/PS-co-GMA (5)

TEM/optical microscopy/mechanical

properties/also used S-MMA or SEBS in

place of S-BA/also PC-ABS and PC-HIPS

blends with PS-g-GMA

Gonzalez-Montiel

et al. 2013

Poly(lactic acid) (5-10)/

S-co-GMA (0–10 wt% GMA;

95-90)

Batch mixer at 210 �C/PLA phase

domain size by solution light

scattering/also used isocyanate

functionalized PS

Wang et al. 2013a

Poly(lactic acid)/GMA-f-

ABS/ethyltriphenyl

phosphonium bromide

catalyst

FTIR/DMA/SEM/TEM/mechanical

properties

Sun et al. 2011

Poly(lactic acid)/ABS/

SAN-co-GMA/ethyltriphenyl

phosphonium bromide

catalyst

DMA/SEM/TEM/mechanical properties Li and Shimizu

2009

PBT/SBS/PS-co-GMA Morphology/mechanical properties/effect of

SBS styrene content and block length/effect

of GMA level

Canto et al. 2006

PBT/SAN-GMA Mechanical properties/also blends with

unfunctionalized SAN or with poly-

isocyanate

Lumlong et al.

2006

PBT/ABS-co-GMA

(optionally with PC)

DMA/DSC/SEM/morphology/rheology/

mechanical properties/effect of GMA content

Sun et al. 2005

(see also Sun

et al. 2013)

PET/SEBS-g-GMA DSC/rheometry/morphology/mechanical

properties

Pracella and

Chionna 2004

PEN/PS/S-co-GMA Mechanical properties/morphology/rheology

also blends with PTT

Huang 2003;

Huang et al. 2003

PBT/HIPS-g-GMA Mechanical properties/SEM/DMA Yang et al. 2002a

LCP/SAN-co-GMA Morphology/mechanical properties/addition

of ethyl triphenylphosphonium bromide

catalyst

Huang et al. 2001

PBT/ABS/MMA-EA-GMA

copolymer

TSE/morphology stability/

mechanical properties/SAN used

in place of ABS

Hale et al. 1999a, b

PBT/PS/S-GMA Melt blending/selective solvent extraction/

GPC/FTIR/SEM/comparison to solution

blend

Jeon and Kim

1998a, b

PBT (90-10)/PS (10-90)/

S-GMA (0-9)

Internal mixer at 200 �C/SEM/TEM/rheology Kim et al. 1997a

LCP (75-10) (Hoechst Vectra

A900)/PS (25-90)/S-GMA

(5 % GMA) (5)

TSE at 290 �C/torque vs. time measurements/

rheology/mechanical properties/FTIR/SEM/

catalysis using phosphonium salt

Chiou et al. 1996a

PBT (75-25)/PS (25-75)/

S-GMA (0-10 parts)

Internal mixer at 230–240 �C/DSC/DMTA/

rheology/SEM

Kim and Lee 1996

(continued)
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Becker and Schmidt-Naake (2004) for compatibilized blends of PC with oxazoline-

or benzoxazole-functionalized ABS.

Lee and Park (2000) found evidence for copolymer formation in blends of

anhydride-terminated PC and oxazoline-functionalized PS prepared in a Haake

mixer. Blends were characterized by torque rheometry, SEM, FTIR, NMR, and

mechanical properties. Anhydride-terminated PC was prepared by reaction of PC

phenolic end-groups with trimellitic anhydride acid chloride (cf. Hathaway and

Pyles 1988, 1989).

Lee et al. (2000) prepared compatibilized PET-PS blends through reacting PET

with carbamate-functionalized PS, the carbamate serving as a masked isocyanate.

Ju and Chang (1999) prepared compatibilized PET-PS blends through blending

PET and PS with SMA in the presence of a tetra-epoxide coupling agent.

Krabbenhoft (1986) prepared copolymers of PC with SEBS by extrusion with a

disulfonyl azide. In one example, a blend of PC (1 part), SEBS (2 parts), and

4,40-biphenyl disulfonyl azide was extruded on an SSE at 182 �C. This extrudate
was melt blended with EEA and additional PC to give a blend comprising 82.5 %

PC, 7.5 % SEBS, and 10 % EEA. Copolymer formation was shown by selective

solvent extraction. Improved impact strength was seen in comparison to blends

prepared without disulfonyl azide.

5.9.14 Polyester + Polyurethane Blends

Dogan et al. (2013) prepared blends of poly(lactic acid) with TPU through

addition of 1,4-phenylene diisocyanate coupling agent. Characterization techniques

included mechanical, thermal, morphological, and rheological properties.

Table 5.42 (continued)

Polyester/styrene copolymer Characterization and comments References

PBT (75-25)/ABS (25-75)/

SAN-GMA (0-5) (2, 4, and

10 % GMA in copolymer)

TSE/FTIR/morphology/mechanical

properties vs. use of unfunctionalized

SAN/melt flow/titration of residual acid

groups/use of ethyltriphenylphosphonium

bromide catalyst

Lee et al. 1994

PET (75-25)/PS (25-75)/

S-GMA (5 % GMA) (0-5)

(2, 5, and 10 % GMA in

copolymer)

TSE at 270 �C/torque rheometry/mechanical

properties/SEM/melt viscosity/use of

ethyltriphenylphosphonium bromide catalyst

Maa and Chang

1993

PET (50) or PETG/S-GMA

(5 % GMA) (50)

Internal mixer at 270 �C/torque rheometry/

GPC/effects of residual levels of different

catalysts used to synthesize polyesters

Stewart et al.

1993b

Epoxy triazine-capped PC

(1 part)/SMA (1 part;

14 % MA)

TSE at 125–265 �C/copolymer analysis by

selective solvent extraction

Brown et al. 1991a
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Imre et al. (2013) also prepared compatibilized blends of poly(lactic acid) with

polyurethane elastomer by coupling reaction under extrusion conditions. Copoly-

mer formation was shown by SEM, AFM, DMA, and mechanical property

measurement.

Archondouli et al. (2003) studied blends of PC with polyester-type polyurethane

using SEM, mechanical properties, DMA, DSC, TGA, FTIR, and NMR. Formation

of copolymer was shown by selective solvent extraction and spectroscopic analysis.

Samios et al. (2000) prepared PET blends with polyester polyurethane.

Blends were characterized by mechanical properties, DMA, NMR, and

morphology. An esteramide interchange reaction was proposed as the mechanism

for compatibilizing copolymer formation.

5.10 Polyether or Polyphenylene Ether Blends

Examples of polyether blends not shown in earlier sections are listed in alphabetical

order of the second polymer in the blend unless otherwise noted. Included in this

section are polyphenylene ether blends not described in sections on PA, PEST,

or PO. When copolymer characterization was not performed, the structure of the

compatibilizing copolymer is inferred from the functionality location on each of the

two polymers. In some cases, more than one type of compatibilizing copolymer

may have formed.

5.10.1 Polyether + Polyolefin Blends

5.10.1.1 Copolymer Formation by Alcohol + Anhydride Reaction
Compatibilizing copolymers have been formed by direct reaction between pendent

alcohol groups of phenoxy resin and pendent anhydride groups on MA-grafted

polyolefins. Again, the initial product of the reaction was a graft copolymer,

but longer reaction time resulted in a cross-linked copolymer since the

pendent phenoxy chain is capable of further reaction with MA on a different

polyolefin chain. Mascia and Bellahdeb (1994a, b) have blended 75-25 parts

phenoxy resin with 25-75 parts EP-g-MA (0.7 % MA) in either an internal mixer

or a TSE at 180–200 �C. The blends were characterized by selective solvent

extraction, SEM, DSC, and rheology. Increased cross-linking was observed

with increasing MA-to-phenoxy ratio and with the addition of either NaOEt

or sodium benzoate (2 %). The resulting copolymers were used to compatibilize

PET + HDPE blends.

5.10.1.2 Copolymer Formation by Alcohol + Ester Transreaction
Kim and Choi (1996b) have compatibilized blends of phenoxy resin with

PMMA. Compatibilizing cross-linked copolymer resulted from transreaction

between phenoxy pendent alcohol groups and pendent PMMA ester groups.
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Compositions of 100-0 parts phenoxy resin and 0-100 parts PMMA were prepared

in an internal mixer at 240 �C. The blends were characterized by DSC, FTIR,

mechanical properties, rheology, and DMA. Mascia and Bellahdeb (1994a, b) have

compatibilized phenoxy polyether resin with an acid-functionalized polyacrylate

resin through cross-linking. A base capable of forming alkoxide from the polyether

hydroxy groups was used. Thus, 75-25 parts phenoxy resin and 25-75 parts

E-tBA-AA terpolymer (or EMAA Na ionomer) were blended in an internal

mixer or TSE at 180–200 �C in the presence of 2 parts NaOEt. Blends were

characterized by selective solvent extraction, SEM, DSC, and rheology. The

resulting cross-linked copolymers were used to compatibilize PET + HDPE.

5.10.1.3 Copolymer Formation by Miscellaneous Reactions
Frick et al. (2013) prepared compatibilized blends of PEEK and PTFE (component

ratios 0-100 to 100-0) using melt-processable PTFE treated by electron beam

radiation to introduce –COF and –COOH functional groups by chain scission.

Blend characterization techniques included mechanical properties and morphology.

5.10.2 Polyether + Styrene Copolymer Blends

5.10.2.1 Copolymer Formation by Alcohol + Anhydride Reaction
Bayam and Yilmazer (2002) have reported compatibilization of poly

(tetramethylene ether glycol) with SMA prepared in a batch mixer or in a TSE in

the presence of zinc acetate hydrate. Blends were characterized using thermal,

mechanical, morphological, and spectroscopic techniques. FTIR analysis indicated

the presence of copolymer from ester formation.

5.10.2.2 Copolymer Formation by Alcohol + Epoxide Reaction
Compatibilizing copolymers have been formed by direct reaction between pendent

alcohol groups of phenoxy resin and pendent epoxide groups onGMA-grafted styrene

copolymer. Again, the initial product of the reaction was a graft copolymer, but longer

reaction time resulted in a cross-linked copolymer since the pendent phenoxy chain

was capable of further reaction with GMA. Furthermore, the new hydroxy group

arising from ring-opened epoxy groupsmay also participate in cross-linking reactions.

It is also possible that some cross-linked copolymer resulted from transesterification

between pendent hydroxy groups on phenoxy resin and the GMA ester groups. Chen

and Chang (1994) have prepared blends of 75-45 parts phenoxy resin and 25-50 parts

ABS with addition of 0-10 parts SAN-GMA (5 % GMA) copolymer in an internal

mixer or a TSE at 230 �C. The blends were characterized by torque rheometry, SEM,

viscosity behavior, and mechanical properties. Sodium lauryl sulfonate (0.02-0.10

parts) was added as a catalyst to promote the copolymer-forming reaction.

5.10.2.3 Copolymer Formation by Amine + Anhydride Reaction
Schaefer et al. (1995) prepared blends of poly(tetrahydrofuran) with SMA in

the presence of bis(amine)-terminated poly(tetrahydrofuran). Characterization
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techniques included FTIR and microscopy. Reaction rate constants were deter-

mined. The effects of temperature and poly(tetrahydrofuran) MW were studied.

5.10.3 Polyetherimide + Polyphenylene Ether Blends

PEI-PPE blends have also been compatibilized through copolymer formation

between functionalized PPE and PEI in the presence of a multifunctional epoxy

resin such as PE-co-GMA (Brown et al. 2000a). Functionalized PPE included

PPE-g-FA. Catalysts such as sodium stearate were optionally added.

PEI-PPE blends have also been compatibilized through copolymer formation

between anhydride-functionalized PPE such as PPE-g-FA and amine-terminated PEI

(White et al. 1989). Amine-terminated PEI was prepared from bisphenol A-diphthalic

acid anhydride and m-phenylene diamine, the latter used in excess. Copolymer

analysis was by selective solvent extraction. Mechanical properties and morphologies

were compared to blends with unfunctionalized PPE and PEI.

5.10.4 Polyetherimide + Polyphenylene Sulfide Blends

PEI-PPS blends have also been compatibilized through copolymer formation

between amine-containing PEI and PPS in the presence of a multifunctional

epoxy resin such as epoxy cresol novolak (Nazareth 1996).

5.10.5 Polyphenylene Ether + Polyphenylene Sulfide Blends

Some early work on copolymer-compatibilized PPE-PPS blends is summarized in

Arashiro et al. (1992). PPE-PPS blends have also been compatibilized through

copolymer formation between citric acid-functionalized PPE (e.g., 162 parts) and

PPS (e.g., 225-275 parts) in the presence of a multifunctional epoxy resin (0-17.5

parts) and a minor amount of PBT (25-50 parts) (Brown et al. 1997a) or in the

presence of a epoxy-functionalized PO and a catalyst (Brown et al. 2001) or in the

presence of a bifunctional cyclic ortho ester compound (Brown et al. 1998a).

See also Dekkers (1989) and Inoue et al. (1990). Okabe et al. (1989) have prepared

compatibilized blends comprising PPE-g-MA and amine-functionalized PPS in the

presence of 4,40-diphenylmethane diisocyanate coupling agent.

PPE-PPS blends have also been compatibilized through copolymer formation

between a PPS bearing nucleophilic functional groups and either epoxy-

functionalized PPE (Han et al. 1992) or cyclic ortho ester-functionalized PPE

(Brown et al. 1996). In the former case, PPE was functionalized by reaction with

a chloro-epoxy triazine and, in the latter, by reaction with either a chloro (cyclic

ortho ester) triazine or a graftable cyclic ortho ester.

