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Preface

The era of fluoropolymers began with the discovery of polytetrafluoroethylene in 1938. The history of fluoropolymers, as will be seen in this book, is steeped in both scientific curiosity and serendipity—the seemingly indispensable elements of most major discoveries and inventions. There has been an explosion of fluoropolymer applications in all facets of human affairs. Old and new technological advances have been made possible by their unique properties. From the Manhattan project in the early 1940’s, to the Apollo missions in the 1970’s, to integrated manufacturing in the late 1980’s, industries have relied on fluoropolymers for their inertness and durability. New applications are being developed everyday after more than six decades since the discovery of this plastic family. Few materials have impacted the lives of peoples as extensively as fluoropolymers.

The aim of this volume and a first companion volume is to compile in one place a working knowledge of the polymer chemistry and physics of fluoropolymers with detailed descriptions of commercial processing methods. The books focus on providing a reference as well as a source for learning the basics for those involved in polymer manufacturing and part fabrication, as well as end-users of fluoropolymers and students. The two volumes have been arranged according to the processing methods for fluoropolymers, which is more or less the chronological order in which the important polymers were developed. Volume One concentrates mostly on polytetrafluoroethylene and polychlorotrifluoroethylene and their processing techniques, which are essentially non-melt processes. Volume Two concentrates on melt-processible fluoropolymers.

These volumes emphasize the practical over theoretical. There are numerous sources for in-depth information about the polymerization and polymer science of fluoropolymers. The references listed at the end of each chapter serve as both bibliography and additional reading sources. Review papers are helpful as a starting point for finding additional sources for concentrated reading in a selected area.

None of the views or information presented in this book reflects the opinion of any of the companies or individuals that have contributed to the book. If there are errors, they are oversight on the part of the author. A note indicating the specific error to the publisher, for the purpose of correction of future editions, would be much appreciated.


Sina Ebnesajjad



2002





Introduction

It is hard for most people to imagine what the world would be like without plastics. It is equally difficult for many design engineers to envision designing proj ects without the availability of fluoropolymers. Only expensive exotic metals can replace the chemical inertness of these plastics to highly corrosive and aggressive substances. Even though some engineering plastics can stand up to temperatures as well as fluoropolymers, they suffer major property losses beyond their glass transition temperatures. Engineering plastics lack the chemical inertness and low friction characteristics of fluoropolymers. No other material offers the low coefficient of friction of fluoropolymers (interchangeably called fluoroplastics).

Fluoropolymers have evolved over six decades. New monomers have allowed the synthesis of new polymers with new methods of processing. Most newer perfluoropolymers have the same basic properties as polytetrafluoroethylene (PTFE) but they offer new methods of processing. These new techniques have greatly increased the range of parts that can be fabricated from fluoropolymers at reduced cost. Today, fluoropolymers are processed by methods almost identical to those used a half century ago as well as by state of the art molding technologies.

This book is the second of two volumes about fluoropolymers. The division of the volumes is based on the processing techniques of commercial fluoropolymers. Volume One covers the homopolymers of tetrafluoroethylene (TFE) or polytetrafluoroethylene plastics, which are processed by nontraditional techniques. The extremely high melt viscosity of TFE homopolymers precludes its processing by conventional melt processing methods such as injection molding and melt extrusion. The copolymers of TFE and other fluorocarbon polymers, which are processed by melt-processing methods, have been covered in Volume Two. This book is devoted to exploring the various perfluorinated and partially fluorinated copolymers of tetrafluorethylene and chlorotrifluoroethylene. Polymers of vinyl fluoride and vinylidene fluoride that are, for the most part, melt-processible have been discussed in the second volume.

All aspects of the fluoropolymers including monomer synthesis, polymerization, properties, applications, part fabrication techniques, safety in handling, and recycling are discussed. Homopolymers and copolymers of vinylidene fluoride, all melt processible, have been covered in Volume Two because of the close resemblance of polyvinylidene fluoride in composition and in processing techniques to melt processible copolymers of tetrafluoroethylene. Polyvinyl fluoride (PVF) which is processed by melt processing of its dispersion in a polar solvent has also been covered in Volume Two.

Fluoropolymers have outstanding chemical resistance, low coefficient of friction, low dielectric constant, high purity, and broad use temperatures. Most of these properties are enhanced with an increase in the fluorine content of the polymers. For example, polytetrafluoroethylene, which contains four fluorine atoms per repeat unit, has superior properties compared to polyvinylidene fluoride, which has two fluorine atoms for each repeat unit. Generally, these plastics are mechanically weaker than engineering polymers. Their relatively low values of tensile strength, deformation under load or creep, and wear rate require the use of fillers and special design strategies.

The primary objective in every section is to facilitate comprehension by a reader with a modest background in science or engineering. There are a number of measurement methods and techniques which are unique to fluoropolymers. In each case, these methods are defined for the reader. The book is divided into three parts; each part consists of several chapters. Each chapter has been written so it can be consulted independently of the others.

The first part of the book deals with definitions and fundamental subjects surrounding the polymerization of fluoropolymers. Basic subjects such as the identification of fluoropolymers, their key properties, and some of their everyday uses are addressed. The main monomer, tetrafluoroethylene, is extremely flammable and explosive. Consequently, safe polymerization of this monomer requires special equipment and technology. Molecular forces within these polymers are reviewed and connected to macro properties. Monomer and polymer synthesis techniques and properties are described. Part One ends with a detailed list of advertised commercial grades of fluoroplastics.

Part Two describes the fabrication techniques for various fluoropolymers. They include perfluoroalkoxy polymer (PFA), fluorinated ethylene-propylene polymer (FEP), polyvinylidene fluoride (PVDF), ethylenetetrafluoroethylene copolymer (ETFE), ethylene-chlorotrifluoroethylene copolymer (ECTFE), and polyvinyl fluoride (PVF). Major fabrication techniques including injection molding, extrusion, compression molding, transfer molding, blow molding, and rotational molding can be applied to fluoroplastics; each technology has been thoroughly covered.

Part Three describes the properties, characteristics, and applications of fluoropolymers. The reader involved in the processing of fluoropolymers is advised to carefully study the safety issues and disposal methods of fluoropolymers. In this book, Ch. 17, “Safety, Disposal, and Recycling of Fluoropolymers,” covers these topics and provides additional references.

References are provided in each section to allow the interested reader further exploration of each topic. In this volume the author has drawn on his own and many colleagues’ experiences over two decades. We trust that readers will find this book helpful both as a text and as a design reference.





PART I





1 Fundamentals


1.1 Introduction

The era of fluoropolymers began with a small mishap, which did not go unnoticed by the ingenious and observant Dr. Roy Plunkett of DuPont Company.[1] In 1938, he had been at DuPont for two years, concentrating mostly on the development of fluorinated refrigerants. He was experimenting with tetrafluoroethylene (TFE) for synthesis of a useful refrigerant (CClF2–CHF2).[2] The effort was spurred by the desire to create safe, nonflammable, nontoxic, colorless, and odorless refrigerants. On the morning of April 6, 1938, when Plunkett checked the pressure on a full cylinder of TFE, he found none. However, the cylinder had not lost weight. Careful removal of the valve and shaking the cylinder upside down yielded a few grams of a waxy looking white powder—the first polymer of tetrafluoroethylene.[2]

Plunkett analyzed the white powder, which was conclusively proven to be polytetrafluoroethylene (PTFE). The slippery PTFE could not be dissolved in any solvent, acid, or base and upon melting formed a stiff clear gel without flow.[3] Later, research led to the discovery of processing techniques similar to those used with metal powders. At the time, the Manhattan Project was seeking new corrosion-resistant material for gaskets, packings, and liners for UF6 handling. PTFE provided the answer and was used in production. The US government maintained a veil of secrecy over the PTFE project until well after the end of World War II.




[image: image]
Figure 1.1 Reenactment of the discovery of polytetrafluoroethylene (Teflon®) in 1938 by DuPont scientist Dr. Roy Plunkett (right).

(Courtesy DuPont.)



Large-scale monomer synthesis and controlled polymerization were technical impediments to be resolved. Intensive studies solved these problems and small-scale production of Teflon® (trademark, 1944) began in 1947. In 1950, DuPont scaled up the commercial production of Teflon® in the USA with the construction of a new plant in Parkersburg, West Virginia. In 1947, Imperial Chemical Industries built the first PTFE plant outside the US, in Western Europe. Since then, many more plants have been built around the globe. Over the last six decades, many forms of PTFE and copolymers of other monomers and TFE have been developed and commercialized.

The words of Plunkett himself best summarize the discovery of PTFE. He recounted the story of Teflon® in a speech to the American Chemical Society at its April 1986 meeting in New York. "The discovery of polytetrafluoroethylene (PTFE) has been variously described as (i) an example of serendipity, (ii) a lucky accident and (iii) a flash of genius. Perhaps all three were involved. There is complete agreement, however, on the results of that discovery. It revolutionized the plastics industry and led to vigorous applications not otherwise possible."[2]




[image: image]
Figure 1.2 Photograph of two pages from the research notebook of Dr. Roy Plunkett recording the discovery of polytetrafluoroethylene on April 6, 1938.

(Courtesy DuPont.)






1.2 What are Fluoropolymers?

Traditionally, a fluoropolymer or fluoroplastic is defined as a polymer consisting of carbon (C) and fluorine (F). Sometimes these are referred to as perfluoropolymers to distinguish them from partially fluorinated polymers, fluoroelastomers and other polymers that contain fluorine in their chemical structure. For example fluorosilicone and fluoroacrylate polymers are not referred to as fluoropolymers. An example of a linear fluoropolymer is tetrafluoroethylene polymer (PTFE):


[image: image]


A simplistic analogy would be to the chemical composition of polyethylene [(–CH2–CH2-)n] where all the hydrogen atoms have been replaced by fluorine atoms. Of course, in practice PTFE and polyethylene are prepared in totally different ways. There are branched fluoropolymers such as fluorinated ethylene propylene polymer (FEP):


[image: image]


Oxygen (O) and chlorine (Cl) are present in the chemical structure of some commercial fluoropolymers. Examples include perfluoroalkoxy polymer and polychlorotrifluoroethylene:


[image: image]


Rf is usually a perfluorinated group consisting of carbon and fluorine. Introduction of nonlinearity, oxygen and side chains, or chlorine invokes a variety of polymer properties which will be dealt with later in this book.

There is a second class of fluoropolymers called "partially fluorinated" in contrast to "perfluorinated polymers." These molecules include hydrogen (H) in addition to fluorine and carbon. Examples include polyvinyl fluoride, polyvinylidene fluoride, ethylene tetrafluoroethylene copolymer, and ethylenechlorotrifluo-roethylene copolymer.


[image: image]


Partially fluorinated fluoropolymers are significantly different from the perfluoropolymers with respect to properties and processing characteristics. For example, perfluoropolymers are more thermally stable but physically less hard than partially fluorinated polymers. Both classes of fluoropolymers are discussed later in this book.




1.3 Fundamental Properties of Fluoropolymers

The basic properties of fluoropolymers arise from the atomic structure of fluorine and carbon and their covalent bonding in specific chemical structures. These properties are weakened as the chemical structure becomes less "perfluorinated," as in polyvinylidene fluoride. Because PTFE has a linear structure, it is a good subject for discussion of extreme properties. The backbone is formed of carbon-carbon bonds and carbon-fluorine bonds. Both are extremely strong bonds (C–C = 607 kJ/mole and C–F = 552 kJ/mole.)[4][5] The basic properties of PTFE stem from these two very strong chemical bonds. The PTFE molecule resembles a carbon rod completely blanketed with a sheath of fluorine atoms.[6]

The size of the fluorine atom allows the formation of a uniform and continuous sheath around the carbon–Carbon bonds and protects them from attack, thus imparting chemical resistance and stability to the molecule. The fluorine sheath is also responsible for the low surface energy (18 dynes/cm)[7] and low coefficient of friction (0.05-0.08, static)[6] of PTFE. Another attribute of the uniform fluorine sheath is the electrical inertness (or non-polarity) of the PTFE molecule. Electrical fields impart only slight polarization in this molecule, so volume and surface resistivity are high. Table 1.1 summarizes the fundamental properties of PTFE, which represents the ultimate polymer among all fluoroplastics.

Table 1.1. Fundamental Properties of PTFE



	

• High melting point, 342°C (648°F)

• High thermal stability

• Useful mechanical properties at extremely low and high temperatures

• Insolubility

• Chemical inertness

• Low coefficient of friction

• Low dielectric constant/dissipation factor

• Low water ab/adsorptivity

• Excellent weatherability

• Flame resistance

• Purity








The basic properties of PTFE provide beneficial attributes with high commercial value (Table 1.2).

Table 1.2. Useful Attributes of Perfluoropolymers



	

• Stability

– high continuous use temperature

– excellent weatherability

– excellent chemical resistance

– excellent fire properties







	

• Low Surface Energy

– good release properties

– biological inertness

– low friction







	

• Cryogenic Properties

– retains flexibility







	

• Electrical Properties

– low dielectric constant

– low dissipation factor











1.4 Developmental History of Fluoropolymers

The development of fluoropolymers began with the invention of PTFE in 1938, continued to 1992 when a soluble perfuoropolymer (Teflon® AF) was introduced, and to 2002 when fluoroplastics polymerized in supercritical carbon dioxide were introduced. Table 1.3 summarizes the timeline for the development of fluoropolymers that have brought about major changes in properties and/or fabrication processes.


Table 1.3. Commercialization Timeline of Major Fluoropolymers vs Key Processing/Application Trade-Offs

[image: image]


The discovery of PTFE was a major leap forward in material science. Yet, the new polymer could not be fabricated by melt-processing. The next two forms of PTFE, fine powder and dispersion, were also not melt-processible. The pursuit of a more easily processible polymer led to FEP, which could be melted in an extruder. Compared with PTFE the major disadvantage of FEP is its reduced thermal stability and lower maximum continuous use temperature (200°C) (Table 1.3). PFA, which was introduced in 1973, offers both melt-processing and the same upper continuous use temperature as PTFE (260°C).

ETFE addresses the need for a mechanically stronger polymer, albeit at a loss of fluoropolymer properties because of the presence of hydrogen in its molecule:


[image: image]


Compared to PTFE, ETFE has a lower continuous use temperature (150°C) less chemical resistance, and a higher coefficient of friction. Mechanical properties, including tensile strength, elongation at break, and tensile modulus are increased, leading to cut-through resistance in wire insulation.

Teflon® AF is an amorphous polymer which is soluble in certain halogenated solvents. It can be applied as a solution, followed by the removal of the solvent. The remaining coating will be as resistant to almost as many chemicals as PTFE. The thickness of the coating can range upward from less than a micrometer.

There are a number of other polymers in this family including polychlorotrifluoroethylene (PCTFE), polyvinyl fluoride (PVF), polyvinylidenefluoride, ethylene chlorotrifluoroethylene (ECTFE), tetrafluoroethylene/hexafluoropropylene/vinylidene fluoride terpolymers, and chlorotrifluoroethylene/vinylether copolymers.




1.5 Examples of Uses of Fluoropolymers

The consumption of fluoroplastics has increased over the years as technological advancement has required the properties of fluoropolymers. The applications fluoropolymers, in general, span all facets of human life, from household uses to the aerospace and electronic industries. Properties (Table 1.2) of useful fluoropolymers lead directly to applications: their chemical resistance, thermal stability, cryogenic properties, low coefficient of friction, low surface energy, low dielectric constant, high volume and surface resistivity, and flame resistance. Applications for fluoropolymers always exploit one or more of the properties (Table 1.4) that set them apart from other materials, particularly other plastics.

Table 1.4. Major Applications and Some Uses of Fluoroplastics



	Industry/Application Area
	Key Properties
	Typical Uses



	Chemical Processing
	

Chemical Resistance

Good Mechanical Properties

Thermal Stability

Cryogenic Properties




	Gaskets, Vessel Liners, Valve and Pipe Liners, Tubing, Coatings



	Electrical & Communications
	

Low Dielectric Constant

High Volume/Surface Resistivity

High Dielectric Breakdown Voltage

Flame Resistance, Thermal Stability




	Wire and Cable Insulation, Connectors



	Automotive & Office Equipment
	

Low Coefficient of Friction

Good Mechanical Properties

Cryogenic Properties

Chemical Resistance




	

Seals and Rings in Automotive Power

Steering, Transmission, and Air-Conditioning. Copier Roller and Food Processing Equipment Covering.







	Houseware
	

Thermal Stability Low

Surface

Energy Chemical Resistance




	Cookware Coatings



	Medical
	

Low Surface Energy

Stability

Excellent Mechanical

Properties Chemical Resistance




	Cardiovascular Grafts, Heart Patches, and Ligament Replacement



	Architectural Fabric
	

Excellent Weatherability

Flame Resistance

Low Surface Energy




	Coated Fiberglass Fabric for Stadiums and Airport Roofs



	Semiconductor Fabrication
	

Chemical Resistance

Purity

Non-Shedding

Thermal Stability




	

Process Surfaces

Wafer Carrier Basket

Tubing, Valves, Pumps, and Fittings








In the chemical process industry, for example, fluoropolymers are selected for their resistance to chemical attack. They serve as linings for carbon steel vessels, and for piping and other fluid handling components. They provide durable, low maintenance, and economical alternatives to exotic metal alloys. In these applications, fluoropolymers also offer thermal stability for use at high temperatures. And because they do not react with process streams, they help prevent contamination of products.

Electrical properties of fluoropolymers are highly valuable in electronic and electrical applications. In data communications, for example, FEP is used to insulate cables installed in air-handling spaces (plenums) in office buildings. FEP provides the excellent dielectric properties these cables require to perform well at high data transmission rates as well as long-term stability so performance will not change over the life of the cabling system. Most importantly, FEP helps these cables meet strict building code requirements for low flame spread and low smoke generation.

Fluoropolymers are used to insulate wire for critical aerospace and industrial applications where chemical and thermal resistance is essential. They are also materials of construction for connectors for high-frequency cables and for thermocouple wiring that must resist high temperatures.

In the automotive, office equipment, and other industries, mechanical properties of fluoropolymers are beneficial in low-friction bearings and seals that resist attack by hydrocarbons and other fluids. In food processing, the Food and Drug Administration (FDA) approved fluoropolymer grades are fabrication material for equipment due to their resistance to oil and cleaning materials, and their anti-stick and low friction properties.

In houseware, fluoropolymers are applied as nonstick coatings for cookware and appliance surfaces. These applications depend on thermal and chemical resistance as well as anti-stick performance. PTFE and ETFE are chosen to insulate appliance wiring that must withstand high temperatures.

Medical articles such as surgical patches and cardiovascular grafts rely on the long-term stability of fluoropolymers as well as their low surface energy and chemical resistance.

For airports, stadiums, and other structures, glass fiber fabric coated with PTFE is fabricated into roofing and enclosures. This architectural fabric is supported by cables or air pressure to form a range of innovative structures. PTFE provides excellent resistance to weathering, including exposure to ultraviolet rays in sunlight, flame resistance for safety, and low surface energy for soil resistance and easy cleaning.
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2 Fluoropolymers: Properties and Structure


2.1 Introduction

This chapter examines why fluoropolymers exhibit extreme properties. It focuses on the reasons that replacement of hydrogen with fluorine in hydrocarbon macromolecules improves their thermal stability, chemical resistance, electrical properties, and coefficient of friction. Understanding the role of fluorine in determining the properties of a polymer will contribute to a more in depth appreciation of some of the other information in this book. It will also allow the readers to make more informed judgments about fluoropolymers and their applications.

Design engineers routinely encounter questions about the choice of materials in their projects. A thorough understanding of the role of fluorine will aid in the decision to specify fluoropolymer for a given design scenario, and whether a perfluoropolymer or partially fluorinated polymer will meet the requirements of the application.




2.2 Impact of F and C–F Bond on the Properties of PTFE

Fluorine is a highly reactive element with the highest electronegativity of all elements.[1] The change in the properties of compounds where fluorine has replaced hydrogen can be attributed to the differences between C–F and C–H bonds.

A simple way to frame the issues is to explore the differences between linear polyethylene (PE) and polytetrafluoroethylene—their chemical structures are similar except that in the latter, F has replaced H without destructive distortion of the geometry of the former:


[image: image]


There are large and significant differences between most properties of PE and PTFE. Four properties are vastly altered in PTFE:


1. PTFE has one of the lowest surface energies among the organic polymers

2. PTFE is the most chemically resistant organic polymer

3. PTFE is one of the most thermally stable among organic polymers

4. PTFE’s melting point and specific gravity are more than double PE’s



The properties of these two polymers are listed in Table 2.1

Table 2.1. A Comparison of PTFE and PE Properties[2]–[4]



	Property
	Polytetrafluoroethylene
	Polyethelyne



	Density
	2.2–2.3
	0.92–1



	Melting Temperature, °C
	342 (first) 327 (second)
	105–140



	Dielectric Constant (1 kHz)
	2.0
	2.3



	Dynamic Coefficient of Friction
	0.04
	0.33



	Surface Energy, dynes/g
	18
	33



	Resistance to Solvents and Chemicals
	Excellent. No known solvent
	Susceptible to hot hydrocarbons



	Thermal Stability1
	 
	 



	T1/2, °C
	505
	404



	k350, %/min
	0.000002
	0.008



	Eact, kJ/mol
	339
	264



	Melt Viscosity, 2 Poise
	1010-1012
	104-6×104



	Refractive Index
	1.35
	1.51



	Chain Branching Propensity
	No
	Yes




1 T1/2 is the temperature at which 50% of the polymer is lost after thirty minutes heating in vacuum; k350 is the rate of volatilization, i.e., weight loss, at 350°C; Eact is the activation energy of thermal degradation.

2 Melt creep viscosity for PTFE at 380°C, as specified in US Patent 3,819,594 (pub. 6/25/74).

Let us compare the C–F and C–H bonds. Table 2.2[1][5] summarizes the key differences arising from the differences in the electronic properties and sizes of F and H. In comparing F and H, several relevant differences are noted:


1. F is the most electronegative of all elements

2. F has unshared electron pairs

3. F is more easily converted to F−

4. Bond strength of C–F is higher than C–H

5. F is larger than H




Table 2.2. Electronic Properties of Hydrogen and Halogens[1][5]

[image: image]


The electronegativity of carbon (2.5 Paulings) is somewhat higher than that of hydrogen (2.1 Paulings) and significantly lower than fluorine (4.0 Paulings). The consequence of the electronegativity values is that the polarity of the C–F bond is opposite that of the C–H bond, and the C–F bond is more highly polarized (Fig. 2.1). In other words, F has a higher electron density because it pulls the shared pair of electrons closer to itself relative to the center point of the C–F bond. Conversely, in the C–H bond the electron pair is closer to carbon, which has a higher electron density.


[image: image]
Figure 2.2 A comparison of thermal degradation of FEP and PTFE in air.[10]


Polyethylene melts at 100–140°C, depending on the extent of branching, as compared to PTFE that melts at 327°C (first melting point 342°C). One could expect that weak intermolecular forces in PTFE should result in a lower melting point. On the contrary, its melting point is significantly higher than polyethylene. Why? The nature of the intermolecular forces, which are responsible for the high melting point in PTFE, is not fully understood. The answer may be in the differences between the molecular structure, conformation and crystalline structure of polyethylene and polytetrafluoroethylene. Fluorine atoms are much larger than hydrogen atoms resulting in less PTFE chain mobility than polyethylene. Steric repulsion due to the size of the fluorine atoms prevents the polytetrafluoroethylene from forming a polyethylene-like planar zig-zag conformation. Instead, its conformation is helical in which steric repulsion is minimized.


[image: image]
Figure 2.1 Comparative polarization of C–H and C–F bonds.


The difference in bond polarity of C–H and C–F affects the relative stability of the conformations of the two polymer chains. Crystallization of polyethylene takes place in a planar and trans conformation. PTFE can be forced into such a conformation at extremely high pressure.[6] PTFE, in contrast, below 19°C, crystallizes as an incommensurate helix with approximately 0.169 nm per repeat distance: therefore, it takes 13 C atoms for a 180° turn to be completed. Above 19°C, the repeat distance increases to 0.195 nm which means that 15 carbon atoms will be required for a 180° turn to be completed.[7] At above 19°C the chains are capable of angular displacement, which increases above 30°C until the melting point is reached (327°C).

Substitution of F for H in the C–H bond substantially increases the bond strength from 99.5 kcal/mole for the C–H bond to 116 kcal/mole for the C–F bond. Consequently, thermal stability and chemical resistance of PTFE are much higher than PE because more energy is required to break the C–F bond. Additionally, the size of the F atom and the length of the C–F bond (Table 2.2) are such that the carbon backbone is blanketed with fluorine atoms which render the C–F bond impervious to solvent attack. The polarity and strength of the C–F bond rule out an F atom abstraction mechanism for formation of chain branches in PTFE. In contrast, highly branched polyethylene (>8 branches per 100 carbon atoms) can be synthesized with relative ease.[8] The branching mechanism can be used to adjust the crystallinity of polyethylene to produce polymers with differing properties. This approach is not available in PTFE and instead comonomers with pendent groups have to be polymerized with TFE.

PTFE is insoluble in common solvents. The replacement of H with the highly electronegative F renders PTFE immiscible with protonated material. Conversely, PE can be plasticized and dissolved above its melting point much more easily than PTFE. PTFE absorbs only small amounts of perhalogenated solvents such as perchloroethylene and carbon tetrachloride. The insolubility of PTFE in solvents is one of its most important characteristics for its application in lining equipment for processing corrosive chemicals.

In summary, the characteristics of F and C–F bonds give rise to the high melting point, low solubility, high thermal stability, low friction, and low surface energy of PTFE.




2.3 Disturbing the PTFE Structure: Perfluorinated Ethylene-Propylene Copolymer (FEP) and Polychlorotrifluoroethylene

Polytetrafluoroethylene polymerization allows an overwhelming majority of the chains to crystallize, despite their very large molecular weight. This is important to the development of properties such as high modulus, low coefficient of friction, and high heat-deflection temperature (HDT). Crystallinity of virgin PTFE (never melted) is in the range of 92–98%,[9] consistent with an unbranched chain structure. A reasonable question is whether induced branching, or substitution of a different atom for fluorine, can affect the properties of polytetrafluoroethylene.


2.3.1 Disturbing the PTFE Structure: Perfluorinated Ethylene-Propylene Copolymer (FEP)

FEP, a copolymer of TEF and hexafluoropropylene (HFP), contains a tertiary carbon at the branch point bonded to a pendent CF3. This carbon is believed to have less thermal stability than primary carbons and, to a lesser extent, secondary carbons, that constitute the rest of the backbone of the polymer chain. This is due to a steric effect in which the chain departs from a helix at the branch point. Figure 2.2 shows the results of thermogravimetric analysis (TGA) of PTFE and FEP after one hour of heating in the air. A comparison of degradation curves indicates onset degradation temperatures of 300°C for FEP (0.02% wt. loss) and 425°C for PTFE (0.03% wt. loss).


[image: image]


Table 2.3 provides a comparison of the properties of FEP and PTFE. The melting point, processing temperature, degradation temperature, and upper continuous-use temperature of FEP all have decreased significantly, the most important being the use temperature. The reason for lower thermal stability lies in the greater susceptibility to oxidation of the tertiary carbon bonded to the pendent perfluoromethyl group. FEP has about half the crystallinity of PTFE even though its molecular weight is an order of magnitude lower. CF3 side chains disrupt the crystallization sufficiently to reduce the crystalline content. The melt viscosity of FEP is almost one hundred million times lower than PTFE, which places it among the melt-processible thermoplastic polymers.

Table 2.3. A Comparison of the Properties of FEP and PTFE[10]



	Property
	FEP
	PTFE



	Melting Point, °C
	265
	327



	Processing Temperature, °C
	360
	400



	TGA Loss Temperature of 1%/hr, °C
	380
	465



	Upper Continuous Use Temperature, °C
	200
	260



	MV (380°C), Poise
	104-105
	1011-1012



	Crystallinity of Virgin Polymer, % wt.
	40-50
	92-98







2.3.2 Disturbing the PTFE Structure: Polychlorotrifluoroethylene

Chlorine has a larger atom than fluorine according to the electronic configuration data in Table 2.2. It disturbs both the geometric perfection of the chain and its electronic balance because chlorine has a lower electronegativity than fluorine. This means that the symmetry of electron density is disturbed where chlorine has replaced fluorine (Fig. 2.3). The proximity of the shared electron pairs changes in favor of fluorine, therefore rendering the chlorine end of the Cl–C–F less negative. Chlorine in PCTFE happens to be where attack on the molecule commences because of C–Cl bond energy. The various types of attacks include oxidation, branching, chain scission, cross-linking, solvent swelling, and partial or complete solubilization.


[image: image]
Figure 2.3 Comparative polarization of C–Cl and C–F bonds (|α| < |β|).







2.4 Reaction Mechanism

Perfluoroolefins, such as tetrafluoroethylene, are generally much more vulnerable to attack by nucleophiles than electrophiles which is the reverse of hydrocarbon olefins. Nucleophilic attacks occur on the fluoroolefins by the scheme proposed in Fig. 2.4. The nucleophile (Nuc) approaches the carbon side of the double bond (I) searching for a positive charge leading to the formation of a carbon ion (II). For example, if the nucleophilic compound was methoxy sodium, the CH3–O– side of the molecule would be approaching TFE. The carbon ion (II) is unstable and will give off a F− ion and generate reaction products. Which product is generated depends on the nature of the reaction medium. In the example of methoxy sodium, in the absence of a proton donor such as water, F− would combine with Na+ to produce NaF and perfluorovinyl methyl ether (III).


[image: image]
Figure 2.4 Proposed reaction scheme for nucleophilic attack on fluoroolefins.[2]


Generally, PTFE is not susceptible to nucleophilic attack because of the absence of double bonds. It is still susceptible to loss of fluorine by electrophilic attack particularly under heat and over long periods of exposure. Alkali metals, which are highly reactive elements, such as cesium, potassium, sodium, and lithium, are among the most likely candidates for abstraction of fluorine from PTFE by an electrophilic mechanism. Certain other metals such as magnesium can attack PTFE if they are highly activated by etching or other means.

Loss of fluorine destabilizes PTFE’s structure. As the fluorine-to-carbon ratio decreases, the color of PTFE changes from white to brown and then to black. The black layer is normally comprised of carbon, some oxygen, and small amounts of other elements.