Kubo and Masamoto (2002) have prepared compatibilized blends of PPE and

PPS through addition of styrene-co-GMA.

614 S.B. Brown



5.10.6 Polyphenylene Ether + Polysiloxane Blends

PPE-polysiloxane blends have also been compatibilized through copolymer forma-

tion between amine-terminated polydimethylsiloxane and either epoxy-

functionalized PPE (Blohm et al. 1995) or anhydride-functionalized PPE

(Shea et al. 1989). Compatibilized blends have also been formed by extrusion of

PPE with epoxy-functionalized polydimethylsiloxane (Cella et al. 2002) and by

kneading of anhydride-functionalized PPE with carboxylic acid-functionalized

polydimethylsiloxane in the presence of a diamine coupling agent (Moritomi and

Iji 2002).

5.10.7 Polyphenylene Ether + Styrene Copolymer Blends

PPE is not miscible with SMA containing as much as 28 % MA (Witteler

et al. 1993). To compatibilize these two resins, Koning et al. (1993b, 1996) have

added a monoamine-terminated PS that can form a graft copolymer with

SMA. Since the amine-terminated PS is miscible with PPE, compatibilized

PPE-SMA blends are obtained. Specifically, 30 parts of unfunctionalized PPE

was blended (internal mixer at 220 �C, or mini-SSE at 280 �C, or TSE at 326 �C)
with 56 parts SMA (28 % MA) and 14 parts amine-functionalized PS. The blend

was characterized by TEM, SEM, mechanical and thermal properties, DMA, and

GPC copolymer detection. The effect of pre-reacting amine-terminated PS with

SMA was studied. The blend properties were compared to those for

uncompatibilized blends. Blends were also made containing ABS + SEBS. Further

examples of compatibilizing copolymer formation in PPE-styrene copolymer

blends are shown in Table 5.43.

5.11 Polyolefin Blends

Examples of polyolefin blends not shown in earlier sections are listed in alphabet-

ical order of the second polymer in the blend unless otherwise noted. PVC is

included as a polyolefin. When copolymer characterization was not performed,

the structure of the compatibilizing copolymer is inferred from the functionality

location on each of the two polymers. In some cases, more than one type of

compatibilizing copolymer may have formed.

5.11.1 Polyolefin + Polyolefin Blends (Excepting Polypropylene)

5.11.1.1 Copolymer Formation by Alcohol + Anhydride Reaction
Yang et al. (2013) prepared compatibilized blends of EVAl with maleic anhydride-

grafted ethylene-octene copolymer (0–25 wt%). Blends were characterized using

mechanical, thermal, FTIR, and morphological techniques.
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Wang et al. (2007c) prepared blends of HDPE and EVAl compatibilized through

addition of HDPE-g-MA. Characterization methods included mechanical, thermal,

and rheological properties.

Boyer et al. (2005) have reported that hydroxy-functionalized oligomers have

little tendency to form a stable graft to PP-g-MA under the conditions studied.

Lee and Kim (1998) prepared compatibilized blends of EVAl with LDPE by

addition of LDPE-g-MA (1–12 phr).

Schmukler et al. (1986a, b) prepared compatibilized blends of PVAl with an

anhydride-functionalized polyethylene. For example, 50 wt% PVAl was reacted at

325 �C in a Brabender mixer with 50 wt% HDPE grafted with 1.5 wt%

methylbicyclo(2.2.1)-hept-5-ene-2,3-dicarboxylic anhydride. Characterization

showed evidence for copolymer formation and no gross phase separation.

5.11.1.2 Copolymer Formation by Carboxylic Acid + Epoxide Reaction
As shown in Table 5.44, immiscible blends containing at least two polyolefins have

been compatibilized through cross-linked copolymer formation between carboxylic

acid groups at multiple sites on one polyolefin and epoxide groups at multiple sites

on another polyolefin.

5.11.1.3 Copolymer Formation through Coupling Agent Addition
Examples in Table 5.45 show use of coupling agents that can, in theory, react

at sites along the main chain of each of the two immiscible polyolefins. The work

of Inoue (1994a, b) and of Naskar et al. (1994) involve concomitant dynamic

vulcanization of an elastomeric phase with an added cross-linking agent.

Table 5.43 PPE/styrene copolymer blends: copolymer formation by miscellaneous reactions

PPE/styrene copolymer Characterization and comments References

PPE (30)/sPS (70)/S-IPO (0-25)/

SEBS (0-20)/SEBS-g-MA ( 0-20)

TSE/SEM/rheology/DMA/DSC/mechanical

properties/effect of mixing protocol

Choi et al.

1999

PPE-g-MA/ABS/SAN-g-GMA Mechanical properties/morphology/different

mixing regimes/use of different ABS types

Lee et al.

1999a

PPE-g-FA (5 parts; 1 % FA)/PS

(0.25 parts)/ABS-FA (4 parts; 1 %

FA)/SEBS (0.95 parts)/hexanediol

(0.03 parts)

TSE/mechanical properties vs. blends with

unfunctionalized polymers or without diol/also

used PPE-g-MA and SAN-g-MA/also used

PPE-g-maleic acid monoethyl ester and

ABS-g-GMA/also used hexamethylenediamine

or glycerindiglycidyl ether

Taubitz et al.

1988a, b, c, d

PPE-g-FA (4.5 parts)/SAN (2.3

parts)/SBS (1.2 parts)/core-shell

impact modifier derived from a

cross-linked butyl acrylate core and a

SAN-GMAshell (2 parts; 3%GMA)

TSE/mechanical properties vs. blends with

unfunctionalized PPE

Taubitz et al.

1988f

PPE (400)/SAN (600)/p-quinone

dioxime (2)

Brabender or TSE/mechanical properties

vs. blends without dioxime or with

RI/copolymer determined by selective solvent

extraction/PS used in place of SAN/also used

p-dinitrosobenzene

Ueno and

Maruyama,

1982b
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5.11.1.4 Copolymer Formation through Ionomeric Cross-Linking
Mediated by Metal Cations

Examples of some immiscible polyolefin blends that have been compatibilized

through ionomeric cross-linking between ionic groups on each polyolefin are listed

in Table 5.46.

Table 5.44 PO/PO blends: copolymer formation by carboxylic acid + epoxide reaction

Polyolefin/

polyolefin Characterization and comments References

HDPE-g-MA/ENR Morphology/mechanical properties/also

used phenolic-modified HDPE in place of

HDPE-g-MA

Nakason et al. 2008

Poly(acrylic acid)

(50)/ENR (50)

Internal mixer at 180 �C/rheology/solvent
swelling/SEM/mechanical properties/DMA/

carbon black filler (0–25 phr)/effects of

mixing sequence

Mallick et al. 1993, 1997

PE-g-AA (6 % AA)

(100-0)/ENR

(0-100)

Internal mixer at 150 �C/mechanical

properties/DMA/solvent swelling/effects of

adding ZnO or ZnSt to form ionomeric

network/DSC/FTIR/UV/SEM

Mohanty et al. 1995, 1996,

1997; Mohanty and Nando

1997

NBR-g-AA (71-0)/

ENR (7-75)/PVC

(14-75)

Internal mixer at 180 �C/mechanical and

thermal properties/FTIR

Ramesh and De 1993

PE (23)/PE-g-MA

(3)/NR (58)/ENR

(17)

Internal mixer at 150 �C/mechanical

properties vs. omission of functionalized

polymers/morphology

Choudhury and Bhowmick

1989

Table 5.45 PO/PO blends: copolymer formation through coupling agent addition

Polyolefin/polyolefin Characterization and comments References

EPDM/PVC/benzoyl peroxide/

trimethylolpropane trimethacrylate

Melt mixing/physical characterization/also

vulcanization using phenolic resin and tin

chloride

Stelescu

2008

HDPE (50)/PVC (50)/NBR (0-15)/

TAIC (0-2)/DCP RI (0-1.5)

Two-roll mill at 160 �C/SEM/mechanical

properties vs. NBR presence/selective solvent

extraction

Fang et al.

1997

LDPE (80)/PVC (20)/TAIC (4)/

DBP (0.5-1) or DCP RI

Internal mixer at 180 �C/mechanical

properties/SEM/10 % EA-MMA added as

processing aid/also use of recycled PVC

and PE

Ajji 1995

EPDM (20)/EP (80)/m-phenylene

bismaleimide (0.075-0.6)

TSE at 210 �C/mechanical and thermal

properties/morphology/selective

solvent extraction/evidence for EP-EPDM

copolymer

Inoue

1994a, b

NR (100-0)/NBR-AA (0-100)/bis

(diisopropyl) thiophosphoryl

disulfide (3)

Lab mill/SEM/swelling index/rheology/

mechanical properties

Naskar

et al. 1994
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5.11.1.5 Copolymer Formation Involving Mechanochemical Radical
Formation

Radicals may be formed on polyolefins under high-shear mixing conditions in

a process termed mechanochemical radical generation. Two immiscible polyolefins

may both be subject to mechanochemical radical generation during extrusion

processing. In blends of PO that are not prone to degradation upon radical forma-

tion, a cross-linked copolymer may result from the recombination of radicals from

each polymer. As a result, a compatibilized blend with improved physical proper-

ties may be obtained. In blends of PO subject to chain scission under high-shear

mixing conditions, radical recombination reactions may lead to block and eventu-

ally random copolymer formation similar to other degradative copolymer formation

processes. The examples listed in Table 5.47 show cross-linked copolymer forma-

tion in PVC blends with PO. For a general review of polymer reactions under the

action of mechanical forces, see Prut (2009). Other aspects of mechanochemical

processes in polymers may be found in Beyer and Clausen-Schaumann (2005). For

a study of similarities between mechanochemical and high-energy radiation pro-

cesses in polymer processing, see, e.g., Smith et al. (2001).

Table 5.46 PO/PO blends: copolymer formation through ionomeric cross-linking mediated by

metal cations

Polyolefin/polyolefin Characterization and comments References

Carboxylated nitrile rubber

Zn ionomer (90-50)/EAA

Zn ionomer (10-50)

Physical properties vs. blends of non-ionomeric

polymers/FTIR/DMA/also use of recycle

Antony

et al. 2000

EPDM-g-MA/

HDPE-g-MA/Zn stearate

Melt blended/physical properties vs. blends with

unfunctionalized polymers

Antony and

De 1999

PVDF-g-MAA/

PO-ionomer/Zn(acac)2

Morphology/viscosity/solid-state grafting of

methacrylic acid to PVDF powder by irradiation

Valenza

et al. 1998

EMAA-Zn salt (100-0)/

EPDM-g-MA (1 % MA)

(0-100)/zinc oxide (10)

Internal mixer at 170 �C/mechanical properties/DMA/

FTIR/effects of multiple thermal histories

Datta et al.

1996

EMAA-Zn salt (70-30)/

EPDM-SO3 Zn salt (30-70)

Internal mixer at 170 �C/mechanical properties/DMA/

dielectric thermal analyses/FTIR/effects of multiple

thermal histories

Kurian

et al. 1996

Table 5.47 PO/PO blends: copolymer formation involving mechanochemical radical formation

Polyolefin/polyolefin Characterization and comments References

NBR (75-25) or

hydrogenated NBR/PVC

(25-75)

Internal mixer at 180 �C/rheometry/DMTA/

DSC/FTIR/solvent swelling

Manoj et al.

1993a, b

LDPE (100-80)/PVC (0-20) Torque rheometer at 180 �C/selective solvent
extraction/FTIR/effects of PVC stabilizers

Ghaffar

et al. 1980–1981
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Casale and Porter (1975) reported that copolymer formation between NBR

and PVC may occur via mechanochemical radical generation on each

polymer followed by recombination. The proposed mechanism was based on earlier

studies by Akutin (1968). Later, Manoj et al. (1993b) postulated another mecha-

nism for the same system involving hydrolysis of nitrile groups to amide or

carboxylic acid followed by displacement of allylic chloride on PVC by amide-

NH2 or acid-OH.

5.11.1.6 Copolymer Formation by Miscellaneous Reactions
Song et al. (2012a) prepared blends of PMMA with various functionalized poly

(propylene-ethylene) copolymers. Blends were characterized by mechanical, mor-

phological, and adhesion tests. Compatibility was found to increase in the order of

unfunctionalized poly(propylene-ethylene), MA-grafted poly(propylene-ethylene),

hydroxy-grafted poly(propylene-ethylene), and secondary amine-grafted poly

(propylene-ethylene) which latter species exhibited the best compatibilization

efficiency.

Lopattananon et al. (2007) have prepared blends of maleated natural rubber and

carboxylated nitrile rubber in the presence of zinc acetate to form a compatibilizing

copolymer through ionic cross-links. The effect of different maleation levels was

studied. Blend properties were compared to those for blends with unfunctionalized

rubbers.

Oliveira et al. (2004) prepared compatibilized blends of EPDM and NBR using

mercapto-modified EPDMwith oxazoline-functionalized NBR. Mercapto-modified

EVAc was also used. Blends were characterized by techniques including mechan-

ical properties and morphology.

Soares et al. (2004) prepared blends of partially hydrolyzed EVAc and NBR using

oxazoline-functionalized NBR. Blends were characterized by techniques including

mechanical properties, morphology, selective solvent extraction, and FTIR.

Dalai andWenxiu (2002b, c) have reported blends of either HDPE or LDPE with

EVAc effected by radiation cross-linking. Blend characterization techniques

included morphology and thermal properties.

Nugay and Nugay (2000) prepared blends of poly(methyl methacrylate)-b-

poly(4-vinylpyridine) with poly(acrylic acid), possibly compatibilized through

copolymer formation by ion-neutral donor group association.