2.5 Effect of Solvents on Fluoropolymers

Earlier in this chapter, the structure of PTFE was likened to a carbon rod completely blanketed with fluorine atoms which render the C–F bond impervious to solvent attack. This postulate has been proven by testing the effect of almost all common solvents on this polymer. There are no known solvents for PTFE below its melting point. PTFE is attacked only by molten alkali metals, chlorine trifluoride, and gaseous fluorine. Attack by alkali metals results in defluorination and surface oxidation of PTFE parts which is a convenient route to render them adherable.

Small molecules can penetrate the structure of fluoropolymers. Table 2.4 provides a summary of room-temperature sorption of hydrogen-containing and non-hydrogenated solvents into films of PTFE and FEP. Table 2.5 describes the characteristics of the films used in these experiments. Most hydrogen-containing solvents are absorbed into PTFE and FEP at less than 1%. In their case, the extent of swelling does not depend on the solubility parameter. In contrast, halogenated non-hydrogenated solvents penetrate these polymers as a strong function of the solubility parameter. Maximum swelling (11%) takes place at a solubility parameter of 6, and it drops to less than 1% swelling at a solubility parameter of 10.


Table 2.4. Sorption of Various Compounds by Perfluorocarbon Polymers at Room Temperature[11]

[image: image]


Table 2.5. Characteristics of Films in Sorption Studies



	 
	PTFE
	FEP



	Thickness, μm
	50
	50



	Preparation
	Cast from aqueous dispersion
	Melt extruded



	Crystallinity, %
	41
	42




A useful rule of thumb is that little hydrogen-containing solvent is taken up by perfluoropolymers, irrespective of the solubility parameter. The amount will increase with increasing temperature. For convenience, one can imagine that the solvent molecules are increasingly energized at higher temperatures and the polymer structure becomes more open. Both effects lead to more swelling. For non-hydrogen-containing solvents, swelling decreases when the solubility parameter of the solvent increases. More swelling occurs at higher temperatures, as with the hydrogen-containing solvents. "The more the solvent chemical structure resembles the fluoropolymer structure, the greater the swelling," is the rule of thumb for this group.




2.6 Molecular Interaction of Fluoropolymers: Low Friction and Low Surface Energy

Friction and surface energy (critical surface tension) are very low for fluoropolymers (Table 2.6). Both characteristics are at the root of many applications of these plastics, such as bridge expansion bearings (low friction) and non-sticking cookware (low surface energy). In this section, these properties are related to the intermolecular forces of fluoropolymers and other materials. To help the reader, definitions of the forces are briefly discussed.


Table 2.6. Coefficient of Friction and Surface Energy of Unfilled Fluoropolymers[12]

[image: image]


Over a century ago (1879), van der Waals postulated the existence of attractive intermolecular forces. His framework for the discussion of these forces was a modified form of the ideal gas law. Other researchers after van der Waals have classified the intermolecular forces into four components:


Dispersion (or nonpolar) force

Dipole-dipole force

Dipole-induced-dipole (induction) force

Hydrogen bonding



These forces are referred to as van der Waals forces.[13]–[20] The focus in this section is on short-range forces between two molecules which are fairly close to each other. Van der Waals forces can take place between any pair of molecules. A second class of repulsive forces act in opposition to the van der Waals forces. The net resultant of two forces is the actual repulsive force present between two molecules.

All four forms of attractive energy are proportional to 1/r6 therefore allowing the van der Waals forces to be expressed by Eq. (2.1). Repulsive energy for two neutral molecules which get close to each other is conventionally expressed in Eq. (2.2). Total energy between the two molecules is the sum of the attractive repulsive energies, shown in Eq. (2.3), known as Lennard-Jones potential.[21] We will focus on attractive forces in describing interactions between fluoropolymer molecules or between other molecules and fluoropolymers.





Eq. (2.1) [image: image]





Eq. (2.2) [image: image]





Eq. (2.3) [image: image]



The variable r = distance between two molecules, and A, B = constants.

PTFE molecules have little propensity for polarization or ionization, which minimizes the nonpolar energy or force between PTFE molecules and between PTFE and other molecules. There are also no permanent dipoles in its structure, which is not the case for polymers such as polychlorotrifluoroethylene and polyvinylfluoride, minimizing dipole-dipole energy and force. Low polarizability coefficient minimizes dipole-induced-dipole energy. The neutral electronic state of PTFE and its symmetric geometry rule out hydrogen bonding. Consequently, PTFE is very soft and easily abraded. The molecules slip by and slide against each other.[22] Absence of any branches or side chains eliminate any steric hindrance, which could constrain the slipping of PTFE molecules past each other. In PTFE (and fluoropolymers in general) relative to engineering polymers, this characteristics gives rise to properties like:


Low coefficient of friction

Low surface energy

High elongation

Low tensile strength

High cold flow



The electronic balance and neutrality of the molecule of PTFE result in:


High chemical resistance

Low polarizability

Low dielectric constant

Low dissipation factor

High volume and surface resistance



These properties serve as the foundation of the applications for this plastic.




2.7 Conformations and Transitions of Polytetrafluoroethylene

The special size and electronic relationship of fluorine and carbon atoms sets apart the conformational and transitional arrangement of polytetrafluoroethylene from seemingly similar molecules such as polyethylene. Polymerization of tetrafluoroethylene produces a linear molecule without branches or side groups. Branching would require a cleavage of C–F bonds, which does not occur during the polymerization. The linear chain of PTFE does not have a planar zigzag conformation, as is the case with polyethylene. Only under extreme pressure (5,000 atm) does the chain adopt a zigzag conformation.[23]–[25] The chain assumes a helical conformation to accommodate the large atoms of fluorine.

Below 19°C a helix forms with a 13.8° angle of rotation around each carbon-carbon bond. At this angle, a repeat unit of 13 CF2 is required to complete a 180° twist of the helix. Above 19°C, the number of CF2 groups to complete a 180° twist increases to 15. The crystalline structure of PTFE changes at 19°C, which is significant due to its closeness to the ambient temperature; the repeat distance is 1.69 nm and separation of chain axes is 0.562 nm.[26] Above 19°C, the repeat distance increases to 1.95 nm and separation of chain axes decreases to 0.555 nm. In the phase III (zigzag) crystal state, at a pressure of 12 kbar, density increases to 2.74 g/cm3 and crystal dimensions are a = 0.959 nm, b = 0.505 nm, c = 0.262 nm, and γ = 105.5°.[26]

The helical conformation of the linear PTFE molecules causes the chains to resemble rodlike cylinders[22] which are rigid and fully extended. The crystallization of PTFE molecules occurs in a banded structure depicted in Fig. 2.5. The length of the bands is in the range of 10–100 μm while the range of the bandwidth is 0.2–1 μm, depending on the rate of the cooling of the molten polymer.[27] Slowing the cooling rates generates larger crystal bandwidths. There are striations on the bandwidths that correspond to crystalline slices, which are produced by the folding over or stacking of the crystalline segments. These segments are separated by amorphous polymer at the bending point. The thickness of a crystalline slice is 20–30 nm.[28]


[image: image]
Figure 2.5 Crystalline structure of PTFE.[28]


PTFE has several first and second order transition temperatures ranging from −110°C to 140°C (Table 2.7).[9] The actual quantity of minor transitions is somewhat dependent on the experimental method used. From a practical standpoint, the two first order transitions that occur at 19°C and 30°C are most important. Figure 2.6 shows the phase diagram of polytetrafluoroethylene. It can be seen from this figure that the only phase, which can not be present at the atmospheric pressure, is phase III. It requires elevated pressures under which the polymer molecule assumes a zigzag conformation.


Table 2.7. Transitions of Polytetrafluoroethylene[9]

[image: image]



[image: image]
Figure 2.6 PTFE phase diagram.[26]


Below 19°C the crystalline system of PTFE is a nearly perfect triclinic. Above 19°C, the unit cell changes to hexagonal. In the range of 19–30°C, the chain segments become increasing disorderly and the preferred crystallographic direction disappears. Between 19°C and 30°C, there is a large expansion in the specific volume of PTFE approaching 1.8%[29] which must be considered in measuring the dimensions of articles made from these plastics. Above 30°C, the unit cell is a psuedohexagonal.




2.8 Conformations and Transitions of Polychlorotrifluoroethylene (PCTFE)

The crystal structure of polychlorotrifluoroethylene has been determined by x-ray diffraction and accepted to be pseudohexagonal with lattice parameters of a = 0.644 nm and c = 4.15 nm.[30][31] The polymer chain is helical with an average of 16.8 monomer units in one turn of the helix. The skeletal angles of the CF2 and CFCl groups differ by 5–7°, which is accommodated by the helical structure of the polymer chain. Crystal microstructure in PCTFE is spherulitic and the crystallites consist of folded polymer chains.[32]

Density of the polymer depends on its degree of crystallinity. Hoffman and Weeks have estimated the density of completely amorphous and crystalline polychlorotrifluoroethylene.[33] Values of 2.077 g/cm3 and 2.187 g/cm3 for entirely amorphous and crystalline phases can be used to estimate the degree of crystallinity of fabricated parts from Eq. (2.4). The degree of crystallinity of an article is affected by the molecular weight of PCTFE and the cooling rate from melt to solidified state.





Eq. (2.4) [image: image]



Note that θ is the degree of crystallinity at 30°C and d30 is the density of resin at 30°C.

There is conflicting information about the glass transition temperature of PCTFE in a review article, placing the temperature in the range of 45–60°C.[34] Three transition temperatures at 150, 90, and −37°C have been reported. Another article reported a temperature of 52°C. There is general agreement that glass transition temperature of PCTFE is about 95°C.[35][36] A more recent study has proposed a glass transition temperature 75 ± 2°C, based on extensive measurements using dynamic mechanical analysis, thermomechanical analysis, and differential scanning calorimetry.[37]




2.9 Conformations and Transitions of Perfluorinated Ethylene-Propylene Copolymers (FEP)

FEP is a copolymer of tetrafluoroethylene and hexafluoropropylene. The crystallinity of FEP as polymerized is about 70% compared to 95–98% for as-polymerized PTFE.[38] FEP has a significantly lower crystallinity than PTFE because of the replacement of a fluorine atom with pendent –CF3 groups that prevents efficient chain packing. The presence of this group distorts the structure of PTFE, resulting in a higher proportion of amorphous region. Crystalline FEP has a lamellar morphology.

FEP manifests a single first order transition that is its melting point. Similarly to PTFE, FEP’s melting point increases with pressure (Table 2.8). The presence of the pendent group causes a lowering of melting point relative to PTFE. Melting of commercial FEP results in an 8% increase in volume. Crystallinity of parts after processing (i.e., melting) depends on the cooling rate of the melt.

Table 2.8. Effect of Pressure on FEP Melting Point[38]



	Pressure
	Rate of Melt Point Increase, °C/MPa



	Low
	1.74



	High
	0.725




Relaxation temperature of FEP increases with hexafluoropropylene content of the copolymer. FEP has a dielectric transition at −150°C which is unaffected by the monomer composition or crystallinity (specific gravity).[39] Relaxation temperatures of FEP are shown in Table 2.9.

Table 2.9. Relaxation Temperatures of FEP[39]



	Transition Type
	Temperature, °C



	α
	157



	γ
	-5 to 29







2.10 Conformations and Transitions of Perfluoroalkoxy Polymers (PFA)

PFA is a copolymer of tetrafluoroethylene and perfluoroalkyl vinyl ether (PAVE). Melting point of PFA is lower than PTFE; it ranges from 305 to 315°C for commercial resin depending on the PAVE content of the copolymer. Crystalline content of as-polymerized PFA is about 70% (±5%) because of the pendent groups that perfluoroalkyl vinyl ether comonomer impart to the chain. A small amount of PAVE comonomers is required to reduce crystallinity and obtain a tough polymer. PAVE’s are more effective in reducing crystallinity than hexafluoropropylene because they possess longer side chains. PFA tends to crystallize in spherulitic morphology.

Crystallinity and specific gravity of PFA parts decrease when the cooling rate of the molten polymer is increased. The lowest crystallinity obtained by quenching molten PFA in ice was 48% (specific gravity 2.123). PFA exhibits one first order transition at −5°C in contrast to two temperatures for PTFE at 19 and 30°C. It has three second order transitions at −100, −30 and −90°C.[40]




2.11 Conformations and Transitions of Polyvinylidene Fluoride (PVDF)

Polyvinylidene fluoride (PVDF) chains form smaller amorphous molecular dimensions than PTFE because of strong interaction between –CH2– and –CF2– dipoles along the chain.[41] Crystallinity of PVDF is 35–70% depending on the polymerization method and polymer finishing history. The characteristics of PVDF depend on the molecular weight, molecular weight distribution, the amount of chain irregularity, side chains and its crystalline regime. In an alternating chain, head (–CF2–) to tail (–CH2–) addition dominates. There are occasional reversed head-to-head and tail-to-tail additions resulting in defects, the extent of which depends on the polymerization conditions, particularly temperature.[42] The amount of the defects is determined by 19F NMR and other techniques. Emulsion polymerization produces more head-to-head defects that are not followed by tail-to-tail links than suspension polymerization.[43][44]

PVDF has several polymorphs including four known chain conformations and a fifth suggested one.[45] The most common crystalline phase is a (density of 1.92 g/cm3) is the trans-gauche conformation in which hydrogen and fluorine atoms are alternately located on each side of the chain.[46][47] It forms both during polymerization and during cooling of the molten polymer. The β crystalline form has a density of 1.97 g/cm3 and is obtained when PVDF is mechanically deformed, e.g. stretched, near its melting point. It has an all-trans chain conformation positioning the fluorine atoms on one side and hydrogen atoms on the other side of the chain. The γ crystals are less usual and are obtained from ultrahigh molecular weight polyvinylidene fluoride.[48][49] The 5 crystals are generated by the distortion of one of the other crystalline forms.[50] Amorphous PVDF has a density of 1.68 g/cm3 suggesting that a typical part with a density of 1.75–1.78 has a crystallinity of 40%.[51] PVDF has four relaxation temperatures at 100°C (α′),50°C (α′), −38°C (β), and −70°C (γ).

PVDF has a propensity to liberate HF causing it to be susceptible to attack to by nucleophiles such as strong bases. Polyvinylidene fluoride is soluble in polar solvents such as esters, acetone and tetrahydrofuran. Solubility of PVDF allows film casting from the solutions.




2.12 Conformations and Transitions of Ethylene-Tetrafluoroethylene Copolymer (ETFE)

Commercial ETFE is an equimolar copolymer of ethylene and tetrafluoroethylene (1:1 ratio) and is isomeric with polyvinylidene fluoride. ETFE has a higher melting point than PVDF and a lower dissipation factor[52] because of its special chain conformation. Crystalline density was 1.9 g/cm3 for a polymer containing 12% head-to-head defect.[53] The unit cell of the crystal is expected to be orthorhombic or monoclinic with cell dimensions of a = 0.96 nm, b = 0.925 nm, c = 0.50 nm and γ = 96°.

Typically, in commercial ETFE the degree of alternation exceeds 90%.[54] An equimolar polymer has been confirmed to comprise of perfectly alternating comonomer units that result in the highest amount of crystalline phase and maximum melting point.[55] As comonomer ratio departs from 1:1 molar ratio, crystalline content is reduced and melting point decreases. For example, a nearly 100% alternating ETFE had a melting point of 300°C versus 270°C for an 88% alternating polymer. Melting point of ETFE reaches a minimum at 65–70 mole percent tetrafluoroethylene.

ETFE has a molecular conformation in which extended zigzag chains are packed in orthorhombic cells. Each molecule is adjacent to four other molecules in which the –CH2– groups of a chain are positioned next to the –CF2– groups of the next chain.[54] In essence, the bulky –CF2– groups nestle into the space above the smaller –CH2– groups of an adjacent chain,[55] thus interlocking the chains. This structure is responsible for ETFE properties such as low cold flow, high tensile strength and high modulus. A reduction in the degree of alternation reduces the interlocking the chains.

Intermolecular forces among the chains preserve the properties of ETFE until temperature reaches a transition value of 110°C, above which physical properties decline.[55] ETFE has two other transitions, β at −25°C and γ at −120°C.

ETFE is more resistant to strong bases than PVDF, nonetheless susceptible at elevated temperatures. ETFE can be dissolved in diisobutyl adipate at 230°C to measure the molecular weight by laser light scattering. Commercial ETFE has molecular weight in the range of 0.5 to just over 1 million.[55]




2.13 Conformations and Transitions of Ethylene-Chlorotrifluoroethylene Copolymer (ECTFE)

Commercial ethylenechlorotrifluoroethylene co-polymer is an alternating polymer with 1:1 ratio of the comonomers. It is partially crystalline (50–55%) and melts at 240°C.[56] ECTFE exhibits three second order transitions at 140°C (α), 90°C (β), and at −65°C (γ). The first and last transitions are ascribed to the motion of chain segments in the crystalline phase whereas the β transition is thought to relate to the motion of chain segments in the amorphous phase.

The unit cell of alternating copolymers of ECTFE is hexagonal with a chain repeat distance of 0.502 nm.[57][58] The unit cell contains three molecules and occupies a volume of 0.324 nm3.[59] The preferred morphology of ECTFE chains is similar to that of ETFE where chlorotrifluoroethylene units line up opposite ethylene in the adjacent chain. This structure has been credited for the relatively high melting point and physical properties of equimolar ECTFE.

ECTFE is resistant to organic and inorganic chemicals and does not dissolve in any solvents. It absorbs hot polar and chlorinated solvents.




2.14 Conformations and Transitions of Polyvinyl Fluoride (PVF)

Polyvinyl fluoride is a semicrystalline polymer and has a planar zigzag chain conformation. The extent of the polymer crystallinity is dependent on its polymerization method and thermal history. The degree of crystallinity can vary from 20–60%, apparently as a function of defects in the PVF structure.[42] Studies have indicated the crystalline cell is orthorhombic and contains two monomer units.[60]

Commercial PVF is atactic and contains approximately 12% head-to-head linkages.[61]–[64] These studies have focused on the relationship between the concentration of head-to-head irregularity and branching on PVF’s melting point. Polymer consisting of pure head-to-tail linkages had a melting point of 220°C as opposed to 160°C for PVF containing 30% head-to-head reversals.[61][62] Further work has suggested that branching is the key variable affecting the melting point.[63][64] Melting point varied from 186 to 206°C when polymerization temperature was increased from 90 to 40°C. This range produced 1.35 to 0.3% branching while monomer reversal remained constant at about 12.5%.[65]

Polyvinyl fluoride has a number of transitions below the melting temperature, the values of which depend on the measurement techniques. The lower glass transition occurs at −15 to −20°C and is believed to relate to relaxation free from restraint by crystallites. The upper glass transition ranges from 40 to 50°C, apparently due to amorphous regions under restraint by crystallites.[66] Yet another transition occurs at −80°C because of short-chain amorphous relaxation and another at 150°C associated with premelting intracrystalline relaxation.

PVF is nearly insoluble in all solvents below about 100°C.[65][67] PVF with more solubility has been produced by modifying the polymer with 0.1% 2-propanol. These resins were characterized in N,N-dimethyl formamide solution containing 0.1 N LiBr. Number average molecular weight (Mn) ranged from 76,000 to 234,000 as measured by osmometry.
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3 Operational Classification of Fluoropolymers


3.1 Introduction

The discovery of PTFE led to major opportunities to solve industrial material problems. For instance, costly exotic metals could be replaced with an economical plastic. Before these opportunities could be realized, however, a host of processing problems had to be solved. PTFE proved impossible to dissolve in solvents. Its melting point was high (first melting point is 342°C), and after melt, its viscosity was so high (1011-1012 poise at 380°C) that it would not flow at all. Tables 3.1–3.5 provide data for a variety of physical, mechanical, thermal, electrical, and chemical resistance properties of a number of plastics. A new processing method had to be found to accommodate PTFE’s unique properties, which was done by borrowing technology from an unlikely place, the powdered metal processing industry.

Later, PTFE underwent the typical evolutionary process of the other polymer families and was proliferated through copolymerization with a variety of comonomers. The new fluoropolymers could be processed by a variety of techniques such as melt processing, and dispersion and solution coating methods. Per general convention, melt processing refers to a polymer developing flow upon melting in normal process equipment such as extruders. This chapter provides a brief summary of major commercial fluoropolymer products and ways in which each is processed. This leads to classification of fluoropolymers according to their processing regime. The normal convention of polymer science will be followed in applying the name copolymer to any fluoropolymer containing >1% of a comonomer. A fluoropolymer containing <1% comonomer is categorized as a “modified” homopolymer.


Table 3.1. Physical and Mechanical Properties of Polymers[1][2]

[image: image]




Table 3.2. Mechanical Properties of Polymers[1]–[4]



	 
	Deformation-Under-Load (Tensile)
	Static Coefficient of Friction



	Test Method ASTM
	D621* % @ 23°C (Load)
	 



	Polystyrene
	0.5 (13.8 MPa)
	-



	ABS
	0.4 (10 MPa)
	-



	Polypropylene
	2 (6.9 MPa)
	-



	Polyethylene
	3.2 (6.9 MPa)
	-



	Polyacetal
	0.25 (6.9 MPa)
	0.38



	Polyester
	-
	0.37



	Polyamide, nylon 66
	1.5 (10 MPa)
	0.50



	Polycarbonate
	0.45 (20.6 MPa)
	0.51



	Polysulfone
	0.9 (20.6 MPa)
	-



	Test Method ASTM
	D621* % @ 23°C (Load)
	 



	PTFE
	3.5 (6.9 MPa)
	0.1



	PFA
	2 (0.69 MPa)
	0.2



	FEP
	1.8 (6.9 MPa)
	0.2



	ETFE
	0.3 (6.9 MPa)
	0.4



	PVDF [@140°C]
	1-2 (0.69 MPa)
	-




* ASTM Method D621 is obsolete.




Table 3.3. Thermal and Electrical Properties of Polymers[1][2]
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Table 3.4. Water Absorption and the Effect* of Inorganic Chemicals on Polymers[1][2]
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[image: image]






Table 3.5. Effect* of Organic Chemicals on Polymers[1][2]

[image: image]


The other major monomers, in addition to TFE, are chlorotrifluoroethylene (CTFE, CClF = CF2), vinylidene fluoride (VDF, CF2 = CH2) and vinyl fluoride (VF, CH2 = CHF). These monomers are polymerized and copolymerized by different methods to produce commercial fluoropolymers. TFE, CTFE, and VDF have associated families of polymers and copolymers. Only one commercial VF polymer is known (Tedlar® by DuPont).




3.2 TFE Homopolymers

Two regimes are commonly used to polymerize tetrafluoroethylene by itself and with other comonomers: dispersion and suspension processes. The two methods differ in a number of ways but the amount of surfactant added to the polymerization reactor and the shear rate applied during the reaction are the important differences between them. The dispersion method consumes much more surfactant than the suspension (slurry) process and produces small submicron particles which are the basis for “fine powder” and “dispersion” products. The suspension process generates long stringy particles resembling coconut shreds which are cut and screened in a finishing step to produce “granular” resins.

Granular PTFE has a high molecular weight (106-107) and is usually fabricated by an alteration of a metallurgical technique called compression molding. In this method a “preform” is made by compressing it in a mold to form the desired shape. This preform is then placed in an oven to be “sintered,” that is, melted and densified into the final shape. Other molding techniques are also used to produce preforms. End-use parts are machined from such shapes when directly forming the final design is impractical.

Commercial fine powder PTFE resins are produced in a range of very high molecular weight (106 to 3><107). This powder is processed by forming a paste by the addition of an isoparaffin lubricant. This paste is then extruded into tubing, wire insulation, tape, or membrane. Typically, the extruded shape is dried in an oven and the lubricant is removed. In the final step, the dried extrudate is sintered in an oven.

The dispersion form of PTFE consists of a fairly high solids content emulsion of PTFE in water. These products are produced by the same polymerization process as fine powder PTFE. Dispersion recovered from the polymerization reactor is usually concentrated to raise the PTFE content. Additional surfactants may be added to prevent coagulation of small particles.

Dispersion products are formulated into coatings by the addition of resins, pigments, and other additives. They are applied to substrates by typical latex processing methods such as spin coating, blade drawing, roll coating, spraying, brushing, curtain coating, and dipping.




3.3 TFE Copolymers

Copolymers of TFE with hexafluoropropylene (FEP), perfluorovinylether (PFA), and ethylene (ETFE) monomers have been made commercially. These polymers can be produced by both suspension and dispersion regimes, aqueously or non-aqueously. The polymers are recovered and finished by extrusion into cubes or pellets. Dispersion forms of TFE copolymers are consumed in industrial and consumer applications. Stabilization steps are usually included in the polymer finishing process to reduce the number of end-groups and chain links because they could initiate degradation during fabrication.

A more recent class of TFE copolymers is one which is soluble in special solvents. These copolymers contain larger fractions of the comonomers, which make them amorphous and thus soluble. For example, FEP contains 10–15% hexafluoropropylene (HFP) and is semicrystalline. Increasing the HFP content beyond 20% generates polymers which are soluble in fluorocarbon solvents. These polymers can be applied as solutions by typical latex processing techniques such as spin coating, blade drawing, spraying, brushing, and dipping.




3.4 CTFE Polymers

Chlorotrifluoroethylene (CTFE) can also be homo-and copolymerized by suspension and dispersion methods in aqueous and nonaqueous media. The copolymer of ethylene and CTFE is ECTFE, a melt processible polymer and a counterpart of ETFE. CTFE is also copolymerized with vinylidene fluoride (VDF). Higher VDF contents generate elastomeric polymers. Methods similar to those for PTFE are used to recover the polymer in various forms. Both powder and dispersion products are available. PCTFE can be processed by both non-melt techniques such as compression molding, and melt techniques such as injection molding and extrusion. Thicker parts are usually made by non-melt methods.




3.5 Vinylidene Fluoride Polymers

Vinylidene fluoride (VDF) can be polymerized by a variety of methods such as suspension, dispersion, and solution polymerization. It can be copolymerized with a number of fluorinated and non-fluorinated comonomers. Examples of these two groups include perfluoroolefin monomers and acrylic compounds. VDF polymers and copolymers are fabricated by melt processing as well as coating techniques.




3.6 Vinyl Fluoride Polymers

Vinyl fluoride is an exception to almost all major fluorocarbon monomers in that there is only one commercial homopolymer and no copolymers. It is made by suspension polymerization. Polyvinyl fluoride (PVF) is fabricated into thin films by melt extrusion of its dispersion in a latent solvent, typically a polar compound such a dimethylformamide.




3.7 Process Classification

The brief description of the commercially important fluoropolymers indicates the techniques by which they can be fabricated. Generally, the processing method is dependent on the rheology of the fluoropolymer in question. Table 3.6 summarizes the structurerheology-fabrication technique characteristics of various copolymers. Melt viscosity values represent a wide range of shear rate for melt processible polymers in Table 3.6. Volume One focuses on fluoropolymers which are processed by non-melt methods.[6] The present volume is devoted to the melt processible fluoropolymers.


Table 3.6. Summary of Structure-Rheology-Fabrication Process for Commercial Fluoropolymers

[image: image]
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4 Homofluoropolymer Monomers


4.1 Introduction

In this chapter, synthesis and properties of major monomers for polymerization of melt-processible fluoroplastics are discussed. Tetrafluoroethylene is the primary monomer. Small amounts of other monomers are incorporated in the TFE polymer structure to modify its properties and processing characteristics. These monomers include hexafluoropropylene (HFP), perfluoroalkylvinylethers (PAVE), and chlorotrifluoroethylene (CTFE). A number of specialty monomers, though less common, are also used to modify the PTFE structure. Examples include perfluoroisopropyl vinyl ether and perfluorobutyl ethylene. Preparation of important monomers including vinyl fluoride and vinylidene fluoride are reviewed.




4.2 Synthesis of Tetrafluoroethylene

Tetrafluoroethylene (CF2 = CF2) is the main building block of all perfluorinated polymers, that is, polymers comprised of carbon, fluorine, and occasionally a small amount of oxygen. It is difficult to establish exactly the first successful synthesis. Publications in the 1890’s report a variety of attempts to synthesize TFE by direct reaction of fluorine with carbon, fluorine with chloromethanes, and tetrachloroethylene with silver fluoride.[1]−[4] The data presented are insufficient to determine that these efforts actually lead to TFE. Humiston[5] reported the first documented preparation of TFE in 1919 which was disputed due to erroneous property data.

The first reliable and complete description of synthesis was published in 1933 by Ruff and Bretschneider[6] in which they prepared TFE from decomposition of tetrafluoromethane in an electric arc. TFE was obtained by bromination and separation of the dibromide (CF2Br–CF2Br) from the other reaction products. Dehalogenation with zinc was employed to obtain pure TFE monomer. Numerous other papers have reported synthesis of tetrafluoroethylene. The works that report commercially significant techniques for TFE preparation list fluorspar (CaF2), hydrofluoric acid, and chloroform as the starting ingredients.[7]–[14] The reaction scheme is shown below:


HF preparation:



[image: image]





Chloroform preparation:
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Chlorodifluoromethane preparation:
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TFE synthesis:
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A few other side compounds are also produced during pyrolysis including hexafluoropropylene, perfluorocyclobutane, and octafluoroisobutylene, 1-chloro-1,1,2,2-tetrafluoroethane, 2-chloro-1,1,1,2,3,3-hexafluoropropane and a small amount of highly toxic perfluoroisobutylene.

Sherratt[15] has provided a detailed description of the preparation of TFE. The overall yield of TFE production depends on the pyrolysis reaction. It proceeds to yield better than 90% TFE at short contact times, low conversions, and subatmospheric pressure in the temperature range of 590–900°C. Results similar to subatmospheric pyrolysis can be achieved if superheated steam is present during the pyrolysis. Tetrafluoroethylene yields approaching 95% can be achieved at 80% chlorodifluoromethane conversion if the molar ratio of steam to CHClF2 is in the range of 7:1 to 10:1.

The products of pyrolysis are cooled, scrubbed with a dilute basic solution to remove HCl and dried. The resulting gas is compressed and distilled to recover the unreacted CHClF2 and to recover high purity TFE.[15] Polymerization of tetrafluoroethylene to high molecular weight requires extreme purity, thus the removal of all traces of telogenic hydrogen or chlorine-bearing impurities. Tetrafluoroethylene can autopolymerize if it is not inhibited. Effective TFE autopolymerization inhibitors include a variety of terpenes, such as α-pinene, Terpene B, and d-limonene[16] which appear to act as scavengers of oxygen, a polymerization initiator.

Tetrafluoroethylene is highly flammable and can undergo violent deflagration in the absence of air:



[image: image]



Heat of reaction values between 57–62 kcal/mole (at 25°C and 1 atm) have been reported for TFE deflagration.[17] Similar amounts of heat are released by the explosion of black gun powder.[15] To eliminate transportation concerns, TFE preparation and polymerization are carried out at the same site. Mixtures of TFE with carbon dioxide are known to be fairly safe (see Sec. 5.10).