Some unusual ester cross-linking reactions have been proposed as copolymer-

forming processes for immiscible PO blends (Table 5.48). Alternative mechanisms

include consideration of the possible contributions of simpler processes such as IPN

formation, radical-radical coupling, or ionomeric cross-linking.

5.11.1.7 Copolymer Formation through Radical Initiator Addition
As shown in the examples listed in Table 5.49, immiscible blends of polyolefins have

been compatibilized by copolymer formation brought about by radical coupling in the

presence of a radical initiator. The work of Kim et al. (1997a) and Xu et al. (1997)

involved copolymer formation between immiscible rubber and plastic phases

simultaneous with the dynamic vulcanization of the elastomeric phase.

5 Reactive Compatibilization 619



Table 5.48 PO/PO blends: copolymer formation by miscellaneous reactions

Polyolefin/polyolefin Characterization and comments References

Recycled LDPE/PE-g-AA/

BR/isocyanate-terminated

butadiene rubber

Mechanical properties/X-ray analysis/DMA/

morphology/effect of varying functional

group ratio

Fainleib et al. 2003

HDPE-g-diisocyanate/

EVAl

Mechanical properties vs. uncompatibilized

blend/HDPE grafted with 2-hydroxyethyl

methacrylate-isophorone diisocyanate

Park et al. 1998

Chlorosulfonated PE (50)/

carboxylated NBR (50)

Two-roll mill/selective solvent extraction/

DMA/FTIR/proposed carboxylate ester cross-

link through displacement of chloride on PE

by carboxylate

Roychoudhury and

De 1997

EPDM-SO3 Zn ionomer

(100-0)/ENR (0-100)

Two-roll mill/capillary rheometry/FTIR/

10–25 meq. per 100 g. sulfonate level/

proposed sulfonate ester cross-link rather than

ionomer cross-link

Manoj et al. 1994

Table 5.49 PO/PO blends: copolymer formation through radical initiator addition

Polyolefin/polyolefin Characterization and comments References

Metallocene cycloolefin

copolymer (70-25)/ethylene-

octene copolymer (30-75)/RI

Mechanical properties/SEM/rheology/DMA Doshev et al.

2011

NR/LLDPE/MA + DCP RI Internal mixer at 150 �C/FTIR/TEM/AFM/

selective solvent extraction/comparison to

blends without DCP

Magaraphan

et al. 2007

LDPE (100-0)/LLDPE (0-100)/

DCP RI (0-1)

Internal mixer at 160 �C/torque vs. component

ratio and DCP level/mechanical properties/

selective solvent extraction

Abraham et al.

1992, 1998

LDPE (100-0)/PVC (0-100)/

butadiene rubber (0-5)/

DCP RI (0-2)

Two-roll mill at 155 �C/SEM/optical

microscopy/mechanical properties vs. BR

presence

Xu et al. 1997

EPDM (100-0)/LLDPE

(0-100)/DCP RI (0.7)

Roll mill at 80 �C/mechanical properties/

rheology/DSC/SEM/X-ray diffraction

Kim et al.

1996

Recycle mix of LDPE (45),

HDPE (15), PVC (15), <10 PS,

HIPS, PP, PET/L101 RI (0-2)

TSE at 210 �C melt T/morphology/selective

solvent extraction/mechanical properties

vs. RI level/rheology of mix and of

individual resins vs. RI level (0–1 %)

Vivier and

Xanthos 1994

LDPE (85)/EVAc (15)/

DCP RI (1)

Internal mixer at 150–210 �C/torque
rheometry/effects of processing conditions on

cross-linking/DSC/FTIR/DMA

Vogel and

Heinze 1993

LDPE (40-38)/PVC (57-60)/

NBR (0-4)/DCP RI (0-0.02)

Two-roll mill at 155 �C/morphology/

mechanical properties vs. DCP level and NBR

presence

Xu et al. 1993

HDPE (100-0)/LLDPE (0-100)/

DCP RI (0-1)

Internal mixer at 220 �C/torque rheometry/

mechanical properties

Kurian et al.

1992

LDPE (50)/PVC (50)/CHP RI

(0-0.1)

Torque rheometer at 120–170 �C/selective
solvent extraction/FTIR/mechanical properties/

DMTA/addition of copolymer to PE + PS

Hajian et al.

1984
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5.11.1.8 Copolymer Formation by Transesterification of Pendent
Ester Groups

Immiscible polyacrylates have been compatibilized through transesterification

between pendent ester groups on one polyacrylate with pendent ester groups on

another polyacrylate. Selected examples are listed in Table 5.50.

5.11.2 Polyolefin + Polyoxymethylene Blends

Compatibilized blends of hydroxylated polyoxymethylene (polyacetal) with carbox-

ylic acid-functionalized PP have been prepared (Chen et al. 1991). The formation of

ester linkages between the polymers was proposed. For example, blends comprising

hydroxylated polyoxymethylene and muconic acid-grafted PP were made into film

by calendering at 200 �C to provide compositions with markedly improved

mechanical properties compared to similar blends containing unfunctionalized PP

or unfunctionalized polyoxymethylene.

5.11.3 Polyolefin + Polyphenylene Ether Blends

5.11.3.1 Blends Containing Functionalized PPE: PO-PPE Copolymer
Formation by Carboxylic Acid + Cyclic Ortho Ester or Epoxide
Reaction

As shown in Table 5.51, immiscible blends containing a functionalized polyolefin

and a functionalized polyphenylene ether have been compatibilized through cross-

linked or graft copolymer formation between carboxylic acid groups at multiple

sites on one polymer and either cyclic ortho ester groups or epoxide groups at sites

on another polymer.

Table 5.50 PO/PO blends: copolymer formation by transesterification

Polyolefin/polyolefin Characterization and comments References

EVAc (48)/EMAc (48) TSE at 165–200 �C optionally with on-line

microwave treatment to effect transreaction/

morphology development along screw axis

vs. processing conditions in three different

extruders/rheology/TGA-GC/selective solvent

extraction/SEM/mechanical properties/use to fix

morphology of EVAc + EMAc dispersed phase in

PP matrix/dibutyltin oxide catalyst (0-4)

De Loor et al. 1994,

1997; Cassagnau

and Michel 1994;

Cassagnau et al.

1993

EVAc (90-5)/EMAc

(10-95)

TSE at 165 �C under which conditions no cross-

linking occurred/cross-linked through heating

between parallel plates in presence of dibutyltin

oxide/swelling monitored by analysis for methyl

acetate/rheology

Espinasse et al.

1994
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5.11.3.2 Blends Containing Functionalized PPE: PO-PPE Copolymer
Formation through Coupling Agent Addition

Togo et al. (1988) compatibilized PP with PPE by combining carboxylic

acid-functionalized PP with carboxylic acid-functionalized PPE in the presence of a

diamine. For example, a 1:1 mixture of PP-g-MA and PPE-g-MA was

melt kneaded with 1 wt% p-phenylenediamine at 270 �C. The product was

formed into sheet with high tensile strength. PP was grafted with MA in

the presence of styrene. BPA or a polyepoxide resin was also used in place of diamine.

5.11.4 Polyolefin + Polyphenylene Ether + Styrene Copolymer Blends

5.11.4.1 Blends Containing Unfunctionalized PPE + Functionalized PS:
PO-PS Copolymer Formation by Carboxylic Acid + Epoxide
Reaction

Immiscible blends containing a polyolefin, an unfunctionalized polyphenylene ether

and a functionalized styrene copolymer, have been compatibilized through cross-linked

Table 5.51 PO/PPE blends: copolymer formation by carboxylic acid + cyclic ortho ester or

epoxide reaction

Polyolefin/PPE Characterization and comments References

PE-co-GMA (10-40 parts; 12 %

GMA)/PPE (30-90 parts)/

PPE-g-FA (30-90; 2 % FA)

TSE at 250–290 �C/mechanical properties

vs. blend with unfunctionalized PPE/other

functionalized PPE also used/

unfunctionalized PP optionally included

Brown et al.

1999

EPDM-g-cyclic ortho ester (1)/

PPE-g-FA (9)

TSE at 302 �C/mechanical properties/also

used oxidized PPE and PPE-f-citric acid/

EPDM reacted in separate extrusion step with

graftable cyclic ortho ester

Khouri and

Campbell 1997

PE-g-MA (45.5 parts)/epoxy

triazine-capped PPE (45.5

parts)/EPDM (9 parts)

SSE at 245–275 �C/mechanical

properties vs. blend with

unfunctionalized PPE/PP-g-MA and

various PE grades used

Campbell

et al. 1991

LLDPE-g-(t-

butylmethacrylate)/epoxy

triazine-capped PPE

Melt or solution blended/selective

solvent extraction/also used

t-butylallylcarbamate in place of

t-butylmethacrylate, both grafted to

LLDPE in the melt in presence of RI

Campbell 1990

EPDM-g-GMA (10 parts;

5.4 wt% GMA)/PPE-g-FA

(90 parts; 0.7 wt% FA)

TSE at 300 �C/mechanical properties

vs. blends with unfunctionalized polymers

Weiss 1989

PP-g-GMA (1 part)/PPE-g-MA

(1 part)

Laboratory mixer at 270 �C/mechanical

properties vs. blends with unfunctionalized

polymers/PP grafted in separate

extrusion with 10 wt% styrene and 3 wt%

GMA/also used p-phenylenediamine as

coupling agent

Togo et al. 1988
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copolymer formation between carboxylic acid groups at multiple sites on polyolefin

and epoxide groups at multiple sites on styrene copolymer. Fujii and Ting (1988)

reported compatibilized blends of EMAA (15 parts), PPE (47 parts), HIPS (30 parts),

SEBS (8 parts), and S-co-GMA (1 part) prepared on a TSE at 288 �C. Characterization
included mechanical properties vs. blends without functionalized polymers.

Abe et al. (1984) prepared blends of EVAc-co-GMA (1 part; 8 wt% VAc; 4 wt%

GMA) with SMA (1 part; 8 wt% MA) in a kneader at 200 �C and characterized

the copolymer by selective solvent extraction. Blends of the copolymer with

PPE/PS had greatly improved mechanical properties compared to blends without

copolymer.

5.11.4.2 Blends Containing Unfunctionalized PPE + Functionalized PS:
PO-PS Copolymer Formation by Carboxylic Acid + Oxazoline
Reaction

Hohlfeld (1986) prepared compatibilized blends of EAA and unfunctionalized PPE

by extrusion with styrene-isopropenyl oxazoline copolymer (S-IPO). In one exam-

ple, a blend of EAA (30 parts), PPE (35 parts), and S-IPO (35 parts) was mixed in

a Brabender mixer at 280 �C. Torque level was higher and mechanical properties

were significantly improved compared to blends with PS used in place of S-IPO.

See also Xu et al. (1999b) for a study of similar blends.

5.11.4.3 Copolymer Formation through Ionomeric Cross-Linking
Mediated by Metal Cations

Immiscible polyolefin impact modifiers have been compatibilized with PPE/PS

blends by employing a polyolefin sulfonate ionomer and also including

PS-sulfonate ionomer in the blend (Table 5.52). Alternatively, PPE-sulfonate

ionomer could be used in place of PS-sulfonate ionomer. In these compositions,

the polyolefin ionomer can cross-link with PS ionomer through metal cations. The

PS-sulfonate ionomer is at least partially miscible with PS, which in turn is

miscible with PPE. Simple ionomers have been used (Golba and Seeger 1987;

Campbell et al. 1986, 1989). In similar blends, a masked ionomer, such as a

polyolefin phosphonate ester, could also be used (Brown and McFay 1986, 1987).

The masked ionomer is melt processable but generates a polyolefin phosphonate

ionomer through ester hydrolysis in situ during extrusion in the presence of zinc

stearate. The polyolefin phosphonate ionomer can cross-link with PS sulfonate

ionomer that is miscible with PS which in turn is miscible with PPE.

5.11.5 Polyolefin + Polyphenylene Sulfide

5.11.5.1 Copolymer Formation by Nucleophile + Epoxide Reaction
Immiscible blends containing an epoxy-functionalized polyolefin and

a polyphenylene sulfide have been compatibilized by Oyama et al. (2011) through

graft copolymer formation between epoxide groups at multiple sites on either

EMA-GMA or E-GMA-g-PMMA and nucleophilic end-groups such as amine,
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carboxylic acid, or thiophenol on PPS. Blend characterization techniques included

morphology and mechanical properties.

Horiuchi and Ishii (2000) prepared PPS blends with LDPE-g-MA and PE-f-

GMA in a TSE. Blend characterization techniques included morphology, TEM,

EELS, DSC, tribological tests, and mechanical properties.

Hwang et al. (1998) effected graft copolymer formation between epoxide

groups at multiple sites on PE-co-GMA and nucleophilic end-groups on PPS (see

also Bailly et al. (1997) and Sugie et al. (1985)). SEBS impact modifier was also

used in these blends. Han (1991a, b) employed amine- and carboxylic acid-

terminated PPS in similar blends. Numerous similar examples of this compatibi-

lization strategy have appeared, as documented, for example, in patents assigned to

Toray Industries.

5.11.5.2 Copolymer Formation by Miscellaneous Reactions
Lehmann (2011) prepared compatibilized blends of PPS and PTFE

(component ratios 0-100 to 100-0) using melt-processable PTFE treated by

radiation to introduce –COF and –COOH functional groups by chain scission.

It was proposed that functional groups on PTFE may react with thiol end-groups

on PPS. Blend characterization techniques included mechanical and tribological

properties.

5.11.6 Polyolefin + Polypropylene Blends

5.11.6.1 Copolymer Formation by Alcohol + Anhydride Reaction
Cascone et al. (2001) prepared compatibilized blends of PP-g-MA with poly(vinyl

butyral) having different content of vinyl alcohol units. Demarquette and Kamal

(1998) have prepared compatibilized blends of EVAl and PP through inclusion of

Table 5.52 PO/PPE/styrene copolymer blends: ionomeric cross-linking mediated by metal

cations

Polyolefin/PPE/styrene copolymer Characterization and comments References

EPDM-SO3 Zn salt (12)/PPE (52)/

PPE-SO3 Zn salt (13) or PS-SO3 Zn

salt/PS (23)/TPP (18)/ZnSt (12)

TSE at 270 �C/mechanical properties

vs. omission of PPE-SO3 Zn salt/

replacement of EPDM-SO3 Zn salt

with PDMS-SO3 or B-AN-AA

Na salt

Golba and Seeger

1987; Campbell

et al. 1986, 1989

EP-PO3Et (9-0)/PPE (50)/PS (9-20)/

PS-SO3 Zn salt (0-9)/ZnSt (0-9)/

TPP (14)

TSE at 240 �C/mechanical properties

vs. use of unfunctionalized rubber or

unfunctionalized PS/model

compound studies/EP-PO3Et forms

EP-PO3 Zn salt in presence of ZnSt

Brown and McFay

1986, 1987
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PP-g-MA (0.1 mol% MA). Characterization methods included SEM, ESCA, and

interfacial tension measurement. Tselios et al. (1998) have prepared compatibilized

blends of LDPE and PP through inclusion of PP-g-MA (0.8 mol% MA) and EVAl

(7.5 mol% vinyl alcohol). Blends were characterized using SEM, torque rheometry,

mechanical properties, FTIR, and micro-Raman spectroscopy.

5.11.6.2 Copolymer Formation by Amine + Anhydride or Amine +
Carboxylic Acid Reaction

Coran and Patel (1983b) have shown that the mechanical properties of dynamically

vulcanized NBR-PP blends can be improved through copolymer formation between

the two immiscible polymers concurrent with vulcanization. In the first example in

Table 5.53, block copolymer resulted from reaction of amine-terminated NBR with

anhydride-terminated PP. The latter was prepared through functionalization of PP

with MA in the presence of radical initiator. In the second example, a block

copolymer may have resulted from reaction of acid-terminated NBR with a primary

amine-terminated PP. The latter was prepared in a prior reaction between maleic

anhydride-terminated PP and triethylenetetramine. It is also possible that the block

copolymer may be linked through ionomeric association resulting from protonation

of PP-amine with NBR acid.

5.11.6.3 Copolymer Formation by Carboxylic Acid + Epoxide Reaction
A compatibilizing copolymer may be formed through reaction between carboxylic

acid groups grafted onto a PO chain and acrylate epoxide groups grafted onto a PP

chain. In an internal mixer, Liu et al. (1993) have prepared compositions compris-

ing 20 parts NBR-g-AA, 0-75 parts PP, and 0-25 parts PP-g-GMA (0.8 % GMA).

The blends were characterized by torque rheometry, SEM, FTIR, and mechanical

properties. Control blends were made using either unfunctionalized NBR or PP

Table 5.53 PO/PP blends: copolymer formation by amine + anhydride or amine + carboxylic

acid reaction

Polyolefin/polypropylene Characterization and comments References

Poly[2-(t-butylamino)ethyl

methacrylate]-f-amine/PP-g-MA

Melt processed as fibers/antibacterial activity

against E. coli/copolymer formation prevented

release of the polymethacrylate biocide from

surface of fibers

Thomassin

et al. 2007

NBR (50-25)/amine-terminated

NBR (0-10)/PP (45-50)/PP-MA

(0-5)

Internal mixer at 190 �C/mechanical properties

vs. omission of functional polymers/dimethylol

phenol (3.75 %) + SnCl2 (0.5 %) added as

vulcanization agent for NBR

Coran and

Patel

1983b

Carboxyl-terminated NBR (50)/

amine-terminated PP (50)

Internal mixer at 190 �C/mechanical properties

vs. use of unfunctionalized PP/dimethylol

phenol (3.75 %) + SnCl2 (0.5 %) added as

vulcanization agent for NBR

Coran and

Patel

1983b
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with different GMA levels. Although the exact structure of the copolymer is not

known, it is convenient to consider that the reaction leads to a cross-linked

copolymer based on the assumption that the acrylate epoxide groups are truly

grafted onto the PP chains and are not all at terminal sites. Ao et al. (2006)

compatibilized EPDM/PP blends using epoxidized EPDM and PP-g-AA.

Interestingly, Wang et al. (2012b) have reported that solid-state chlorination of

PP in the presence of GMA results in high levels of GMA grafting. The PP-g-GMA

was shown to form compatibilized blends with hydroxy-terminated butadiene-

acrylonitrile rubber.

5.11.6.4 Copolymer Formation by Carboxylic Acid + Oxazoline
Reaction

A compatibilizing copolymer may be formed through reaction of carboxylic acid

groups grafted onto a PO chain and olefinic oxazoline groups grafted onto a PP

chain. Again, it is reasonable to consider that this copolymer may be cross-linked

based on the assumption that the oxazoline groups are truly grafted along the PP

chains and are not all at terminal sites. Liu and Baker (1994) and Liu et al. (1993)

have prepared PO-PP blends containing 20 parts NBR-g-AA, 0-80 parts PP, and

80-0 parts PP-g-IPO (0.2 % grafted isopropenyl oxazoline) in an internal mixer.

The blends were characterized by torque rheometry, SEM, FTIR, and mechanical

properties. Control blends were made using either unfunctionalized NBR or differ-

ent IPO levels on PP.

5.11.6.5 Copolymer Formation through Coupling Agent Addition
As shown in Table 5.54, PO/PP blends have been compatibilized by copolymer

formation formed through addition of a coupling agent such as a tris-acrylate and

a radical initiator that can react with both PO and PP in an immiscible blend.

Although PP may have at most one unsaturated site per chain (see Coran and Patel

1983b), the immiscible rubber phase may have multiple reactive sites. Depending

upon stoichiometry of coupling agent and reactant polymers, the reaction may lead

to a cross-linked copolymer. In the examples from Coran and coworkers, an

additional coupling agent could be used to dynamically vulcanize the elastomeric

phase following copolymer formation with the PP matrix.

5.11.6.6 Copolymer Formation by Displacement Reaction
Solid-state chlorination of PP may lead to low levels of chlorine incorporation

along the PP chain with minimal PP molecular weight degradation. Coran and Patel

(1983b) have blended (internal mixer at 190 �C) 50 parts chlorinated PP with

45 parts NBR containing 5 parts amine-terminated NBR. The blend was character-

ized by mechanical properties and compared to those for blends using

unfunctionalized PP. Compatibilization resulted from copolymer formation

through displacement reaction of chloride by amine groups. The blend was pre-

pared in the presence of a vulcanization agent (3.75 % of dimethylol phenol plus

0.5 % of SnCl2) to cause concomitant vulcanization of the rubber phase.
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Table 5.54 PO/PP blends: copolymer formation through coupling agent addition

Polyolefin/polypropylene Characterization and comments References

EPDM/PP/Zn dimethacrylate/

peroxide RI

Melt mixing/mechanical properties/

TEM/SEM/DMA

Chen et al. 2013b

NBR/PP/Zn dimethacrylate/

peroxide RI

Melt mixing/torque rheometry/mechanical

properties/TEM/SEM/TGA

Xu et al. 2013a

PP/ENR/triallyl cyanurate Brabender mixer coupled with an

electron accelerator to introduce functional

groups into PP/FTIR/SEM/DMA/DSC/

mechanical properties/effect of order of

component mixing

Rooj et al. 2011

HDPE-g-MA/PP-g-MA/

dodecane diamine

TSE/mechanical properties/also used Zn or

Na salt in place of diamine to promote

ionomeric interaction

Colbeaux et al.

2004, 2005

EPDM/PP/DCP RI Internal mixer/torque measurement/

estimate of interfacial tension/also added

trimethylolpropane triacrylate coupling

agent

Shariatpanahi

et al. 2002

EPDM-g-MA/PP-g-MA/

polyoxypropylenediamine

TSE/SEM/mechanical properties

vs. diamine level

Phan et al. 1998

PE (25-10)/PP (75-90)/Luperox

101 RI (0-0.4)

TSE at 210 �C/rheology/DSC/DMA/

addition of trimethylolpropane triacrylate

coupling agent

Graebling et al.

1997

HDPE (10-0)/EPR (10-20)/PP

(80)/RI (0-0.01)

TSE at 230 �C/rheology/SEM/optical

microscopy/DSC/mechanical properties/

unidentified RI/unidentified methacrylate

additive (0-0.3)

Do et al. 1996

EPDM (30-0) or PB/PP (70-100)/

m-phenylene bismaleimide

(0.075-0.6)

TSE at 210 �C/mechanical and thermal

properties/DMA/ductile-brittle transition

temperatures/SEM/selective solvent

extraction/DSC/MFR/evidence for

PP-EPDM copolymer

Inoue and Suzuki

1995, 1996;

Ishikawa

et al. 1996; Inoue

1994a, b

HDPE (8)/PP (80)/EPDM (12)/

1,3-bis(t-butylperoxy-isopropyl)

benzene RI (0-0.3)

TSE at 230 �C/MFI/SEM/rheology/

mechanical properties/use of PE-EPDM

masterbatch/addition of

trimethylolpropane triacrylate coupling

agent

Kim and Choi

1996a

EP (20)/PP (80)/1,3-

bis(t-butylperoxy-isopropyl)

benzene RI (0–0.05 %)

TSE at 230 �C/rheology/SEM/DSC/

mechanical properties/optical microscopy/

increased coupling efficiency + retardation

of PP degradation by addition of

trimethylolpropane triacrylate

coupling agent

Kim and Do 1996

NR (10)/PP (90)/1,3-

bis(t-butylperoxy)benzene RI

(0–0.05 %)

TSE at 230 �C/DSC/capillary rheometry/

SEM/mechanical properties/increased

coupling efficiency + retardation of PP

degradation by addition of

trimethylolpropane triacrylate coupling

agent

Yoon et al. 1995

(continued)
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5.11.6.7 Copolymer Formation through Radical Coupling
PO/PP blends have been compatibilized by addition of a radical initiator. Early

examples were summarized in a review by Teh et al. (1994); additional examples are

listed in Table 5.55. PP can undergo chain scission in the presence of radical initiator to

give a terminal radical site. Coupling of this PP radical with a PE radical located on the

PE chain may initially yield a graft copolymer. Since the new copolymer may

participate in further coupling reactions, a cross-linked copolymer may eventually be

formed depending upon reaction time and radical concentration among other factors.

EPDM/PP blends have been compatibilized by exposure to high-intensity ultra-

sonic waves during extrusion (Feng and Isayev 2004; Chen and Li 2005), as have

blends of PP with natural rubber (Oh et al. 2003). HDPE/PP (or HDPE/ground tire

rubber) blends have been compatibilized through copolymer formation promoted by

gamma irradiation (Sonnier et al. 2010). Dalai and Wenxiu (2002a) have reported

blends of PP andEVAcwith copolymer formation effected by radiation cross-linking.

Blend characterization techniques included morphology and thermal properties.

5.11.7 Polyolefin + Polypropylene + Styrene Copolymer Blends

Dharmarajan et al. (1995) have prepared compatibilized blends of PP/styrene copol-

ymer with or without functionalized PO. Blends of 100-0 parts PP, 0-100 parts SMA,

0-15 parts EP-g-(primary amine) (0.3 mol% amine), and 0-5 parts PP-(secondary

amine) (0.4 wt% amine) were combined in an internal mixer at 220 �C. Blends were
characterized by FTIR, DMTA, TEM, rheology, mechanical properties, lap shear

adhesion, and paint adhesion. Properties were compared for blends containing either

of the two amine-functionalized polymers alone. Reaction of EP-g-(primary amine)

with SMA should result in a cross-linked copolymer because EP-g-(primary amine)

contains randomly distributed amine functionality in the backbone. The secondary

amine-terminated PP was prepared by first extruding PP with MA to form predom-

inantly anhydride-terminated PP, followed by extrusion with N-methyl-1,3-

propanediamine to give the secondary amine-terminated PP through reaction of

Table 5.54 (continued)

Polyolefin/polypropylene Characterization and comments References

EPDM (55 parts)/ethylene

4-methyl-1-pentene copolymer

(20 parts)/PP (25 parts)/L130

RI (0.2 parts) + divinylbenzene

(0.3 parts)

TSE at 230 �C/tensile and film properties

vs. blend made without ethylene-

methylpentene copolymer

Yonekura

et al. 1988 (see

also Otawa

et al. 1988)

NBR (67.5-22.5)/dimethylol

phenol-modified PP (25-75)/

dimethylol phenol (0-10)/SnCl2
curing agent (0-1.1)

Internal mixer at 190 �C/mechanical

properties vs. use of unfunctionalized

PP/PP and dimethylol phenol (2–4 %)

premixed before addition of rubber/

optional addition of additional coupling

agent/addition of 0–7.5 % amine-

terminated NBR

Coran and Patel

1983b
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the primary amine of the diamine with the PP-anhydride. Dharmarajan

et al. suggested that PP-MA is mostly end-group functionalized with a smaller

portion of main-chain-functionalized species as the result of trapping PP radicals

before chain scission. Chains with combinations of end-group and main-chain

functionalization should also be present since the authors report that their PP-MA

contains a significant amount of highly functionalized PP-MA oligomer. Therefore,

in these examples, the copolymers prepared from PP-MA and SMA may consist of

a mixture of cross-linked and grafted species.