4.3 Properties of Tetrafluoroethylene

Table 4.1 lists the properties of tetrafluoroethylene. It is a colorless, odorless, tasteless, nontoxic gas which boils at −76.3°C and freezes at −142.5°C. Critical temperature and pressure of tetrafluoroethylene are 33.3°C and 39.2 MPa. TFE is stored as a liquid; vapor pressure at −20°C is 1 MPa. Its heat of formation is reported to be −151.9 kcal/mole. Polymerization of tetrafluoroethylene is highly exothermic and generates 41.12 kcal/mole heat. The extent of exothermicity of TFE polymerization can be seen when it is compared with the polymerization of vinyl chloride and styrene which have heats of polymerization of 23–26 kcal/mole and 16.7 kcal/mole, respectively.

Table 4.1. Properties of Tetrafluoroethylene[20]



	Property
	Value



	Molecular weight
	100.02



	Boiling point at 101.3 kPa, °C
	−76.3



	Freezing point, °C
	−142.5



	Liquid density vs. temperature (°C), g/mL
	 



	−100 < t <−40
	1.202 − 0.0041t



	−40 < t < 8
	1.1507 − 0.0069t − 0.000037t2



	8 < t < 30
	1.1325 − 0.0029t − 0.00025t2



	Vapor pressure at T K, kPa
	 



	196.85 < T < 273.15
	log10PkPa = 6.4593-875.14/T



	273.15 < T < 306.45
	log10PkPa = 6.4289-866.84/T



	Critical temperature, °C
	33.3



	Critical pressure, MPa
	3.92



	Critical density, g/mL
	0.58



	Dielectric constant at 28°C
	 



	at 101.3 kPa
	1.0017



	at 858 kPa
	1.015



	Thermal conductivity at 30°C, mW/(m·K)
	15.5



	Heat of formation for ideal gas at 25°C, ΔH, kJ/mol
	−635.5



	Heat of polymerization to solid polymer at 25°C, ΔH, kJ/mol
	−172.0



	Flammability limits in air at 101.3 kPa, vol.%
	14-43




A complete description of hazards of tetrafluoroethylene can be found in Ref. 15. Safe storage of TFE requires its oxygen content to be less than 20 ppm. A great deal of research has been devoted to safe handling of tetrafluoroethylene.[18] Temperature and pressure should be controlled during its storage. Increasing the temperature, particularly at high pressures, can initiate deflagration in the absence of air. In the presence of air or oxygen, TFE forms explosive mixtures. Detonation of a mixture of tetrafluoroethylene and oxygen can increase the maximum pressure to 100 times the initial pressure.[19]

Tetrafluoroethylene undergoes free radical addition reactions typical of other olefins. It readily adds Br2, Cl2, and I2, halogen halides IBr and ICl, and nitrosyl halides such as NOCl and NOBr.[21][22] Additional reactions of chlorofluoromethanes and chloromethanes in presence of catalysts like aluminum chloride have been reported.[23] A variety of other compounds such as alcohols, primary amines, and ammonia can be reacted with tetrafluoroethylene to prepare tetrafluoroethers (HCF2CF2OR), difluoroacetamide (HCF2CONHR), and substituted triazines.[24] Oxygen can be added to TFE to produce polymeric peroxide,[25] or tetrafluoroethylene epoxide.[26] In the absence of hydrogen, sodium salts of alcohols will react with TFE to yield trifluorovinylethers (ROCF = CF2) which can be homo- and copolymerized.




4.4 Synthesis of Hexafluoropropylene

Hexafluoropropylene (CF3CF = CF2) is used as a comonomer in a number of fluoropolymers such as fluorinated ethylene-propylene copolymer. It is also used to “modify” the properties of homofluoropolymers. It was first prepared by Benning, et al.,[27a] by pyrolysis. They identified this compound as hexafluorocyclopropane, erroneously. The full synthesis and identification of HFP was conducted by Henne.[27b] A six step reaction scheme beginning with the fluorination of 1,2,3-trichloropropane (ClCH2CHClCH2Cl) led to 1,2-dichlorohexafluoropropane (ClCF2CFClCF3). The latter was dehalogenated with zinc in boiling ethanol to yield hexafluoropropylene.

There are a number of ways to prepare HFP. Excellent hexafluoropropylene yields from the thermal degradation of heptafluorobutyrate (CF3CF2CF2COONa) have been reported.[28] Cracking of tetrafluoroethylene in a stainless steel tube at 700–800°C under vacuum is an efficient route for the production of HFP. TFE conversions up to 72% and HFP yields of 82% have been reported[29][30] Octafluorocyclobutane (TFE dimer), octafluoroisobutylene, and some polymer are the major side products of cracking. The presence of a small amount (3–10%) of chlorodifluoromethane stops the formation of polymer.[31] Thermal decomposition of PTFE under 20 torr vacuum at 860°C yields 58% hexafluoropropylene.[32]

HF reaction with 3-chloro-pentafluoro-1-propene (CF2 = CF–CF2Cl) at 200°C, catalyzed by activated carbon, yields HFP.[32] Hexafluoropropylene can be prepared from the catalytic degradation of fluoroform (CHF3) at 800–1000°C in a platinum-lined nickel reactor.[15] Another method is copyrolysis of fluoroform and chlorotrifluoroethylene (CF2 = CFCl),[16] or chlorodifluoromethane and 1-chloro- 1, 2, 2, 2 -tetrafluoroethane (CHClFCF3),[32] giving good yields of HFP.

More recently other methods have been reported for the synthesis of hexafluoropropylene. One technique involves the pyrolysis of a mixture of tetrafluoroethylene and carbon dioxide at atmospheric pressure at 700–900°C.[33] Conversions of 20–80% and HFP yields of better than 80% were obtained. The unreacted tetrafluoroethylene and carbon dioxide were distilled from the product and recycled. HFP can be synthesized from hexachloropropylene via a multistep process beginning with fluorination.[34] Later steps convert the initial products to CF3–CFCl–CF3 which is dehalogenated to HFP. Other techniques report on the synthesis of hexafluoropropylene from the mixture of a variety of linear and cyclic three-carbon hydrocarbons with a partially halogenated three-carbon acyclic hydrocarbon.[34]




4.5 Properties of Hexafluoropropylene

Table 4.2 lists the properties of hexafluoropropylene. It is a colorless, odorless, tasteless, and relatively low toxicity gas, which boils at −29.4°C and freezes at −156.2°C. In a four-hour exposure, a concentration of 3,000 ppm corresponded to LC50 in rats.[35] Critical temperature and pressure of hexafluoropropylene are 85°C and 3,254 MPa. Unlike tetrafluoroethylene, HFP is extremely stable with respect to autopolymerization and may be stored in liquid state without the addition of telogen.

Table 4.2. Properties of Hexafluoropropylene[4]



	Property
	Value



	Molecular weight
	150.021



	Boiling point at 101.3kPa, °C
	−29.4



	Freezing point, °C
	−156.2



	Liquid density vs. temperature (°C), g/mL
	 



	−100 < t <−40
	1.202 − 0.0041t



	−40 < t < 8
	1.1507 − 0.0069t − 0.000037t2



	8 < t < 30
	1.1325 − 0.0029t − 0.00025t2



	Vapor pressure at T K, kPa
	 



	196.85 < T < 273.15
	log10PkPa = 6.6938-1139.156/T



	Critical temperature, °C
	85



	Critical pressure, MPa
	3.259



	Critical density, g/mL
	0.60



	Liquid density, g/mL
	 



	60°C
	1.332



	20°C
	1.105



	0°C
	1.419



	20°C
	1.498



	Heat of formation for ideal gas at 25°C, ΔH, kj/mol
	−1078.6



	Heat of combustion, kJ/mol
	879



	Toxicity, LC50(rat), 4ha, ppm
	3,000



	Flammability limits in air at 101.3 kPa, vol.%
	Nonflammable for all mixtures of air and HFP




a Exposure resulting in fatality of 50% of rats in four hours.

Hexafluoropropylene is thermally stable up to 400–500°C. At about 600°C under vacuum, HFP decomposes and produces octafluoro-2-butene (CF3CF = CFCF3) and octafluoroisobutylene.[26] Under γ-radiation, it reacts with oxygen and produces a 1 : 1 mole ratio of carbonyl fluoride (COF2) and trifluoroacetyl fluoride (CF3COF).[36] Heat of combustion of hexafluoropropylene is 879 kJ/mole.[17] Under basic conditions, hydrogen peroxide reacts with HFP to form hexafluoropropylene epoxide, which is an intermediate in the preparation of perfluoroalkylvinyl ethers.[37][38]

Hexafluoropropylene readily reacts with hydrogen, chlorine, bromine, but not iodine, by an addition reaction similar to other olefins.[18][39]–[41] Similarly HF, HCl, and HBR, but not HI, add to HFP. By reacting hexafluoropropylene with alcohols, mercaptans, and ammonia, hexafluoro ethers (CF3CFHCF2OR), hexafluoro sulfides (CF3CFHCF2SR), and tetrafluoropropionitrile (CF3CFHCN) are obtained. Diels-Alder adducts have been identified from the reaction of anthracene, butadiene, and cyclopentadiene with HFP.[42] Cyclic dimers of HFP can be prepared at 250–400°C under autogenous pressure.[24][25] Linear dimers and trimers of hexafluoropropylene can be produced catalytically in the presence of alkali metal halides in dimethylacetamide.[21][23]




4.6 Synthesis of Perfluoroalkylvinylethers

Perfluoroalkylvinylethers are synthesized according to the steps shown in Table 4.3. There are also electrochemical processes for the production of perfluoro-2-alkoxy-propionyl fluoride.[46]

Table 4.3. Steps to Synthesize Perfluoroalkylvinylethers



	1. Hexafluoropropylene is converted hexafluoropropylene epoxy (HFPO) reacting HFP with oxygen under pressure in the presence of an inert diluent at 50−250°C or with an oxidizer such as hydrogen peroxide in a basic solution:[43][44]



	
[image: image]



	2. HFPO is reacted with a perfluorinated acyl fluoride to produce perfluoro-2-alkoxy-propionyl fluoride:



	
[image: image]



	3. Perfluoro-2-alkoxy-propionyl fluoride is reacted with the oxygen containing salt of an alkali or alkaline earth metal at an elevated temperature which depends on the type of salt. Examples of the salts include sodium carbonate, lithium carbonate, and sodium tetraborate:[45]



	
[image: image]







4.7 Properties of Perfluoroalkylvinylethers

Perfluoroalkylvinylethers (PAVE) forms an important class of monomers in that they are comonomers of choice for the “modification” of the properties of homofluoropolymers in addition to their broad use in the structure of copolymers of TFE. They are capable of suppressing the crystallization of polytetrafluoroethylene efficiently, which imparts useful mechanical properties to lower molecular weight PTFE polymers. The advantage of PAVEs as modifiers over hexafluoropropylene is their remarkable thermal stability. Copolymers of PAVEs and tetrafluoroethylene are as thermally stable as PTFE homopolymers.

Properties of perfluoropropylvinylether (PPVE), a commercially significant example of PAVEs, are listed in Table 4.4. PPVE is an odorless colorless liquid at room temperature. It is extremely flammable and burns with a colorless flame. It is less toxic than hexafluoropropylene and copolymerizes with tetrafluoroethylene.

Table 4.4. Properties of Perfluoroalkylvinylethers[47]



	Property
	Value



	Molecular weight
	266



	Boiling point at 101.3 kPa, °C
	36



	Flash point, °C
	−20



	Specific gravity at 23 °C
	1.53



	Vapor density at 75 °C, g/mL
	0.2



	Vapor pressure at 25 °C, kPa
	70.3



	Critical temperature, K
	423.58



	Critical pressure, MPa
	1.9



	Critical volume, mL/mole
	435



	Toxicity, average lethal concentration (ALC), ppm
	3,000



	Flammability limits in air, vol.%
	1







4.8 Synthesis of Chlorotrifluoroethylene

This monomer is fairly simple to manufacture compared to the perfluorinated monomers.[48][49] The commercial process for the synthesis of chlorotrifluoroethylene (CTFE) begins with 1,1,2-trichloro-1,2,2-trifluoroethane (TCTFE). It is dechlorinated by pyrolysis at 500–600°C in vapor phase. An alternative method for preparation of TCTFE is catalytic dechlorination:


[image: image]


A number of compounds including chlorodifluoroethylene, trifluoroethylene, dichlorotrifluoroethane, methyl chloride, dimethyl ether, and CTFE dimer are by-products of this reaction.

The reaction stream is put through a number of purification and distillation steps to remove the gaseous and liquid contaminants. Chlorotrifluoroethylene is further purified by the removal of methyl chloride, dimethyl ether, and water by passing the gas stream through sulfuric acid. Water and hydrochloric acid are removed by passing the CTFE through an alumina column before condensing it into a liquid. The liquid stream is sent to storage and non-condensable gases are purged.




4.9 Properties of Chlorotrifluoroethylene

Chlorotrifluoroethylene is a colorless gas at room temperature and pressure. It is the monomer for polychlorotrifluoroethylene and is also known as trifluorovinyl chloride and trifluorochloroethylene. Physical properties of CTFE are listed in Table 4.5. It is fairly toxic with an L C50 (rat), 4 h of 4,000 ppm J48]

Table 4.5. Properties of Chlorotrifluoroethylene[49]



	Property
	Value



	Molecular weight
	116.47



	Boiling point at 101.3 kPa, °C
	−27.9



	Freezing point, °C
	−157.5



	Liquid density at 20°C, g/mL
	1.305



	Vapor pressure at 21 °C, kPa
	428



	Critical temperature, °C
	105.8



	Critical pressure, MPa
	4.03



	Flammability limits, %
	16-34a



	Latent heat of vaporization at −27.9
	22.6



	Heat of formation at 25°C, kJ/mole
	563.2



	Heat of combustion at 25°C, kJ/mole
	223.8




a Ref. 50

Chlorotrifluoroethylene behaves similarly to other small olefins in its reactions. For example, halogens and hydrohaloacids, such as hydrobromic and hydrochloric acids, add to the double bond:



[image: image]



It hydrolyzes slowly in water containing oxygen while it is completely stable in degassed water. The reaction accelerates in the presence of an alkali (e.g., NaOH) at above room temperature.[51] It polymerizes by a free-radical reaction, as well as forming a variety of copolymers with vinylic monomers such as ethylene. Chlorotrifluoroethylene also reacts with amines, alcohols, chloroform, and methylene chloride.

Oxygen and liquid CTFE react and form peroxides at fairly low temperatures. A number of oxygenated products are produced as a result of oxidation of chlorotrifluoroethylene, such as chlorodifluoroacetylfluoride.[52] The same reaction can occur photo-chemically in the vapor phase. Chlorotrifluoroethylene oxide is a by-product of this reaction. The peroxides act as initiators for the polymerization of CTFE, which can occur violently. This is the reason that all traces of oxygen must be removed for safe storage and shipping without the addition of inhibitors.