5.11.8 Polyolefin + Polysiloxane Blends

5.11.8.1 Copolymer Formation by Amine + Anhydride Reaction
DeLeo et al. (2011) and DeLeo and Velankar (2008) prepared compatibilized

blends of polyisoprene-PDMS (70-30 and 30-70) with addition of 0.1–3.0 wt%

copolymer of MA-f-polyisoprene and amine-f-PDMS. Characterization methods

included optical microscopy and rheology.

Kole et al. (1995) postulated the formation of a cross-linked copolymer through

reaction between amine groups distributed along the main chain of a polysiloxane and

anhydride groups distributed along the main chain of a PO. A unique feature of this

example is the use of acrylamide-grafted siloxane rubber as the source of amine

groups. Amine groups alpha to carbonyl groups (as in acrylamide) are much

Table 5.55 PO/PP blends: copolymer formation through radical initiator addition

Polyolefin/polypropylene Characterization and comments References

HDPE/PP/RI TSE either corotating or counterrotating/

butyl methacrylate added to feed

components/mechanical properties/

morphology

Hettema et al. 1999

EPDM (15 vol%)/PP

(85 vol%)/RI

TSE/MFI/impact strength/matrix

crystallinity/morphology

van der Wal et al. 1998

LLDPE/PP/RI Extrusion/SEC/FTIR/comparison to

different mathematical models for

changes in MWD/effect of different RI

Cheung and Balke 1997

LDPE (100-0)/PP (0-100)/

L130 RI (0-3) or t-butyl

perbenzoate

Internal mixer at 150 �C or 180 �C/
mechanical properties vs. RI and PP

content/DSC/selective solvent extraction/

optional addition of hydroquinone

(0.75 %)/also silica-filled blends

Chodak et al. 1996;

Chodak and Chorvath

1993; Chodak

et al. 1991

LDPE (100-0)/PP (0-100)/

L101 RI (0-1)

Internal mixer or TSE at 180 �C/torque
rheometry/rheology/SEM/mechanical

properties/SEC/DSC/DMA/effects of

PP-PE viscosity ratios/comparison to

radiation induced cross-linking

Yu et al. 1990, 1992,

1994

LLDPE (50)/PP (50)/

L101 RI (0-0.25)

SSE at 185 �C followed by static mixer at

200–220 �C/mechanical properties/SEM/

DSC/SEC/TREF

Cheung et al. 1990
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less nucleophilic than typical amine functionality. In an example, 50/50 blends of

EPDM-g-MA (1 % MA) with acrylamide-grafted silicone rubber were mixed in an

internal mixer at 35 �C, 70 �C, or 150 �C. The blends were characterized by DMA,

FTIR, mechanical properties, solvent swelling, and TGA.

5.11.8.2 Copolymer Formation Involving Mechanochemical Radical
Formation

As shown in Table 5.56, copolymer formation was postulated between

mechanochemically generated radicals at sites on EMAc and vinyl-functionalized

PDMS during melt processing (Santra et al. 1993a, b). The substitution pattern of

vinyl groups on PDMS was not reported. Assuming that the vinyl groups are

distributed along the PDMS chains (and not present only as end-groups), then the

compatibilizing copolymer formed is a cross-linked copolymer. EMAc-PDMS

copolymer formed in situ has also been used to compatibilize PDMS with

thermoplastic polyurethane (Santra et al. 1995).

5.11.8.3 Copolymer Formation by Acid-Base Interaction
Blends of carboxylic acid-terminated polybutadiene and amine-terminated PDMS

have been prepared by Fleischer et al. (1994). A copolymer with block-like

structure was postulated to form. Blends were characterized using pendant drop

tensiometry and FTIR.

5.11.8.4 Copolymer Formation by Miscellaneous Reactions
PMMA/polydimethylsiloxane blends have been compatibilized in the presence of

methacryloxypropyl trimethylsiloxane (dos Anjos et al. 2010). Formation of cova-

lent bonds between PMMA and silane coupling agent was examined using

FTIR. Modulus and tensile strength were improved in the compatibilized blends.

5.11.9 Polyolefin + Polystyrene or Styrene Copolymer Blends
(Including Polypropylene)

An interesting publication by Martini et al. (2006) describes a method for separating

a reactively compatibilized PP/PS blend into its individual polymeric components for

analysis. The method involved use of high-temperature, high-pressure, near-critical

Table 5.56 PO/polysiloxane blends: copolymer formation involving mechanochemical radical

formation

Polyolefin/polysiloxane Characterization and comments References

EMAc (100-0)/vinyl-

functionalized PDMS

(3.8 % vinyl) (0-100)

Internal mixer at 85–180 �C/capillary
rheometry/DMA/FTIR

Bhattacharya et al.

1995; Santra et al.

1993a

LDPE (50)/EMAc (0-10)/

vinyl-functionalized PDMS

(3.8 % vinyl) (50)

Internal mixer at 180 �C/mechanical

properties/DMA/FTIR/SEM/WAXS/X-

ray diffraction/lap shear adhesion

Santra et al. 1993b
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solvent extraction with n-alkane. The effects of different n-alkanes and different

temperatures and the influence of blend morphology and composition on separation

efficiency were studied. The compatibilizing copolymer could be isolated and quan-

tified using this procedure.

5.11.9.1 Copolymer Formation by Acid-Base Interaction
Compatibilized blends of ethylene-methacrylic acid copolymer and PS were

prepared by Kim et al. (1998) through addition of S-co-4-vinylpyridine. Similarly,

blends of poly(isobutyl methacrylate) were compatibilized with poly(styrene-

co-methacrylic acid) using poly(isobutyl methacrylate-co-2-(N,N-dimethylamino)

ethyl methacrylate) or poly(isobutyl methacrylate-co-4-vinylpyridine) (Habi

and Djadoun 1999). Turcsáyii (1995) has reported compatibilized blends of

PE-g-(N-vinylimidazole) with acrylic acid-modified PP.

5.11.9.2 Copolymer Formation by Alcohol + Anhydride Reaction
Tang et al. (2002) prepared blends of PS and ethylene-vinyl acetate-vinyl alcohol

in the presence of SMA using a TSE. Characterization techniques included

morphology, mechanical properties, and FTIR.

Tselios et al. (1997) have compatibilized PO/styrene copolymer blends through

cross-linked copolymer formation between PO alcohol groups and anhydride groups

on styrene copolymer. Specifically, 50 parts EVAl (1.6–7.5 % VAl) was mixed with

50 parts SMA (8.4–14.7 mol% MA) in an internal mixer at 200 �C. The blends were
characterized by torque rheometry, FTIR, DSC, TGA, selective solvent extraction,

and mechanical properties as a function of mole ratio alcohol to anhydride. Blend

properties were compared to those with EVAc in place of EVAl.

5.11.9.3 Copolymer Formation by Amine + Anhydride Reaction
As shown in Table 5.57, PO/styrene copolymer blends have been compatibilized

through cross-linked copolymer formation between amine-functionalized PO and

anhydride-functionalized styrene copolymer.

Dharmarajan et al. (1995) have compatibilized PP/styrene copolymer blends by

formation of a graft copolymer through reaction of secondary amine-terminated PP

(0.4 wt% amine) with SMA. The secondary amine-terminated PP was prepared by

first extruding PP with MA to form anhydride-terminated PP followed by extrusion

with N-methyl-1,3-propanediamine to give the secondary amine-terminated PP

through reaction of the primary amine of the diamine with the PP-anhydride.

Blends within the range PP to SMA from 0-100 to 100-0, containing 0-5 parts

amine-terminated PP, were prepared in an internal mixer at less than 220 �C. They
were characterized by FTIR, DMTA, TEM, mechanical properties, rheology, lap

shear adhesion, and paint adhesion. Some cross-linked copolymer may be present if

the PP-MA contains more than one anhydride group. A similar compatibilization

strategy was used (Datta et al. 1993a) wherein EP-g-MA or PP-g-MA was extruded

with an excess of diaminopropane to yield an amine-functionalized PO which was

used in blends with SMA and also in combination with an engineering thermoplas-

tic such as PPE, PBT, and SAN (Dekoninck 1993).
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Table 5.57 PO/PS or styrene copolymer blends: copolymer formation by amine + anhydride

reaction

Polyolefin/PS or styrene

copolymer Characterization and comments References

PE-g-MA (20)/amine-terminated

PS (80)

Melt blended at 180 �C/SEM
morphology/stability upon annealing

compared to nonreactive blend

Oxby and Maric 2013

Polyisoprene/PS/telechelic

polyisoprene diamine/telechelic

PS dianhydride

Internal mixer/SEM/evolution of

domain size/effects of telechelic

polymer MW and loading

Ashcraft et al. 2009

PP-g-MA/amine-terminated PS Extrusion/morphology/varying

viscoelastic properties of blend

components/comparison to

uncompatibilized blend

Omonov et al. 2007

PP-g-MA (1 or 8 wt% MA)/

polycyclohexylmethacrylate/

amine-terminated PS

Melt blend/selective solvent

extraction/SEM

Harrats et al. 2004

PMMA-f-phthalic anhydride/

amine-terminated PS

Melt blend/comparison of reaction

rate between end-functionalized

PMMA and mid-chain-

functionalized PMMA/also used

amine-terminated PMMA

Jeon et al. 2004b;

Moon et al. 2001

PMMA-f-anhydride/PS-f-amine Melt blended at 180 �C/monitoring

of reaction progress/morphology/

PMMA end-capped with phthalic

anhydride/used PS with either

terminal or pendant primary amine

groups

Yin et al. 2001,

2003a, b

EP-g-MA/EPDM/amine-f-SAN Melt blended/morphology/kinetics/

also used carbamate-functionalized

SAN forming amine-functionalized

SAN on thermolysis

Pagnoulle and Jérôme

2001a, b; Pagnoulle

et al. 2000a, b

Anhydride-terminated PMMA/

amine-terminated PS

TEM/AFM/structure of interface

induced by block copolymer

Lyu et al. 1999

Amine-functionalized EP

(0.3–0.5 mol% amine) (30-0)/

HDPE (0-25)/SMA (8–14 % MA)

(65-100)

Internal mixer at 180–220 �C/
mechanical properties/SEM/TEM/

rheology/pre-reaction of

functionalized EP and SMA/selective

solvent extraction

Datta et al. 1993b

Amine-functionalized EP

(0.3–0.5 mol% amine) (35-0)/

SMA (8–14 % MA) (65-100)

Internal mixer at <220 �C/
mechanical properties/DSC/FTIR/

SEM/rheology/selective solvent

extraction

Dharmarajan and

Datta 1992

Amine-functionalized LLDPE

(100-0)/SMA (6 % MA) (0-100)

Internal mixer at 220 �C/torque
rheometry/SEM/mechanical

properties/DSC/FTIR/MFI/PE

grafted with dimethylamino-ethyl

methacrylate or t-butyl-aminoethyl

methacrylate

Song and Baker 1992
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5.11.9.4 Copolymer Formation by Carboxylic Acid + Cyclic Ortho Ester
or Epoxide Reaction

PO/styrene copolymer blends have been compatibilized through cross-linked or graft

copolymer formation between acid-functionalized PO and epoxide-functionalized PS

or vice versa (Table 5.58). Also, acid-functionalized styrene copolymer has been

compatibilized with PO grafted with cyclic ortho ester. Anhydride-functionalized

polymer is also effective in these blends since some acid groups are present from

ring-opened anhydride. Epoxide groups are most frequently introduced into PO or PS

by copolymerization with GMA, while cyclic ortho ester groups are introduced by

grafting or copolymerization with olefinic cyclic ortho ester.

5.11.9.5 Copolymer Formation by Carboxylic Acid + Oxazoline
Reaction

PO/styrene copolymer blends have been compatibilized through cross-linked

copolymer formation between acid-functionalized PO and oxazoline-

functionalized PS (Table 5.59). Anhydride-functionalized PO is also effective in

these blends since some acid groups may be present from ring-opened anhydride.

Oxazoline groups are most frequently introduced into PS by copolymerization of

styrene with isopropenyl oxazoline (IPO).

Table 5.58 PO/PS or styrene copolymer blends: copolymer formation by carboxylic acid +

cyclic ortho ester or epoxide reaction

Polyolefin/PS or styrene

copolymer Characterization and comments References

Polyisoprene/PS/telechelic

polyisoprene dicarboxylic

acid/telechelic PS diepoxide

Internal mixer/SEM/evolution of domain size/

effects of telechelic polymer MW and loading

Ashcraft et al.

2009

PP/PP-g-GMA/SEBS-g-MA Haake mixer/FTIR/mechanical properties/

SEM/torque rheometry/effect of GMA and of

MA loading

Ao et al. 2007a

EMA-co-GMA/SMA Brabender mixer or TSE/mechanical

properties/rheology/morphology/comparison

to blend with unfunctionalized EMA

Bayam et al. 2001

PMMA-GMA (25)/

PS-monocarboxylic acid (75)

NMR/GPC/study of copolymer structure

vs. that of homogeneous blend of PS-acid +

PS-GMA/effect of reaction rate on

morphology

Jeon et al. 2001;

Jeon and Kim

2000

PP-g-AA/PS/PS-f-GMA Morphology/rheology/effect of poly(acrylic

acid) homopolymer present in PP-g-AA

Kim et al. 1999c

PE-g-AA (70-10 parts)/PS

(30-90 parts)/S-co-GMA

(0-3 parts)

Internal mixer at 200 �C/SEM/TEM/rheology/

DMA/effects of AA content on properties

Kim et al.

1997a, b, c

EPDM-g-cyclic ortho

ester (50)/SAN-co-AA

(50; 1 mol% AA)

TSE at 230 �C/% insolubles and mechanical

properties vs. blend with unfunctionalized

SAN/copolymer could be used as impact

modifier for PC

Khouri and

Stoddard

1995a, b
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Sundararaj et al. (1995) have prepared blends containing PP-MA and oxazoline-

functionalized PS. A graft copolymer may form through reaction between pendent

oxazoline groups on PS and terminal acid groups (from some hydrolysis of anhy-

dride groups) on PP. Specifically, 80 parts S-IPO (1 % IPO) was blended with

20 parts PP-MA (0.1 % MA) in either an internal mixer at 200 �C or in a TSE. The

blends were characterized by selective solvent extraction and SEM. Morphology

Table 5.59 PO/PS or styrene copolymer blends: copolymer formation by carboxylic acid +

oxazoline reaction

Polyolefin/PS or styrene copolymer Characterization and comments References

EP-g-MA/S-IPO/syndiotactic PS Mechanical properties/SEM/rheology Choi et al. 2002

PP-f-oxazoline/PS-f-COOH Melt blended at 200 �C/morphology/

functionalization with 3 different

oxazoline monomers

Kaya et al. 2002

(see also Pionteck

et al. 2004)

Ethylene-octene copolymer-g-

oxazoline/SAN/SMA

Mechanical properties/TEM/DSC Mader et al. 1999

PMMA-f-oxazoline/carboxylic

acid-terminated PS

TEM/solid-state NMR/static light

scattering

Hölderle et al.

1998

EP-g-MA (0.7 % MA) (20)/S-IPO

(1 % IPO) (80)

Internal mixer at 200 �C/torque
rheometry/selective solvent extraction/

SEM study of morphology

development in reactive and in

nonreactive blends

Scott and

Macosko 1994a

NBR-g-AA (7 % AA) (20)/S-IPO

(1.7 % IPO) (80)

Internal mixer at 260 �C/torque
vs. time and temperature/SEM/FTIR/

mechanical properties vs. use of

unfunctionalized PS and oxazoline

content in blend

Liu and Baker

1992b

EAA (9 % AA) (50-20)/PS (0-50)/

S-IPO (1.2 % IPO) (30-60)

Internal mixer at 240 �C/FTIR/torque
rheometry/capillary rheometry/also

TSE with on-line rheometry and FTIR

controls/optical microscopy

Curry and

Andersen,

1991/1992

PE-g-MA (30)/S-IPO (1.7 % IPO)

(70)

Internal mixer at 190 �C/torque
rheometry/FTIR/SEM

Liu et al. 1990

EAA (9 % AA) (90-10)/S-IPO

(1 % IPO) (10-90)

Internal mixer at 225 �C/FTIR/SEM/

selective solvent extraction/DSC/

mechanical properties vs. processing

conditions/effects of diluting with

unfunctionalized LDPE and PS/effect

of zinc chloride catalyst

Saleem and Baker

1990; Baker and

Saleem 1987a, b

(see also Schuetz

et al. 1989)

B-AN-AA (20)/S-IPO (80) or

combined with unfunctionalized PS

Internal mixer at 185 �C/torque
vs. functionalization concentration/

morphology/mechanical properties/

detrimental effect of >5 % IPO (too

small dispersed phase particle size)

Fowler and Baker

1988

LLDPE (25 parts)/LLDPE-g-MA

(25 parts)/PS (30 parts)/S-IPO

(20 parts; 1 % IPO)

Brabender at 280 �C/mechanical

properties vs. blend with

unfunctionalized polymers

Hohlfeld 1986
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development in the different mixing equipment was studied in both reactive and

nonreactive blends (i.e., unfunctionalized PS and PP).

5.11.9.6 Copolymer Formation through Coupling Agent Addition
PO/styrene copolymer blends have been compatibilized by cross-linked copolymer

formation in the presence of coupling agent as shown in Table 5.60.

In addition, PP/styrene copolymer blends have also been compatibilized by

addition of a bismaleimide coupling agent capable of reacting with both polymers.

For example, Inoue (1994a, b) has prepared blends containing 80 parts PP and

20 parts SIS (or SBS) in the presence of 0-0.3 parts m-phenylene bismaleimide

coupling agent using a TSE at 210 �C. The blends were characterized by mechan-

ical properties, melt flow rate, DSC, morphology, and selective solvent extraction.

Evidence was presented for PP-SIS copolymer formation.

Bromobutyl rubber and SMA blends have been compatibilized through addition

of a bifunctional coupling agent (Willis et al. 1990). The authors assumed that a low

molecular weight amino alcohol reacted with rubber bromo groups to form

a quaternary ammonium salt. The resulting alcohol-functionalized rubber could

form cross-linked copolymers through reaction of hydroxy groups with anhydride

of SMA. Blends of 30-5 parts bromobutyl rubber with 70-95 parts SMA and 0-8

parts 2-dimethylaminoethanol coupling agent were prepared in an internal mixer at

150–200 �C, followed by TSE processing at 200 �C. The blends were characterized
by FTIR, SEM, and mechanical properties. The effects of premixing rubber with

amine and the effects of processing conditions were studied. Model reactions for

the proposed copolymer-forming reaction were carried out in solution.

Table 5.60 PO/PS or Styrene copolymer blends: copolymer formation through coupling agent

addition

Polyolefin/PS or styrene copolymer Characterization and comments References

PP-g-MA/SMA/diphenyl diamino

methane tetraglycidyl ether

Mechanical properties/morphology Hung et al.

2008

PP-g-AA/SEBS-g-MA/

p-phenylenediamine

Extrusion/mechanical properties/

morphology

Bassani and

Pessan 2002,

2003

PP-g-MA/SBS-g-MA/

4,40-diaminodiphenylmethane

Mechanical properties/also blends

containing unfunctionalized isotactic PP

Wilhelm and

Felisberti

2002a, b

EPDM (30)/PS (70)/divinylbenzene

or trimethylolpropane triacrylate

(5 %)

Torque rheometer/selective solvent

extraction/DSC/mechanical properties/

addition of peroxide RI

Al-Malaika

and Artus

1998

LLDPE (90-10)/PS (10-90)/TAIC

(0-0.35) + styrene monomer (0-7)/

DCP RI (0-0.35)

TSE at 200 �C/mechanical properties/

selective solvent extraction/DSC/SEC/

FTIR/SEM/rheology

Teh and

Rudin 1991,

1992

LLDPE (50)/styrene-co-

vinylbenzaldehyde (50)/TAIC/

DCP RI

TSE at 200 �C/mechanical properties/

selective solvent extraction (1–8 %

copolymer)/FTIR/morphology

Van

Ballegooie

and Rudin

1988
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5.11.9.7 Copolymer Formation by Friedel-Crafts Coupling
The Friedel-Crafts alkylation reaction is one of the oldest known methods for

attaching an alkyl group to an aromatic ring. The process typically proceeds by

reaction between an alkyl cation precursor and an aromatic compound in the

presence of a Lewis acid catalyst. In one example, Sun and Baker (1997) obtained

copolymer in blends of 80-20 parts LLDPE with 20-80 parts PS and 0.3 parts

aluminum chloride. The proposed mechanism involved cation formation on PE

through Lewis acid-catalyzed degradation, followed by attachment of PE cation

to aromatic rings of PS. Blends were prepared in an internal mixer at 180 �C
and characterized by selective solvent extraction, GPC, SEM, FTIR, and

mechanical properties. The effects of added styrene monomer were also studied.

This process is an example of degradative copolymer formation since the PE

graft segment attached to the PS chain has lower molecular weight than the

PE phase from which it was derived. Although the initial copolymer formed

in this process is a graft copolymer, the grafted PE segments may still be capable

of reacting with catalyst with subsequent cation formation and attachment to a

different PS chain leading potentially to a cross-linked copolymer.

For related work, see also Sun et al. (1998), Diaz et al. (2002, 2005, 2007), Guo

et al. (2007), Liu et al. (2009b), Jian-Ping et al. (2011), and Shahbazi et al. (2012).

Li et al. (2009a, b, 2011b) employed aluminum chloride in compatibilized blends of

PP and PS. A potential issue with any Friedel-Crafts process employed to form a

compatibilizing copolymer is removal of residual catalyst from the blend to

prevent adverse effects on blend properties during the lifetime of any formed

plastic part.

5.11.9.8 Copolymer Formation by Ion-Neutral Donor Group
Association

Compatibilized blends of 77 parts EPDM-SO3Zn salt and 9 parts S-co-4-

vinylpyridine with 4 parts zinc stearate (ZnSt) plasticizer were prepared in an

internal mixer at 200 �C (Lundberg et al. 1988; Agarwal et al. 1987; Peiffer

et al. 1986). The blends were characterized by FTIR, DMA, melt viscosity, DSC,

and SEM. Mechanical properties were compared to blends containing

unfunctionalized PS or containing EPDM-SO3Na or Mg salts. A copolymer linked

by ion-neutral donor group cross-links may form between sulfonate anion and

pyridine nitrogen mediated by Zn cation. Related blends comprising sulfonated

EPDM and styrene/maleimide/2-vinyl pyridine copolymer have been described by

Dean (1986).

5.11.9.9 Copolymer Formation by Radical Coupling
As shown in Table 5.61, PO blends with either PS or styrene copolymer have been

compatibilized through radical coupling reaction. In these examples, radicals

were generated either through addition of radical initiators, through addition of a

peroxide-containing polymer, through addition of an azide species, through use of

ultrasonic oscillation during extrusion, through mechanochemical processing, or

through preirradiation.
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Table 5.61 PO/PS or styrene copolymer blends: copolymer formation through radical coupling

Polyolefin/PS or styrene

copolymer Characterization and comments References

EPDM/SAN/MA + L101 RI SEM morphology/FTIR/DMTA/effect of

different mixing protocols/also used DCP RI

Taheri et al. 2011

PTFE/SBS or SB or ABS Laboratory kneader/PTFE irradiated to form

long-lived radical centers/selective solvent

extraction/FTIR/tribological properties/also

used NBR in place of styrene copolymer

Lehmann and

Kluepfel 2010

PP/PS/di-t-butyl peroxide SEM/rheology/DSC/addition of tetraethyl

thiuram disulfide to control the degradation

process

Li et al. 2009c

EPDM/SAN/RI TSE/mechanical properties/rheology/FTIR/

comparison of various RIs

Hrnjak-Murgic

et al. 2004 (see

also Kratofil

et al. 2007)

HDPE/PS Extrusion with ultrasonic oscillation to form

radicals/mechanical properties/morphology/

rheology/selective solvent extraction

Chen et al. 2002

PMMA/PS Radical generation through solid-state shear

pulverization/effects of MW, composition

ratio, and screw design on blend properties/

both PMMA and PS were pyrene labeled for

fluorescence-detection GPC to confirm

copolymer formation

Lebovitz

et al. 2002

(see also

Furgiuele

et al. 2000)

LDPE/PS/liquid PB/dialkyl

peroxide RI

Morphology/mechanical properties/effect of

different lubricants/use of LDPE-PS

comingled waste

Hlavata

et al. 2001

PP/SAN/DCP FTIR/MFR/SEM/effect of RI concentration

and blend component ratio on properties

Xie et al. 2001a

PP/PS/DCP TSE/morphology/MFR/suppression of PP

degradation by addition of multifunctional

monomers

Xie and Zheng

2000

PE/PS/SEBS/DCP Mixer at 165 �C/PE partially cross-linked

with RI and then mixed with SEBS for further

reaction/SEM/TEM/mechanical properties

Wang et al. 1998a

EPDM (19)/S-EP (3)/PS (78)/

various RI

TSE at 235 �C/SEM/solvent swelling/

mechanical properties vs. RI concentration

Crevecoeur et al.

1995

PB (20)/PS (80)/aromatic

sulfonyl azide (0.25-2)

Internal mixer at 180 �C/mechanical

properties/FTIR/TEM/radical formation

through hydrogen abstraction by thermally

generated nitrene in triplet state

Radusch

et al. 1993

EEA (30-50)/PS-co-butyl

acrylate-co-(t-butylperoxy

methacryloyloxyethyl

carbonate) (70-50)

Brabender mixer at 180 �C/selective solvent
extraction/effect of temperature on grafting

efficiency/also blends of peroxide-containing

polymer with PP

Moriya et al.

1988; (see also

Moriya et al.

1989)

LDPE (50)/PS (50)/CHP RI

(0-1)

Torque rheometer at 120–170 �C/selective
solvent extraction/FTIR/mechanical

properties/DMTA/addition of copolymer to

PE + PS

Hajian et al. 1984
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5.11.9.10 Copolymer Formation by Thiol-Alkene Coupling
In a series of papers by Soares and coworkers (see, e.g., Soares et al. 2001),

compatibilized blends have been prepared through copolymer formation between

a thiol-functionalized polymer (also termed a mercapto-functionalized polymer)

and a second polymer comprising a double bond (alkene). In a specific example,

styrene-butadiene copolymer/EVAc blends with different ratios of components

were compatibilized through addition of mercapto-modified EVAc. Evidence

for copolymer formation came from FTIR and DMA. Morphology, mechanical

properties, and DSC results were also reported.

5.11.9.11 Copolymer Formation by Transesterification
Hu and Lambla (1995) have blended EMAc (90-65 parts) with monohydroxy-

terminated PS (10-35 parts) in an internal mixer at 180–220 �C in the presence of

dibutyltin dilaurate or dibutyltin oxide catalyst. A compatibilizing copolymer arises

from transesterification between pendent ester groups of EMAc and terminal

hydroxy groups of PS. The effects on blend properties of PS molecular weight

were reported. The effects of processing conditions and addition of solvent on

conversion kinetics were studied.