CTFE dimers can be produced catalytically and thermally to produce 4,4-dichlorohexafluoro-1-butene. The catalyst of the reaction is sintered porous polytetrafluoroethylene or a mixture of PTFE and sodium or potassium fluoride at 300–450°C.[53] The dimer yield of the reaction is usually very high (>90%). The rest of the CTFE is converted to trimers. Thermally CTFE dimerizes to a mixture of cis- and trans-1,2-dichlorohexafluorocyclobutanes.[54]




4.10 Synthesis of Vinylidene Fluoride

There are numerous ways to prepare vinylidene fluoride (VDF) which is the main monomer for polyvinylidene fluoride homopolymers and copolymers. A number of these methods are based on dehydrohalogenation of halohydrocarbons. Examples include dehydrobromidation of 1-bromo-1,1-difluoroethane[55] or dehydrofluorination of 1,1,1-trifluoroethane.[56][57] Two methods, including the popular commercial technique for VDF production, are described.

Conversion of 1,1,1-trifluoroethane[56] begins by passing this gas through a platinum-lined Inconel tube, which is heated to 1,200°C. Contact time is about 0.01 seconds. The exit gases are passed through a sodium fluoride bed to remove the hydrofluoric acid and are then collected in a liquid nitrogen trap. Vinylidene fluoride (boiling point: −84°C) is separated by low temperature distillation. Unreacted trifluoroethane is removed at −47.5°C and is recycled. The effect of temperature and contact time is illustrated in Table 4.6, clearly favoring the high temperature process.

Table 4.6. Effect of Contact Time and Temperature on Vinylidene Fluoride Yield[56]



	Variable
	Case 1
	Case 2



	Temperature, °C
	1,200
	800



	Contact time, sec.
	0.01
	4.4



	Space velocity, 1/hr
	9,700
	200



	Total conversion, mole %
	75.4
	76



	Conversion to vinylidene fluoride, mole %
	74
	66



	Vinylidene fluoride yield, %
	98.1
	86.5



	By-products yield, %
	1.9
	13.5
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The commercial method begins with hydrofluorination of acetylene followed by chlorination,[58] by hydrofluorination of trichloroethane[59] or by hydrofluorination of vinylidene chloride.[60] In each case the final product, 1-chloro-1,1-difluoroethane, is stripped of a molecule of hydrochloric acid to yield VDF. The following one-step reaction scheme is shown for vinylidene chloride as a starting ingredient:



[image: image]



A mixture of vinylidene chloride (VC2) and hydrofluoric acid is passed through a heated catalyst bed. The catalyst is prepared by heating CrCl3·6H2O under vacuum to 300°C until it changes color from dark green to a solid violet throughout the porous mass. In this operation, crystallization water is removed (35% weight loss). The cooled mass is comminuted and screened into particles of 2–5 mm diameter that are loaded into a cylindrical reactor and heated to the reaction temperature (250–350°C). The resulting gases are condensed and vinylidene fluoride (boiling point: −84°C) is separated by low temperature distillation. Table 4.7 provides yield information for a few different reaction conditions. It appears that nearly a 100% yield was achieved in case 3.


Table 4.7. Effect of Contact Time and Temperature on Vinylidene Fluoride Yield[60]

[image: image]


In another one-step process,[61] a mixture of vinylidene chloride and hydrofluoric acid is heated to 400–700°C in the presence of oxygen and a catalyst. Aluminum fluoride, alone or in combination with a transition metal such as cobalt, chromium, nickel, zinc or their combinations, is the catalyst for the reaction.




4.11 Properties of Vinylidene Fluoride

Vinylidene fluoride (VDF), CH2 = CF2, is flammable and is a gas at room temperature. Physical properties of vinylidene fluoride are presented in Table 4.8. It is colorless and almost odorless and boils at −84°C. Vinylidene fluoride can form explosive mixtures with air. Polymerization of this gas is highly exothermic and takes place above its critical temperature and pressure.

Table 4.8. Properties of Vinylidene Fluoride [62]



	Property
	Value



	Molecular weight
	64.038



	Boiling point, °C
	−84



	Freezing point, °C
	−144



	Vapor pressure at 21 °C, kPa
	3,683



	Critical pressure, MPa
	4.434



	Critical temperature, °C
	30.1



	Critical density, kg/m3
	417



	Heat of formation at 25°C, kJ/mole
	−345.2



	Heat of polymerization at 25°C, kJ/mole
	−474.2



	Explosive limits, vol % in air
	5.8-20.3



	Solubility in water, cm3/100 g at 25°C at 10 kPa
	6.3



	Activation energy of polymerization, Eo, kJ/mol
	161







4.12 Synthesis of Vinyl Fluoride

Vinyl fluoride (VF) can be prepared by dehalogenation or dehydrohalogenation of halohydrocarbons, addition of hydrofluoric acid to acetylene, by catalyticreaction of ethylene with hydrofluoric acid and fluorination of vinyl chloride.

The first synthesis of vinyl fluoride (VF) was reported by Swartz by the reaction of 1,1-difluoroethane-2-bromoethane with zinc.[63] Dehalogenation by zinc yields vinyl fluoride:



[image: image]



Zinc can be replaced by potassium iodide solution in alcohol or phenylmagnesium bromide solution in ether for dehalogenation.[63][64]

Pyrolysis of 1,1-difluoroethane in the presence of a catalyst results in dehydrofluorination and yields VF.[65][66] Another method is comprised of dehydrochlorination of 1-fluoro-2-chloroethane at 500°C in the presence of 1,2-diethylene chloride.[67]–[71] This reaction has a selectivity of 100% and a conversion yield of 15%.

In another vinyl fluoride preparation method, hydrofluoric acid is added to acetylene[72] to produce 1, 1-difluoroethane. Next, 1,1-difluoroethane is pyrolyzed over an aluminum salt and a molecule of hydrofluoric acid is removed, thereby producing VF. The product is passed through soda lime in towers to remove hydrofluoric acid followed by acetylene removal in ammoniacal cupric chloride. Oxygen is separated by distillation.




[image: image]


Hydrofluoric acid can be added to ethylene catalytically to produce VF.[73] In this process, a gaseous stream containing a 2:1 mole ratio of hydrofluoric acid to ethylene containing 35% oxygen is pumped through a catalyst (palladium and cuprous chloride impregnated in carbon) at 240°C. A 20% VF conversion yield, based on ethylene, is obtained at a selectivity of 92%.

Fluorination of vinyl chloride involves halogen interchange, whereby the chlorine is replaced by fluorine.[74]–[76] In a typical reaction, a 3:1 mixture of hydrofluoric acid to vinyl chloride is heated to 370–380°C in the presence of a catalyst containing 96% γ-Al2O3 and 4% Cr2O3. The economics of this reaction are most favorable due to the low cost of vinyl chloride.

Commercial vinyl fluoride is usually inhibited by terpenes like d-limonene to prevent autopolymerization during transportation and handling. The inhibitor is removed by distillation just prior to polymerization.




4.13 Properties of Vinyl Fluoride

Vinyl fluoride (VF), CH2 = CHF is a colorless gas at room temperature. Its odor resembles ethers. It is highly flammable and insoluble in water at atmospheric pressure. Vinyl fluoride dissolves slightly in a number of organic solvents such as dimethylformamide and ethanol. Properties of vinyl fluoride are shown in Table 4.9.

Table 4.9. Properties of Vinyl Fluoride[77][78]



	Property
	Value



	Molecular weight
	46.04



	Boiling point, °C
	−72.2



	Freezing point, °C
	−160.5



	Vapor pressure at 21 °C, MPa
	2.5



	Liquid density at 21°C, kg/m3
	636



	Critical pressure, MPa
	5.1



	Critical temperature, °C
	54.7



	Critical density, kg/m3
	320



	Solubility in water, g/100 g H2O at 80°C
	 



	at 3.4 MPa
	0.94



	at 6.9 MPa
	1.54



	Solubility in organic solvents, cm3 VF/cm3 solvent
	 



	ethanol
	4



	dimethylformamide
	8.9




Vinyl fluoride is classified as a flammable gas by the US government. It forms flammable mixtures (2.6–21.7% by volume) with air. These mixtures can be ignited upon heating to at least 400°C.[79]
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5 Polymerization and Finishing Melt Processible Fluoropolymers


5.1 Introduction

In this chapter, preparation and characterization of copolymers of tetrafluoroethylene, copolymers of chlorotrifluoroethylene (CTFE), homopolymers and copolymers of vinylidene fluoride (VDF), and homopolymers and copolymers of vinyl fluoride (VF) are described. All of these polymers, except for polyvinyl fluoride (PVF), are processed by melt techniques. PVF is processed by the extrusion of a dispersion of the polymer in a polar latent solvent.

A number of different techniques are used for the polymerization of various monomers. Distinctions from conventional methods include variables such as aqueous or nonaqueous medium, batch or continuous production, and suspension or emulsion regimes. It will be seen later in this chapter that the medium of the polymerization plays a key role in the structure and properties of the product. The polymerization regime is selected to not only prepare the desired polymer but also to maximize the amount of polymer that is produced.

In suspension polymerization, the monomer is usually polymerized aqueously in the presence of a very small amount of a surfactant accompanied by vigorous agitation. The dispersant is rapidly consumed leading to the precipitation of the polymer. In contrast, emulsion or dispersion polymerization utilizes ample surfactant and mild agitation and sometimes a stabilizing compound like an organic solvent.

The objective of this chapter is to familiarize the reader with the important types of melt processible fluoroplastics and the methods to produce them. The emphasis is on the review of commercially significant technologies, which are usually disclosed in patents. The exact polymerization technologies practiced by resin manufacturers are closely guarded. However, the descriptions published in patents and other publications should provide a thorough understanding of the subject.

This chapter begins with a brief discussion of free radical polymerization, the mechanism by which fluoroplastics are polymerized. Next, preparation of different polymers is described. Each polymerization technique and the corresponding finishing steps are discussed. Characterization methods and the defining properties for each polymer group are also provided.




5.2 Polymerization Mechanism

Polymerization of fluorocarbon monomers proceeds by a free radical mechanism. Two types of polymerization are possible: homopolymerization and heteropolymerization or copolymerization. Homopolymerization only involves one monomer while copolymerization requires more than one monomer. An example of the free radical reaction and the corresponding reaction rate is illustrated by homopolymerization in Sec. 5.2.1. Copolymerization involves two or more monomers with a significantly more complex expression of the reaction rate. Section 5.2.2 illustrates the derivation of the general copolymer equation.


5.2.1 Homopolymerization

The free radical mechanism is demonstrated by using the polymerization of tetrafluoroethylene to facilitate its understanding. Replacement of the tetrafluoroethylene with the appropriate monomer and inclusion of the specific initiator can illustrate other polymerization reactions that proceed by free radical mechanisms. The reaction is initiated by a catalyst or by an initiator, usually based on the reaction temperature. A bisulfite or persulfate is the typical initiator for higher temperature TFE polymerization. The reaction scheme for persulfate initiation is shown below.

Initiator fragments or free radicals are formed because of the degradation of persulfate under heat:



[image: image]



Initiation takes place by formation of new free radicals by reaction of persulfate fragments with tetrafluoroethylene dissolved in the aqueous phase:



[image: image]



Propagation is the growth of the free radicals of the initiation step by further addition of tetrafluoroethylene:



[image: image]



Free radicals undergo hydrolysis where a hydroxyl end group replaces the sulfate:



[image: image]



Termination is the last step before the growth of the free radicals:



[image: image]



Alternative courses of hydrolysis can affect the end groups at a different stage of the polymerization. The key point is that there is no sulfur in the polymer when persulfate is the initiator as demonstrated by Bro and Sperati.[1] Bisulfite initiators form sulfonic acid end groups as identified by polymerization of TFE using an iron-bisulfite initiator containing radioactive sulfur 35S.[2] The importance of this study[2] is that it has provided quantitative evidence of PTFE molecular weight. The estimates for the number average molecular weight ranged from 0.4 × 106 to 10 × 106, based on the determination of the residual radioactivity of the end groups.

The reactions of free radicals with saturated molecules have appreciable activation energies and negative entropies of activation. This is the reason that termination by disproportionation and chain transfer to monomer and polymer are not favorable.[3]

Homopolymers of polytetrafluoroethylene are completely linear without detectable branches, which is contrary to polyethylene.




5.2.2 Copolymer Equation

There are differences among the reactivities of monomers, expressed as reactivity ratio (r), resulting in a difference between the ratio of the monomers in the composition of the copolymer (c) and the ratio of the monomers in the reactant mixture (x). The widely accepted reaction equation was developed in the late 1930s by Wall, et al.,[4] by considering four possible chain extension reactions when two monomers ma and mb are present:



[image: image]



Experiments indicated that the rate constants (kij) are independent of the chain length and the rate of monomer addition depends on the nature of the monomer and the growing chain end. Only four equations are, therefore, required to describe the copolymerization of two monomers.

The rate of consumption of the comonomers m1 and m2 in the reaction mixture at initial stages of the reaction can be expressed by the following equations where brackets [ ] denote concentrations:



Eq. (5.1) [image: image]





Eq. (5.2) [image: image]



The ratio of the amount of the two monomers can be obtained by dividing Eqs. (5.1) and (5.2).



Eq. (5.3) [image: image]



An assumption is made that the number of the new chains generated by initiation and eliminated by termination are nearly equal throughout the reaction. This is a reasonable assumption for most copolymerization reactions. The implication is that the total number of growing chains remains constant during the reaction, thus, their rate of change is equal to zero.



[image: image]



or:



[image: image]



and



Eq. (5.4) [image: image]



One can obtain Eq. (5.7) by substituting from Eqs. (5.4)–(5.6) into Eq. (5.3). Monomer a and b reactivity ratios are defined by Eq. (5.5) and (5.6).



Eq. (5.5) [image: image]





Eq. (5.6) [image: image]





Eq. (5.7) [image: image]



Assuming:



[image: image]



where c = ratio of monomers in the copolymer and x = ratio of the monomers in the reaction mixture, then the monomer equation can be expressed according to Eq. (5.8).





Eq. (5.8) [image: image]



Equation 5.8 can be used to determine the effect of the composition of the reaction mixture on the copolymer composition. In most copolymerizations, x and c are not equal. When x and c are equal, the process is called azeotropic copolymerization. The composition of the resulting copolymer can be calculated from the reactivity ratios



Eq. (5.9) [image: image]



If ra is greater than 1, a homopolymer or block copolymer is produced. Preference for copolymerization occurs when ra is less than 1. In general, when the value of ra·rb approaches zero, there will be a tendency to produce an alternating copolymer. A random co-polymer will be produced if ra·rb approaches 1. The product of reactivity in most copolymers is between 0 and 1.






5.3 Preparation of Perfluoroalkoxy Polymers (PFA)

Perfluroalkoxy polymer or PFA is one of the most important melt processible fluoroplastics due to its relative ease of processing and high service temperature equivalent to polytetrafluoroethylene (260°C). It also has the same excellent chemical resistance and low friction properties as PTFE. Perfluroalkoxy polymers are prepared by copolymerization of a perfluoroalkylvinyl ethers (Rf–O–CF=CF2, where R is a perfluorinated alkyl group) with tetrafluoroethylene. Examples of commercially utilized ethers include perfluoromethylvinyl ether (CF3–O–CF=CF2), perfluoroethylvinyl ether (C2F5–O–CF=CF2) and perfluoropropylvinyl ether (C3F7–O–CF=CF2). Several percent of ether is incorporated in a copolymer.

The polymerization of TFE and perfluoroalkylvinyl ethers (PAVE) is described by discussing technology disclosed in selected patents. Copolymerization of perfluoroalkylvinyl ethers with tetrafluoroethylene can be accomplished in a halogenated solvent,[5] in an aqueous phase[6] sometimes containing some halogenated solvent, usually in the absence of a surfactant.

An important issue is the stability of the polymer end groups, which depends on its chemical structure. Chemistry of the polymerization and the polymerization conditions determine the nature of the end groups. Unstable end groups degrade and usually produce gases during polymer storage or part fabrication. These gases form bubbles in the part that are considered defects. This topic is discussed separately in Sec. 5.5 because of its importance.


5.3.1 Nonaqueous Polymerization of Perfluoroalkoxy Polymers

In 1960, Bro[5] reported that tetrafluoroethylene (TFE) could be polymerized with other fluorinated monomers in a halogenated solvent. TFE reacts with organic solvents containing hydrogen, chlorine, and bromine, or unsaturated carbon-carbon bonds. A low molecular weight waxy or brittle solid would form due to the chain transfer effect of these solvents when used as the polymerization medium. Bro reasoned that the free radical group (CF2·) withdrew a hydrogen, chlorine, or bromine atom from the solvent leading to chain termination. The only non-interfering solvents were found to be saturated perfluorinated compounds. A major disadvantage of these solvents is that they are very expensive.

One of the earliest reports of copolymerization of PAVE’s and tetrafluoroethylene in nonaqueous perfluorinated phase is by Harris and McCane.[7] They reported on copolymerization of TFE and PAVE’s in a perfluorinated solvent perfluorodimethylcyclobutane. The successful perfluoroalkylvinyl ether (Rf–O–CF=CF2) in this study usually contained 1 to 5 carbons in its alkyl (Rf) group. Peroxides and azo compounds were the preferred initiator of the polymerization.

Typically, an autoclave equipped with a magnetically driven agitator was loaded (60% full, by volume) with perfluorodimethylcyclobutane (reaction medium) containing the appropriate amount of PAVE dissolved in the solvent. After loading the solution, the autoclave was heated to 60°C and stirred. Next, it was pressurized with tetrafluoroethylene, and a small amount (10−4 mole) of nitrogen diluted N2F2 was added to initiate the reaction. The contents were maintained at 60°C and stirred for the duration of polymerization. The reactor was cooled and vented and the solid polymer was recovered. The PAVE content of the polymer was measured by infrared spectroscopy using a film of the polymer pressed at 350°C. The films were generally colorless, transparent, and tough. Melt viscosity was measured at 380°C, by ASTM Method D1238-52-T. Table 5.1 provides a summary of reaction conditions and the characteristics of the polymer.


Table 5.1. Perfluoroalkoxy Polymerization in Perfluorinated Solvents[7]
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In 1970, Carlson[8] reported copolymerization of TFE and perfluoroalkylvinyl ethers in halogenated solvents containing hydrogen (one per carbon atom), chlorine, and fluorine. Suitable solvents had to be in the liquid form at polymerization conditions. They included CCl2F2 (Freon® 12), CCl3F (Freon® 11), CClF2H (Freon® 22), CCl2FCCl2F (Freon® 112), CCl2FCClF2

(Freon® 113), and CClF2CClF2 (Freon® 114). Freon® 113 (CCl2FCClF2) was discovered to be the preferred solvent. A low temperature initiator soluble in the monomer-solvent solution had to be used at temperatures below 85°C, above which the solvent acts as a telomerizing agent. The reaction was conducted in a stirred autoclave at constant pressure maintained by continuous charging of tetrafluoroethylene and comonomer to the vessel. Bis (perfluoropropionyl) peroxide (3P) was the initiator and was added in the form of a 1.5% by weight solution in cyclohexafluoropropene. The polymerization took place in the suspension mode due to the absence of a surfactant.

A jacketed stirred autoclave was the polymerization vessel, which was evacuated prior to charging with the ingredients. Freon® 113 (1,1,2-trichloro-1,2,2-trichloroethane) and perfluoropropylvinyl ether were first loaded in the vessel. The mixture was heated to the reaction temperature, followed by introduction of tetrafluoroethylene. Finally, the initiator solution was charged to the autoclave. Reactor temperature was maintained by circulating water in the jacket. Pressure was kept constant by TFE addition. At the end of the reaction, the autoclave was vented and the contents were dried at a temperature of 200°C under vacuum (1 mm Hg) for one hour.

High rates of polymerization were achieved. The product was a tough polymer that could be fabricated into a transparent colorless film by compression molding. Table 5.2 shows examples of combinations of reaction conditions and the resulting polymer properties. It can be concluded that the amount of initiator has a strong influence on the melt viscosity, hence the molecular weight, of the polymer.


Table 5.2. Nonaqueous Polymerization of PPVE/TFE in Solvents[8]
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A chain transfer agent containing hydrogen, such as cyclohexane, was reported[8] to control the molecular weight distribution. The chain transfer agent terminated the polymer chains, preventing them from growing too long.

Further progress in molecular weight control was reported[9] by the use of a number of chain transfer agents. Several hydrogen-containing compounds such as methanol, ethanol, isopropanol, chloroform, cyclohexane, dichloromethane, and 2-hydroperfluoropropane were effective as chain transfer agents and provided stable end groups. Methanol was found to be uniquely effective in providing polymers with a narrow molecular weight, as evidenced by reduced die swelling. Another advantage of polymers made by this technology was improvement in their flex fatigue life. Flex life, measured by the “MIT” method (ASTM D2176), was found to increase with melt viscosity and perfluoroalkylvinyl ether content of the polymer.

In a typical polymerization, a jacketed one-liter stainless steel pressure vessel was evacuated and charged with 860 ml of 1,1,2-trichloro-1,2,2-trifluoroethane (Freon® 113) and 10.6 g of perfluoropropylvinyl ether. The mixture was warmed to 50°C and tetrafluoroethylene was fed into the vessel until a pressure of 207 kPa was reached. At this point, a 1% solution of bis (perfluoropropionyl) peroxide was injected into the vessel. After the polymerization reaction began, pressure was maintained by feeding additional TFE into the vessel. The temperature was controlled by recirculating cold water in the jacket of the vessel. Typically, after ten minutes, TFE flow was stopped and the polymer suspension was removed from the vessel. The polymer was separated by filtration and dried in an air oven at 100°C for 16 hours.

Table 5.3 summarizes the results of variations of polymerization recipes and reaction conditions and their effects on melt viscosity, flex life, and end groups (measured by infrared spectroscopy). The strong effect of methanol on reducing the melt viscosity (i.e., molecular weight) can be observed from cases 3 and 5. Reaction time and pressure drive up molecular weight as reflected by the increase in melt viscosity. An increase in peroxide initiator lowers the molecular weight, thus lowering the melt viscosity. A comparison of the effectiveness of methanol and cyclohexane as chain transfer agents can be seen in Table 5.4. A small amount of either compound brings forth a drastic reduction in melt viscosity.


Table 5.3. Nonaqueous Polymerization of PPVE/TFE in Solvents[9]
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Table 5.4. Nonaqueous Polymerization of PPVE/TFE in Solvents[9]
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Non-elastomeric terpolymers of tetrafluoroethylene have been made by nonaqueous polymerization. For example, terpolymers of TFE, perfluoroalkylvinyl ether, and hexafluoropropylene have been reported[10] to have useful properties. Polymerization took place in solvents such as CCl2F2, CCl3F, CClF2H, CCl2FCCl2F, CCl2FCClF2, and CClF2CClF2. The preferred chain transfer agent was methanol but other compounds such as 2-hydroheptafluoropropane, cyclohexane, chloroform, isopropanol, dichloromethane, and ethanol were also effective.

Tetrafluoroethylene and hexafluoropropylene co-polymers have outstanding properties and are converted into thin objects such as film, tubing and wire insulation by thermoplastic processing techniques. Typical HFP content is fifteen weight percent, which has the effect of lowering the melting point of the copolymer by about 60°C relative to that of PTFE. Mechanical properties of the copolymer at high temperature are adversely affected by the large presence of HFP. The tensile strength of the copolymer is lower at elevated temperatures. Flex fatigue properties of the TFE/HFP copolymer suffer as exemplified by the drop in MIT (ASTM D2176) flex life. Terpolymerization of perfluoropropylvinyl ether or perfluoroethylvinyl ether (0.75–2% weight) with TFE and HFP produced a polymer that did not have the TFE/HFP shortcomings (Table 5.5). The polymer containing PPVE with the highest melt viscosity has the highest flex fatigue life.


Table 5.5. Properties of Terpolymers of Tetrafluoroethylene[10]
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Both perfluoroethylvinyl ether (PEVE) and perfluoropropylvinyl ether (PPVE) are effective in improving the high temperature mechanical properties of TFE/HFP polymers. Perfluoromethylvinyl ether (PMVE) does not produce such improvements due to the small size of its pendent ether group that cannot efficiently disrupt the crystallization of the polymer chain (Table 5.6).


Table 5.6. Effect of Perfluorovinylether on the Properties of Terpolymers of Tetrafluoroethylene[10]
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In the next two sections, polymerization of tetrafluoroethylene and perfluoroalkylvinyl ether in aqueous medium are discussed.




5.3.2 Aqueous Polymerization of Perfluoroalkoxy Polymers

An aqueous medium for copolymerization has always been favored, so long as the desired polymer properties could be obtained at a reasonable cost. The first major report of polymerization of perfluoroalkoxy was made by Gresham and Vogelpohl[11] in which most of the solvent was replaced by water. They set out to solve a problem with aqueously prepared PFA, which has a wide molecular weight distribution. Parts made from this type of PFA by extrusion through small dies (orifices) exhibit large swelling during processing and significant shrinkage when reheated to near melting point after cool-down. High swelling resins have a strongly shear stress-dependent viscosity due to the broadness of the molecular weight.

Of two polymers with the same melt viscosity, swelling is higher for the polymer with the broader molecular weight. This is due to the viscoelastic nature of the polymer, which means that part of the shear stress applied during flow is stored in the form of elastic deformation. The elastic recovery of the stored energy causes the swelling when the polymer emerges from the die. Of two polymers with the same melt viscosity, the one with the broader molecular weight range contains a larger amount of very high molecular weight chains. These larger molecules have higher elastic components, which is precisely the reason that they have higher swelling tendency.

Gresham and Vogelpohl[11] copolymerized tetrafluoroethylene and perfluoroalkylvinyl ether in a medium consisting of water and only a minor amount of fluorocarbon solvent. Polymer properties were found to be poorer when polymerization took place in purely aqueous medium. The solvent was shown to also increase the polymerization rate. Their method narrowed the range of the molecular weight distribution by conducting the polymerization in the presence of a gaseous chain transfer agent such as methane, ethane, and hydrogen.

In a typical polymerization, the initiator (ammonium persulfate) and the surfactant (ammonium perfluorocaprylate) were charged into a stainless steel vessel. After closure, the vessel was evacuated and purged with tetrafluoroethylene (TFE) before charging with water and adding fluorocarbon solvent and perfluoroalkylvinyl ether (PAVE) by aspiration. The mixture was heated to the polymerization temperature (70–95°C) and tetrafluoroethylene was fed into the vessel up to the polymerization pressure (1.7–2.4 MPa). To alter the end groups into one with improved stability, a small amount of ammonium carbonate (buffer) was added to the reaction medium. The pressure was maintained by charging additional TFE into the reactor. Stopping the TFE feed and venting the unreacted monomer ended the reaction. The coagulated polymer was recovered by filtration and drying at 125°C. The amount of PAVE incorporated was determined by infrared spectroscopy.

Table 5.7 provides a summary of polymerization conditions and the polymer properties for a number of combinations of variables. Case 1 illustrates the need for a chain transfer to lower molecular weight. Methanol, hydrogen, and methane all transfer the chains effectively. The drop in molecular weight can be observed from the reduction in the melt viscosity compared to Case 1 where no chain transfer agent was added to the recipe. Methanol is the most convenient practical choice among the three because it can be added as a liquid. It is also a highly potent chain transfer agent since the addition of 6 ml to the polymerization medium brought down the melt viscosity from about 20,000,000 poise to 60,000 poise, or nearly three orders of magnitude.


Table 5.7. Aqueous Polymerization of Tetrafluoroethylene and Perfluoroalkylvinyl Ethers[11]
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The initiator type and the presence/absence of a surfactant determine the phase in which polymerization takes place when a mixture of aqueous and solvent mediums is present. For example, ammonium persulfate (initiator) is water-soluble, therefore indicating that polymerization occurs in the aqueous phase in Table 5.7 systems. In another example[12] tetrafluoroethylene and perfluoroethylvinyl ether were polymerized by suspension-polymerization without a surfactant. The reaction medium consisted of water and perfluoro-(2-butyltetrahydrofuran) and the chain transfer agent was methanol. The initiator was a bispefluorobutyryl peroxide as a solution in 1,1,2-trichloro-1,2,2-trifluoroethane (F-113) which caused the polymerization to take place in the organic phase of the medium.

Hartwimmer and Kuhls[13] reported synthesis of non-elastomeric terpolymers of tetrafluoroethylene (TFE) in aqueous medium. These polymers were comprised of perfluoroalkylvinyl ethers (PAVE) and hexafluoropropylene (HFP) in addition to TFE. The authors reported increased PAVE, such as perfluoropropylvinyl ether (PPVE), incorporation due to the presence of HFP. Additional PAVE suppresses the melting point of the copolymer without a loss of mechanical properties.

Gresham and Vogelpohl[11] were able to incorporate 1.9–2.2% by weight of PPVE in the copolymer. Hartwimmer and Kuhls’ terpolymer exceeded their PPVE incorporation percentage by including a third monomer. The amounts of TFE (3,200 g) and PPVE (250 g) were kept constant as the amount of HFP was increased. Methylene chloride (50 g) was added as a chain transfer agent. Polymerization took place in a stirred and jacketed reactor at a pressure of 1.22 MPa. Temperature was controlled at 25–27°C by heat removal by circulating cooling water through the jacket. Polymerization was started by pumping in 30 ml/min of a 1.5% by weight aqueous KMnO4 as a catalyst. Discontinuation of monomer and potassium permanganate flow promptly stopped the polymerization reaction.

Table 5.8 and Fig. 5.1 illustrate the effect of hexafluoropropylene concentration in the monomer mixture on the incorporation of PPVE. The incorporation of PPVE is at a low 1.1% by weight without the addition of HFP. The extent of incorporation of perfluoropropylvinyl ether increases slowly with the addition of HFP. It accelerates significantly beyond 4% hexafluoropropylene in the ternary monomer mixture up to a point (between 14.7 and 23.3% HFP) and then begins to decrease. The melting point decreases with HFP and begins to increase in this same range.


Table 5.8. Effect of Hexafluoropropylene on Perfluoropropylvinyl Ether Incorporation in Terpolymers of Tetrafluoroethylene[13]
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Figure 5.1 Effect of HFP in the monomer mixture on PPVE incorporation into the TFE terpolymer.


A comparison of the melt flow index (MFI) [also called melt flow rate (MFR)] and melting point for a number of terpolymer compositions made by Hartwimmer and Kuhls and two commercial PFA polymers (bipolymers of TFE and PPVE) is presented in Table 5.9. A wide range of MFI could be obtained within a fairly narrow range of HFP content. Table 5.10 illustrates the effect of thermal aging on the mechanical properties of these polymers. Tensile bars were injection molded from each polymer under the same conditions and were used for testing. It can be seen that the terpolymers have better mechanical properties than the commercial resin after thermal aging.