5.11.10 Polyolefin + Polyurethane Blends

Ma et al. (2012b) reported compatibilized PVDF-TPU blends comprising PVDF-g-

acrylic acid. Farah andLerma (2010) prepared hydroxy-functionalized PP by reaction

of PP-g-MAwith 2-aminoethanol and used this functionalized PP in blendswith TPU

and unfunctionalized PP. Ethylene-octene copolymer was also used in place of PP.

Wang et al. (2007a) prepared compatibilized ethylene-octene copolymer blends

with polyurethane using maleated ethylene-octene copolymer and amine-

functionalized polyurethane. However, a study by Stutz et al. (1996) found no

evidence for copolymer formation between thermoplastic polyurethane and either

EAA or SMA under the specific conditions studied.

Qureshi (2009) prepared PP/TPU blends compatibilized using an amine-

functionalized PP, which functionalized PP had been prepared in a separate step

by extrusion of PP-g-MA with either hexamethylenediamine or dodecamethyl-

enediamine. Blends characterization techniques included SEM, rheology, and

mechanical properties.

Lu and Macosko (2004) and Lu et al. (2003) have prepared compatibilized

blends of polyurethane with functionalized PP characterizing the blends by rheol-

ogy, DMA, tensile properties, and morphology. Primary and secondary amine-

functionalized PP were more efficient compatibilizers than was PP-g-MA.

A degradative mechanism for copolymer formation involving polyurethane chain

cleavage was postulated. See also Kobayashi et al. (2011) for related PE/TPU

blends.
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With regard to reactively compatibilized TPU blends, Lu et al. (2002) deter-

mined the relative reactivity of various functionalities toward TPU using model

compounds. The ranking of relative reactivity was found to be primary amine

(most reactive) > secondary amine >> hydroxyl � carboxylic acid � anhydride

>> epoxide (least reactive).

5.12 Polyphenylene Sulfide Blends

Examples of polyphenylene sulfide blends not shown in other sections are listed in

alphabetical order of the second polymer in the blend unless otherwise noted.

Included in this section are polyphenylene sulfide blends not containing PA,

PEST, or PO. When copolymer characterization was not performed, the structure

of the compatibilizing copolymer is inferred from the functionality location on each

of the two polymers. In some cases, more than one type of compatibilizing

copolymer may have formed.

5.12.1 Polyphenylene Sulfide + Polysiloxane Blends

5.12.1.1 Copolymer Formation by Amine + Epoxide Reaction
Compatibilized blends of polyarylene sulfide with epoxy-functionalized

polydimethylsiloxane have been prepared by Han (1994). An amine-terminated

polysiloxane was functioned in solution with a chloro-epoxy triazine. Blends of

95:5 PPS:polysiloxane were extruded at 130–290 �C to provide compositions with

markedly improved mechanical properties compared to a similar blend containing

unfunctionalized polysiloxane.

5.12.2 Polyphenylene Sulfide + Styrene Copolymer Blends

Compatibilized blends of polyarylene sulfide with SEBS-g-MA have been

prepared by Hisamatsu et al. (2000). Possibly an amine-terminated PPS reacts

with anhydride to form a compatibilizing copolymer. Blend properties were

measured as a function of MA content on SEBS. Nam et al. (2003) prepared

compatibilized blends of PPS with ABS-g-MA in a TSE. Blends were characterized

using optical microscopy, SEM, FTIR, DMA, and heat distortion temperature.

5.13 Polystyrene or Styrene Copolymer Blends

Examples of polystyrene blends not shown in earlier sections are listed in

alphabetical order of the second polymer in the blend unless otherwise noted.
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5.13.1 Polystyrene + Styrene Copolymer Blends

Xu et al. (1999a) prepared compatibilized blends of PS and the Zn salt of sulfonated

PS by addition of poly(styrene-b-4-vinylpyridine) diblock copolymer. Characteri-

zation methods included SEM, DSC, SAXS, and FTIR. The effect of block copol-

ymer level was studied. Evidence was found for Zn-mediated cross-linking between

sulfonate groups and pyridine nitrogen.

Taubitz et al. (1988e) prepared ABS-g-GMA by reactive extrusion and used the

product to make compatibilized blends with carboxylic acid-terminated PS. In one

example, ABS-g-GMA (40 parts; 1.5 % GMA) was extruded with carboxylic acid-

terminated PS (40 parts) on a TSE at 210 �C. The product showed only 15 %

unbound PS by selective solvent extraction and GPC. For comparison blends

prepared with unfunctionalized ABS showed 96–100 % unbound PS.

5.13.2 Polystyrene + Polyurethane Blends

Cassu and Felisberti (2001) prepared compatibilized PS/polyurethane blends by

reactive extrusion in the presence of SMA. Blends were characterized by rheology,

solubility tests, GPC, and SEM to confirm the presence of copolymer.

5.13.3 Styrene Copolymer + Polysiloxane Blends

Livengood et al. (2002) prepared compatibilized blends of amine-terminated

polydimethylsiloxane and SMA by extrusion at 135–210 �C. The products were

formulated into toner compositions with improved properties.

5.14 Summary

This chapter has not presented every known example of a reactive compatibi-

lization strategy, nor has it included every known polymer that has been

compatibilized in an immiscible blend with one or more other polymers. However,

the compatibilization strategies presented herein illustrate broadly general methods

which may be applied to new polymer blends or applied to known polymer blends

for a higher return on cost vs. performance ratio.

The papers cited in this chapter reach similar conclusions concerning the effects

on immiscible blend properties of a copolymer formed by reactive compatibi-

lization. In virtually all cases, the generated blend morphology shows a smaller

dispersed phase particle size than that observed in the absence of copolymer

formation. In the majority of cases, this morphology is stabilized against agglom-

eration and coalescence of the dispersed phase during subsequent thermal

processing. The specific morphology size distribution and its stability result in

improved mechanical properties, not observed in uncompatibilized blends. A few
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efforts have been made to characterize the phase interface and to correlate the

interfacial thickness with the level of copolymer formed. However, in most older

papers, the existence of copolymer is simply inferred from secondary evidence and

its level is not quantified.

Except for a few notable cases, there was seldom consideration in these papers

about the architectures of copolymers generated and their possible effects on

compatibilization efficiency and morphological stability. Furthermore, since mor-

phological stability alone may not result in optimum physical properties, it is

sometimes not possible to know if optimum physical properties have been obtained.

In numerous papers, clearly more than one type of copolymer architecture can form.

For example, in acid-epoxide reactions, a new secondary alcohol may form that

may possibly equilibrate into polyester constituting one blend component (see, e.g.,

Su et al. 1997). Only a few papers discuss the consequences of using di- vs. mono-

end-group-functionalized polymers and their possible effects on generating graft

vs. cross-linked copolymers. In many papers, the level and type of functionality on

the reacting polymers are not specified.

There are numerous cited examples of blends where at least one polymeric

component is vulcanizable. Such systems may be quite difficult to analyze after

processing. In some cases, formation of an interpenetrating network (IPN) may be

mistaken for covalently bonded copolymer. This is particularly so when no delib-

erate effort has been made to promote vulcanization and its occurrence was

adventitious. Selective solvent extraction experiments to detect copolymer can be

misinterpreted if some polymer is physically occluded in a matrix of the second

polymer.

Some polymers contain reactive functionality but are also themselves subject to

mechanochemical radical generation. When such polymers are blended under high-

shear mixing with a second functionalized polymer, the architectures of formed

copolymer may derive both from the primary, expected reaction and also from an

unexpected, radical-radical coupling process.

In some cited examples, a third, multifunctional reagent is added that reacts with

both polymers, for example, as a coupling agent. The relative solubility of many

such reagents in particular polymers is often unknown. In immiscible blends, the

reagent may segregate into one phase and selectively couple or cross-link that

phase, in competition with the desired interpolymer reaction at the phase interface.

Again, IPN formation may result, leading to confusion when interpreting selective

solvent extraction data. For some types of reagents the problem of phase segrega-

tion can be solved by preparing a masterbatch in which a slight stoichiometric

excess of the reagent is added to one of the polymers. The reagent caps the reactive

functionality, but it does not couple or chain extend the polymer in which it is

selectively soluble. Thus, reaction of the newly functionalized polymer at a phase

interface with a second polymer is facilitated when the two polymers are blended.

This strategy often works when using a coupling agent and in certain cases when

using a condensing agent but not always when using a nonselective activating

agent. However, relative stoichiometries of reacting species are often not consid-

ered in older cited examples.
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There have been only a few studies of kinetics of copolymer-forming reactions

under melt processing conditions because it is quite difficult to generate these data.

In the papers cited in this chapter, there are many examples where not only the level

of copolymer formed but also the architecture of the copolymer strongly depends on

the melt processing time. Many of the blends are “living” in the sense that more

copolymer would be generated with additional time. In contrast, some types of

copolymer linkage (e.g., the reaction product of an alcohol and a cyclic anhydride)

may degrade, and copolymer may be lost with additional processing time or at

higher processing temperature. Different copolymer architecture may form with

additional processing time, particularly when a redistribution reaction is possible as

either the primary or as the secondary reaction (e.g., when a reactive alcohol is

generated from epoxide ring opening with acid). It is usually difficult to isolate and

characterize a copolymer from a melt-processed polymer blend. Model studies of

copolymer formation between immiscible polymers have been performed either in

solution (where there is unlimited interfacial volume for reaction) or using

hot-pressed films of the polymers (where the interfacial volume for reaction is

strictly controlled at a fixed phase interface). Model studies using low molecular

weight analogs of the reactive polymers are useful, but their applicability to high

molecular weight reacting systems may be limited. Nevertheless, excellent insight

into reactive compatibilization processes has been obtained in recent years (such as

through bilayer film studies) in publications including, but limited to, those by Scott

and Macosko (1994b) (model experiments for interfacial reaction between SMA

and either PA-11 or amine-terminated butadiene-acrylonitrile copolymer during

reactive polymer blending); Merfeld et al. (1998) (interfacial thickness in bilayers

of PPE and styrenics copolymers), Karim et al. (1999) (transesterification at

a polymer blend layer examined by multiple physical techniques), Hayashi

et al. (2000) (study of interfacial reaction between PA and anhydride-terminated

polysulfone by neutron reflectivity and small-angle neutron scattering), Schulze

et al. (2000) (reaction kinetics of end-functionalized chains at an amino-terminated

PS/anhydride-terminated PMMA interface), Koulic et al. (2001) (premade vs. in

situ formed compatibilizer at the PS/PMMA interface), Schulze et al. (2001)

(measuring copolymer formation from end-functionalized chains at anhydride-

terminated PMMA and amino-terminated PS interface using forward recoil spec-

trometry and SEC/fluorescence detection), Cheng et al. (2003) (computational

modeling of reactive extrusion process), Yeung and Herrmann (2003)

(computational modeling of reactive extrusion process), Coote et al. (2003)

(neutron reflectometry investigation of polymer-polymer reactions at the interface

between immiscible polymers), Jones et al. (2003) (effect of thermodynamic

interactions on reactions of anhydride-terminated PMMA and amino-terminated

PS in bilayer film), Harton et al. (2005) (diffusion-controlled reactive coupling at

polymer-polymer interfaces), Kho et al. (2005) (morphological development

at a bilayer film interface of PMMA-GMA/PS-COOH under electric field), Yu

et al. (2005) (interfacial reaction kinetics at a PA-6/SMA reactive interface), Zhang

et al. (2005) (interfacial morphology development during reactive coupling of

anhydride-terminated PMMA and amino-terminated PS in bilayer film),
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Kim et al. (2006) (bilayer film study of COOH-terminated PS and PMMA-GMA

reaction), Chi et al. (2007) (kinetics of interfacial reaction between carboxylic

acid-terminated PB and amino-terminated PDMS studied by interfacial tension

measurements), Wang et al. (2010a) (investigation of reactive polymer-polymer

interface using nanomechanical mapping), and Wang et al. (2013b) (interfacial

interchange reaction between PC and amorphous PA).

It is to be hoped that future work on reactive compatibilization will continue to

combine the excellent materials science that has been done to date with additional

investigations of the more exact nature of chemical processes occurring and their

quantitative effect on blend properties. Such knowledge of the chemistry, coupled

to fluid mechanics and morphology development models, would provide powerful

tools for optimization of known and invention of new reactive compatibilization

processes to prepare commercially valuable polymer blends.

5.15 Cross-References

▶Commercial Polymer Blends

▶Compounding Polymer Blends

▶Crystallization, Micro- and Nano-structure, and Melting Behavior of Polymer

Blends

▶High Performance Polymer Alloys and Blends for Special Applications

▶ Interphase and Compatibilization by Addition of a Compatibilizer

▶Mechanical Properties of Polymer Blends

▶Morphology of Polymer Blends

▶ Polyethylenes and Their Blends

▶ Properties and Performance of Polymer Blends

▶Recycling Polymer Blends

▶Rheology of Polymer Alloys and Blends

Abbreviations

AA Acrylic acid

ABS Acrylonitrile-butadiene-styrene terpolymer

AES Terpolymer from acrylonitrile, ethylene-propylene elastomer and styrene

AFM Atomic force microscopy

AN Acrylonitrile

ASA Acrylonitrile-styrene-acrylate terpolymer

ATRP Atom transfer radical polymerization

B Butadiene

BA n-Butyl acrylate

tBA t-Butyl acrylate

BPA Bisphenol A

CHP Cumene hydroperoxide

5 Reactive Compatibilization 643

http://dx.doi.org/10.1007/978-94-007-6064-6_22
http://dx.doi.org/10.1007/978-94-007-6064-6_11
http://dx.doi.org/10.1007/978-94-007-6064-6_5
http://dx.doi.org/10.1007/978-94-007-6064-6_5
http://dx.doi.org/10.1007/978-94-007-6064-6_18
http://dx.doi.org/10.1007/978-94-007-6064-6_6
http://dx.doi.org/10.1007/978-94-007-6064-6_13
http://dx.doi.org/10.1007/978-94-007-6064-6_10
http://dx.doi.org/10.1007/978-94-007-6064-6_21
http://dx.doi.org/10.1007/978-94-007-6064-6_12
http://dx.doi.org/10.1007/978-94-007-6064-6_23
http://dx.doi.org/10.1007/978-94-007-6064-6_9


CL Caprolactone

DBP Dibenzoyl peroxide

DCP Dicumyl peroxide

DEM Diethylmaleate

DMA Dynamic mechanical analysis

DMTA Dynamic mechanical thermal analysis

DSC Differential scanning calorimetry

E Ethylene

EA Ethylacrylate

EAA Ethylene acrylic acid copolymer

EB Ethylene-butene copolymer

EBA Ethylene butyl acrylate copolymer

EDXA Energy dispersive X-ray analysis

EEA Ethylene ethylacrylate copolymer

EELS Electron energy loss spectroscopy

E-GMA Ethylene glycidyl methacrylate copolymer

EMA Ethylene methyl acrylate copolymer

EMAA Ethylene-methacrylic acid copolymer

EMAc Ethylene methyl acrylate copolymer

EMM Ethylene methyl methacrylate copolymer

ENR Epoxidized natural rubber

EP Ethylene-propylene copolymer

EPDM Ethylene-propylene-diene modified rubber

ESCA Electron spectroscopy for chemical analysis

ETFE Ethylene-tetrafluoroethylene copolymer

EVAc Ethylene-vinyl acetate copolymer

EVAl Ethylene-vinyl alcohol copolymer

-f- Functionalized (or functionalized with)

FA Fumaric acid

FESEM Field emission scanning electron microscopy

FTIR Fourier transform infrared spectroscopy

GMA Glycidyl methacrylate

GPC Gel permeation chromatography

HDPE High density polyethylene

HDT Heat distortion temperature

HIPS High-impact polystyrene

I Isoprene

IA Isobutyl acrylate

IM Impact modifier

IPO Isopropenyl oxazoline

IV Intrinsic viscosity

L101 Luperox® 101 (2,5-di-(t-butylperoxy)-2,5-dimethylhexane)

L130 Luperox® 130 (2,5-dimethyl-2,5-di-(t-butylperoxy) hexyne-3)

LCP Liquid crystalline polymer(s) (polyester-type unless noted)
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LDPE Low-density polyethylene

LLDPE Linear low-density polyethylene

MA Maleic anhydride

MAA Methacrylic acid

MAc Methyl acrylate

MALDI Matrix-assisted laser desorption/ionization mass spectrometry

MDPE Medium density polyethylene

MFI Melt flow index

MFR Melt flow rate

MMA Methyl methacrylate

MS Mass spectrometry

MW Molecular weight

MWD Molecular weight distribution

NA Nadic anhydride

NBR Nitrile-butadiene rubber

NMR Nuclear magnetic resonance spectroscopy

NR Natural rubber

PA Polyamide(s)

PB Polybutadiene

PBN Polybutylene naphthalate

PBT Polybutylene terephthalate(s)

PC Bisphenol A polycarbonate

PCE Polycarbonate ester copolymer

PCL Polycaprolactone

PCT Poly(cyclohexanedimethanol terephthalate)

PDMS Polydimethylsiloxane

PE Polyethylene

PE-g-MA Maleic anhydride-grafted polyethylene

PEEK Polyetheretherketone

PEG Polyethylene glycol

PEI Polyetherimide

PEN Polyethylene naphthalate

P-E-P Propylene-ethylene-propylene block copolymer

PES Polyethersulfone

PEST Polyester(s)

PET Polyethylene terephthalate(s)

PETG Polyethylene terephthalate glycol modified (glycol is typically

cyclohexanedimethanol)

Phenoxy Copolymer of BPA and epichlorohydrin

Phr Parts per 100 parts resin

PLA Poly(lactic acid)

PMMA Poly(methyl methacrylate)

PMP Poly-4-methylpentene-1

PO Polyolefin(s)
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PP Polypropylene

PPE Polyphenylene ether(s)

PPS Polyphenylene sulfide

PPVL Polypivalolactone

PS Polystyrene

PTFE Polytetrafluoroethylene

PTT Poly(trimethylene terephthalate)

PVAc Polyvinyl acetate

PVAl Polyvinyl alcohol

PVC Polyvinylchloride

PVDF Polyvinylidene difluoride

RI Radical initiator

S Styrene

SAA Styrene-acrylic acid copolymer

SALS Small-angle light scattering

SAN Styrene-acrylonitrile copolymer

SAXS Small-angle X-ray scattering

SB Styrene-butadiene copolymer

SBS Styrene-butadiene-styrene copolymer

SEBS Styrene-(ethylene/butylene)-styrene copolymer

SEC Size-exclusion chromatography

SEM Scanning electron microscopy

SEP Styrene (ethylene-propylene) block copolymer

SI Styrene-isoprene copolymer

S-IPO Styrene-isopropenyl oxazoline copolymer

SIS Styrene-isoprene-styrene copolymer

SMA Styrene-co-maleic anhydride copolymer

sPS Syndiotactic polystyrene

SSE Single-screw extruder

Tg Glass transition temperature

Tm Melting temperature

TAIC Triallyl isocyanurate

TBAB Tetrabutylammonium bromide

TEM Transmission electron microscopy

TGA Thermogravimetric analysis

TPE Thermoplastic elastomer

TPP Triphenyl phosphate

TPPite Triphenyl phosphite

TPU Thermoplastic polyurethane

TSE Twin-screw extruder

UHMWPE Ultra high molecular weight polyethylene

ULDPE Ultra low-density polyethylene

UV Ultraviolet

VLDPE Very-low-density polyethylene
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VTMS Vinyl trimethoxysilane

WAXD Wide-angle X-ray diffraction

WAXS Wide-angle X-ray scattering

XPS X-ray photoelectron spectroscopy

ZnSt Zinc stearate
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J.M. Martinez, J.I. Eguiazábal, J. Nazábal, J. Appl. Polym. Sci. 45, 1135 (1992)
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N.A. Platé, A.D. Litmanovich, Y.V. Kudryavtsev, in Modification and Blending of Synthetic and
Natural Macromolecules, NATO Science Series, ed. by F. Ciardelli, S. Penczek, vol.

175 (Kluwer, Dordrecht, 2004), p. 241
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J. Rösch, R. M€ulhaupt, J. Appl. Polym. Sci. 56, 1607 (1995b)
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H. Witteler, G. Lieser, M. Dröscher, Makromol. Chem. Rapid Commun. 14, 401 (1993)

S.-C. Wong, Y.-W. Mai, Polymer 40, 1553 (1999)

S.-C. Wong, Y.-W. Mai, Polymer 41, 5471 (2000)

E.M. Woo, S.-S. Hou, D.-H. Huang, L.-T. Lee, Polymer 46, 7425 (2005)

C. Wörner, P. M€uller, R. M€ulhaupt, J. Appl. Polym. Sci. 66, 633 (1997)

S. Wu, Polym. Eng. Sci. 27, 335 (1987)

C.-J. Wu, J.-F. Kuo, C.-Y. Chen, Polym. Eng. Sci. 33, 1329 (1993)

C.-J. Wu, J.-F. Kuo, C.-Y. Chen, E. Woo, J. Appl. Polym. Sci. 52, 1695 (1994)

J.-Y. Wu, W.-C. Lee, W.-F. Kuo, H.-C. Kao, M.-S. Lee, J.-L. Lin, Adv. Polym. Technol.

14, 47 (1995)

D. Wu, X. Wang, R. Jin, Eur. Polym. J. 40, 1223 (2004)

D. Wu, X. Wang, R. Jin, J. Appl. Polym. Sci. 99, 3336 (2006a)

Y. Wu, Y. Yang, B. Li, Y. Han, J. Appl. Polym. Sci. 100, 3187 (2006b)

F. Wu, T. Xie, G. Yang, Polym. Bull. 65, 731 (2010)

W. Wu, C. Wan, H. Zhang, Y. Zhang, J. Appl. Polym Sci. (2013). doi:10.1002/pen.40272;

published online

M. Xanthos, Polym. Eng. Sci. 28, 1392 (1988)

M. Xanthos, in Polypropylene, ed. by J. Karger-Kocsis (Kluwer, Dordrecht, 1999), p. 694

M. Xanthos, S.S. Dagli, Polym. Eng. Sci. 31, 929 (1991)

M. Xanthos, J.F. Parmer, M.L. LaForest, G.R. Smith, J. Appl. Polym. Sci. 62, 1167 (1996)

Z. Xiaomin, W. Dongmei, Y. Zhihui, Y. Jinghua, J. Appl. Polym. Sci. 62, 67 (1996)

Z. Xiaomin, Y. Zhihui, N. Tainhai, Y. Jinghua, Polymer 38, 5905 (1997)

Z. Xiaomin, L. Gang, W. Dongmei, Y. Zhihui, Y. Jinghua, L. Jingshu, Polymer 39, 15 (1998)

T. Xie, G. Yang, J. Appl. Polym. Sci. 93, 1446 (2004)

X.-M. Xie, X. Zheng, Mater. Design 22, 11 (2000)

5 Reactive Compatibilization 673



X.-M. Xie, Y.-Y. Liu, B.-H. Guo, J. Feng, T. Ishikawa, T. Morinaga, J. Appl. Polym. Sci. 82, 1284

(2001a)

W.B. Xie, K.C. Tam, C.Y. Yue, X. Hu, Y.C. Lam, L. Li, J. Appl. Polym. Sci. 82, 477 (2001b)

B.-H. Xie, M.-B. Yang, S.-D. Li, Z.-M. Li, J.-M. Feng, J. Appl. Polym. Sci. 88, 398 (2003)

T. Xie, H. Wu, W. Bao, S. Guo, Y. Chen, H. Huang, H. Chen, S.-Y. Lai, J. Jow, J. Appl. Polym.

Sci. 118, 1846 (2010)

C. Xu, Z. Fang, J. Zhong, Angew. Makromol. Chem. 212, 45 (1993)

C. Xu, Z. Fang, J. Zhong, Polymer 38, 155 (1997)

S. Xu, T. Tang, B. Chen, B. Huang, Polymer 40, 2239 (1999a)

S. Xu, H. Zhao, T. Tang, L. Dong, B. Huang, Polymer 40, 1537 (1999b)

X.Y. Xu, S.L. Sun, Z.C. Chen, H.X. Zhang, J. Appl. Polym. Sci. 109, 2482 (2008)

C. Xu, Z. Fang, Y. Chen, Polym. Eng. Sci. (2013a). doi:10.1002/pen.23789; published online

M. Xu, W. Qiu, G. Qiu, J. Macromol. Sci. B Phys. 52, 155 (2013b)

M.L. Xue, Y.-L. Yu, J. Sheng, H.H. Chuah, J. Macromol. Sci. B Phys. 44, 531 (2005)

M.L. Xue, Y.-L. Yu, H.H. Chuah, J. Macromol. Sci. B Phys. 46, 603 (2007a)

M.L. Xue, Y.-L. Yu, H.H. Chuah, G.X. Qiu, J. Macromol. Sci. B Phys. 46, 387 (2007b)

S. Yamao, W. Kosaka, US Patent 6,037,422, 14 Mar 2000, to Idemitsu Petrochemical

L.-T. Yan, J. Sheng, Polymer 47, 2894 (2006)

H. Yang, M. Lai, W. Liu, C. Sun, J. Liu, J. Appl. Polym. Sci. 85, 2600 (2002a)

H. Yang, J. Ma, W. Li, B. Liang, Y. Yu, Polym. Eng. Sci. 42, 1629 (2002b)

H. Yang, X. Cao, Y. Ma, J. An, Y. Ke, X. Liu, F. Wang, Polym. Eng. Sci. 52, 481 (2012)

L. Yang, A. Zhang, L. Wang, R. Chen, Y. Zeng, W. Wu, Polym. Eng. Sci. 53, 2093 (2013)

Z. Yao, J.-M. Sun, Q. Wang, K. Cao, Ind. Eng. Chem. Res. 51, 751 (2012)

J.B. Yates, US Patent 4,755,566, 5 July 1988, to General Electric

J.B. Yates, T.J. Ullman, US Patent 4,745,157, 17 May 1988, to General Electric

J.B. Yates, D.M. White, US Patent 4,859,739, 22 Aug 1989, to General Electric

J.B. Yates, S.B. Brown, R.C. Lowry, J.C. Blubaugh, D.F. Aycock, US Patent 5,115,043, 19 May

1992, to General Electric

J.T. Yeh, C.C. Fan-Chiang, J. Appl. Polym. Sci. 66, 2517 (1997)

J.T. Yeh, C.C. Fan-Chiang, S.-S. Yang, J. Appl. Polym. Sci. 64, 1531 (1997)

C. Yeung, K.A. Herrmann, Macromolecules 36, 229 (2003)

Z. Yin, C. Koulic, C. Pagnoulle, R. Jérôme, Macromolecules 34, 5132 (2001)
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