Table 5.9. Melt Properties of Terpolymers of Tetrafluoroethylene[13]
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Table 5.10. Mechanical Properties of Terpolymers of Tetrafluoroethylene (at Room Temperature) After Thermal Aging [13]
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Hartwimmer and Kuhls have reported similar weight loss between terpolymers and commercial bipolymers as a result of thermal aging. They have concluded that polymerization of tetrafluoroethylene and perfluoroalkylvinyl ethers in the presence of hexafluoropropylene enhanced the overall properties of the terpolymers.

In another publication, Nakagawa, et al.,[14] reported the use of a specific initiator for the preparation of perfluoroalkoxy polymer in an aqueous medium. This work addressed the issue of hydrolysis of the initiators during the polymerization. Nakagawa, et al., stated that, due to hydrolysis, many initiators[8][9] lose their activity resulting in a lower rate of polymerization in the later stages of the reaction. Another disadvantage was reported to be the formation of unstable end groups leading to the formation of volatile species during the processing of the polymer.

The role of initiator was demonstrated in a polymerization experiment with two initiators, A and B. The successful initiator A has a typical chemical formula of [Cl(CF2)n–COO]2 where n = 1 to 10; the comparative initiator B has no chlorine in its structure [CF3CF2–COO]2. Figures 5.2 and 5.3[14] show the effect of time on the hydrolysis of the two initiators in liquid medium. The figures illustrate the behavior of concentration in 1,1,2-trichloro-1,2,2-trifluoroethane (R-113, F-113) and a water and R-113 mixture at 15°C. Both initiators are fairly stable in R-113. Initiator B is significantly less stable in the aqueous mixture with R-113 as shown in the Fig. 5.3. The reaction conditions and results are captured in Table 5.11. Polymerization time had little impact on the amount of polymer produced with A initiator. To obtain the same amount of polymer, nearly nine times more of B initiator was required.


[image: image]
Figure 5.2 Effect of time on the hydrolysis of initiator A. (R-113 is a generic name of Freon® 113 for 1,1,2-trichloro-1,2,2-trifluoroethane.)[14]
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Figure 5.3 Effect of time on the hydrolysis of initiator B. (R-113 is a generic name of Freon® 113 for 1,1,2-trichloro-1,2,2-trifluoroethane.)[14]



Table 5.11. A Comparison of the Effectiveness of the Initiator[14]
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One disadvantage of the presence of chlorine in the initiator is the trace amount that is left in the polymer. The residual chlorine may be unacceptable in some applications such as semiconductor and pharmaceutical manufacturing.

True aqueous polymerization of perfluoroalkylvinyl ether and tetrafluoroethylene, in the absence of any organic solvent, has been reported by Aten and co-workers.[15][16] TFE and perfluoroethylvinyl ether (PEVE) was copolymerized in a medium consisting of water, water-soluble initiator, and a surfactant. The copolymer produced by this technology was melt processible and had high PEVE content, high melt viscosity, and good flex fatigue properties.

Typical examples of the aqueous copolymerization of TFE and PEVE are described to illustrate this technique.[15][16] The reactor was a horizontal cylindrical stainless steel autoclave with a cage type four-blade agitator. A jacket compatible with water and steam allowed temperature control during the polymerization reaction. The length-to-diameter ratio of the reactor was about 1.5:1 with a total capacity of 36.3 liters. In a typical run, the autoclave was charged with 23.6 kg of demineralized water followed by heat and agitation. After reaching 65°C, the reactor was deaerated by pressurization to 0.31 MPa with TFE and evacuation. Ethane was charged to the autoclave at 20 cm Hg as a chain transfer agent. Perfluoroalkylvinyl ether, perfluoroammonium octanoate (240 ml of a 20% aqueous solution), and ammonium hydroxide (10 ml concentrated) were added to the reactor. The autoclave was heated to 80°C and pressurized with tetrafluoroethylene to 2.2 MPa.

The reaction was kicked off by pumping 200 ml of 0.2% ammonium persulfate into the autoclave at 50 ml/min, which was then reduced to the steady state rate of 5 ml/min. Pressure was maintained by pumping additional TFE. Later on, PEVE was added at a constant rate. Agitation rate was adjusted to control the reaction rate as measured by the mass rate of TFE addition into the autoclave. At the end of the reaction, the agitator and the ingredient feeds were stopped and the reactor was gradually vented. After purging the autoclave with nitrogen, the contents were discharged and were mechanically coagulated by intense mixing. The polymer solids were separated and pressed to remove excess water before drying in a 150°C air oven for several hours. Properties of the polymer were measured using the dry powder.

Table 5.12 shows the effects of varying the perfluoroalkylvinyl ether feed rate on the copolymer properties. PEVE can be incorporated into the copolymer at varying concentrations to increase the flex fatigue life. Crystallinity of the copolymer decreased with increasing feed rate, as evidenced by the decline in the heat of fusion at higher PEVE incorporation levels. Tensile properties of the polymer reach a maximum in the range of 10–14% PEVE. Table 5.13 shows the result of copolymerization at constant PEVE precharge (500 ml) and pumping rate (5 ml/min). The amount of initiator, ammonium persulfate (APS), both precharged and pumped, was varied and no ammonium hydroxide was charged to the reactor. The copolymers of TFE and PEVE appear to retain excellent tensile properties at 150°C.


Table 5.12. Copolymer Properties in Aqueous Polymerization of Tetrafluoroethylene and Perfluoroethylvinyl Ether[15][16]
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Table 5.13. Copolymer Properties in Aqueous Polymerization of Tetrafluoroethylene and Perfluoroethylvinyl Ether[15][16]
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5.4 Preparation of Perfluorinated Ethylene-Propylene Copolymers (FEP)

Perfluorinated ethylene-propylene (FEP) is a co-polymer of tetrafluoroethylene (TFE) and hexafluoropropylene (HFP). It has the basic properties of polytetrafluoroethylene such as chemical resistance, low friction, and good electrical properties. FEP was the first truly melt processible perfluoropolymer developed in the 1950s and commercialized in 1960.

Although hexafluoropropylene can be homopolymerized,[17] its commercial applications are in copolymers. The earliest reported copolymerization is in a 1952 US patent assigned to the US Atomic Energy Commission.[18] In this case, a solution of trichloroacetyl peroxide in trichlorofluoromethane was loaded into a polymerization bomb at −30°C. Most of the solvent was removed by evacuation of the bomb. The monomers, TFE and HFP, were charged to the bomb in the liquid form after they had been purified by distillation through sulfuric acid and phosphorus pentoxide. The pressure was reduced and the temperature of the contents was raised to −16°C and the bomb held for 10 days. The solids recovered were less than 10% of the reactants, constituting a copolymer of carbon and fluorine. It was pressed into a transparent sheet at 300–350°C without significant decomposition during the fabrication.

In another report,[19] tetrafluoroethylene and hexafluoropropylene were copolymerized to a high molecular weight in the presence of a saturated perfluorinated solvent such as perfluorocyclobutane, perfluoromethyl cyclohexane, perfluorokerosene, or perfluorotributyl amine. Polymerization yield was improved due to higher reaction rate in the presence of the solvent; polymerization temperature could also be reduced. It was discovered that the perfluorinated solvent, emulsified in water with the aid of a dispersing agent, served as the polymerization medium without reaction taking place in water. This was illustrated by breaking the emulsion, after which only traces of polymer were contained in the water and most of the polymer was recovered from the perfluorinated solvent. Water, thus, acted as the heat transfer medium since the reaction is exothermic.

The saturated perfluorinated solvents used as polymerization medium wetted the surface of the polymer and could be recovered and reused. TFE reacted with solvents containing hydrogen or halogens other than fluorine. The volatility of the solvent influenced the rate of removal from the polymer. Solvents most suitable, therefore, had a boiling point less than 150°C, and were selected from perfluorinated hydrocarbons, perfluorinated ethers, and perfluorinated tertiary amines. The solubility of monomers was far larger in the solvent than in the water, resulting in the polymerization in the organic phase. The effective polymerization reaction initiators included peroxides and azo compounds for homopolymerization of TFE or copolymerization of TFE and HFP.

Bro and Sandt reported an important development in 1960[20] in which FEP could be produced economically. The polymerization of TFE and HFP took place at 50–150°C in the presence of an aqueous solution of an inorganic free radical initiator while maintaining a pressure of 2–7 MPa. The monomers were present in the range of 3:7 to 9:1 HFP to TFE weight ratio and the initiator present at a concentration able to generate 4 × 10−3 to 3 × 10−6 moles/min/liter of active free radicals under the reaction conditions.

A typical polymerization cycle consisted of charging demineralized water into the reactor, which consisted of a horizontal cylindrical pressure vessel, equipped with paddle stirrers and a water jacket for heating and cooling. To remove the air, the water was heated to 95°C followed by the evacuation of the reactor. The vessel was next pressurized to 1.7 MPa with hexafluoropropylene, to which a 0.1% solution of ammonium persulfate in water was added rapidly. The contents were heated to 95°C and stirred for 15 minutes when a mixture of 25% HFP and 75% TFE by weight was used to pressurize the reactor to 4.5 MPa. Fresh ammonium persulfate was injected into the vessel at the rate of 0.0455 parts per minute, while the reactor pressure was held constant at 4.5 MPa with the comonomer mixture. Reactor temperature was maintained at 95°C while being stirred for 80 minutes. To terminate the reaction, the stirring and flow of the reaction ingredients were stopped. The vessel was vented of the gases and the slurry containing 4.6% solids was removed. Infrared analysis of a sample of the vapor at the end of the reaction showed that it contained 68% by weight hexafluoropropylene indicating consumption of HFP.

The aqueous dispersion was coagulated by agitation until a particulate coagulum was obtained which was then separated from water by filtration, rinsed with water, and dried. The dry powder was spread on aluminum trays to a depth of 5 cm and heated for 3 hours at 350°C. The product was a mass of copolymer of tetrafluoroethylene and hexafluoropropylene. It had a melting point of 280°C, melt viscosity of 7 × 104 poise. A sample of FEP was chopped into small pieces and fed into a single screw extruder, which was lined with a corrosion resistant metal, and equipped with a film die. A strip ten centimeters wide at a thickness of 125 μm was produced with good quality as evidenced by an MIT flex life of 4,500 cycles and dielectric breakdown strength of 60 kV/mm. The results are summarized in Table 5.14.


Table 5.14. Variables in Aqueous Polymerization of Tetrafluoroethylene and Hexafluoropropylene[20]
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Polymerization variables were varied with respect to the type and the concentration of initiator, rate of initiator injection, and polymerization pressure. A decrease in the initiator level and an increase in the polymerization pressure resulted in an increased molecular weight of the FEP copolymer. In general, flex life increases with the molecular weight.

In 1964, Couture, et al.,[21] disclosed significant improvements to the polymerization technology of hexafluoropropylene and tetrafluoroethylene reported by Bro, et al. They addressed the issue of maximum polymer concentration in the dispersion polymerization, which must be kept below the level that would trigger premature coagulation. Productivity is limited due to the solids concentration limit. Adding a surfactant to the reaction mixture usually solves this problem. Couture, et al., discovered that combinations of polymerization process variables existed that could be employed to increase the reaction rate and the solids concentration. These variables included temperature, pressure, vapor space density of the comonomer mixture, initiator type, initiator concentration, and schedule of addition and concentration of the dispersing agent.

Temperature is a critical variable in free radical polymerization. Increased temperatures raise the reaction rate. Couture, et al., found that, in TFE and HFP polymerization, increased temperature in the range of 95–138°C had a strong influence on the polymerization rate. Table 5.15 shows the effect of temperature on the reaction rate relative to 95°C while other parameters were held constant. Maximum reaction rate is reached at about 119°C with less than 5% rate variation in the range of 113–123°C.

Table 5.15. Effect of Temperature on the Reaction Rate of Hexafluoropropylene and Tetrafluoroethylene Mixtures[21]



	Temperature, °C
	Reaction Rate (= 1 at 95°C)



	95
	1.00



	100
	1.05



	105
	1.85



	110
	2.12



	115
	2.28



	119
	2.31



	125
	2.20



	130
	1.91



	135
	1.45



	138
	1.00




Pressure = 4.1 MPa

Dispersant = 0.1%

Monomer = 74% HFP

Vapor space density = 0.355 to 0.208 g/cm3

Melt viscosity = 7.5 × 104 poise

Specific IR ratio = 3.5

Specific IR ratio, also known as HFPI (HFP Index), is defined as the ratio of net infrared absorbence at 10.18 and 4.25 microns of a film of the copolymer (50 μm) made by melting a sample of the resin in a press followed by water quenching. Couture, et al., reported that by multiplying the Specific IR ratio by 4.5, weight percent of the hexafluoropropylene in the copolymer can be obtained.

Vapor space density is not commonly considered as a variable in commercial copolymerization of HFP and TFE because it is defined by the composition. Couture, et al., found that this variable had a significant effect on the reaction rate reaching a maximum at 0.22 g/cm3. The equivalent polymerization pressure at which the maximum reaction rate occurs is 3.97–4.14 MPa.

The initiator was also found to make an unusual contribution to the polymerization reaction rate. In dispersion (emulsion) polymerization, initiator concentration is controlled to control the molecular weight of the polymer. Sometimes the reaction is conducted at a lower rate to achieve the desired molecular weight. Couture, et al., reported that adding extra initiator according to a program can increase the reaction rate.

The initiator addition program began with precharging of hexafluoropropylene and the initiator to increase particle nucleation prior to tetrafluoroethylene addition. After the completion of nucleation, the initiator and monomer mixture was fed continuously while polymerization was taking place. To prevent the excess precharged initiator from affecting the molecular weight, a sufficiently high polymerization temperature was selected at which the half-life of the initiator was relatively short. The recommended amount of the precharged initiator was at least 6.5% of the total consumption during the reaction cycle. A water-soluble compound was recommended which includes peroxide, persulfate and azo compounds with a half-life of <2 minutes at 95–138°C.

Polymerization rate, polymer composition and molecular weight could be controlled by the use of a dispersing agent.[21] A surfactant allows the non-coagulated polymer solids content to be increased in dispersion polymerization. The data in Table 5.16 show the effect of surfactant concentration on the reaction rate. Table 5.17 provides data for the relationship of the surfactant, melt viscosity, and copolymer composition. Table 5.18 data illustrate the effect of surfactant addition rate on the copolymer composition.

Table 5.16. Effect of Surfactant Concentration on the Reaction Rate of Hexafluoropropylene and Tetrafluoroethylene Mixtures[21]



	Surfactant, wt%
	Reaction Rate (= 1 at 0%)



	0.0
	1.00



	0.1
	2.25



	0.2
	3.55



	0.3
	4.85



	0.4
	6.10



	1.0
	12.75



	1.5
	19.13




Surfactant = Ammonium 9H-hexadecafluorononanoate

Surfactant = Ammonium 9H-hexadecafluorononanoate

Monomer = 75% HFP

Pressure = 4.1 MPa

Temperature = 120°C

Vapor space density = 0.235 g/cm3

Melt viscosity = 7.5 × 104 poise

Specific IR ratio = 3.5

Table 5.17. Effect of Surfactant Concentration on the Composition and Melt Viscosity of HFP/TFE Copolymers[21]



	Melt Viscosity, 104 poise
	HFP Content of the Copolymer, wt%



	No Surfactant
	0.1% Surfactant



	20
	12.1
	12.9



	15
	12.3
	13.4



	10
	12.7
	14.1



	6
	13.2
	15.0



	3
	13.9
	16.3



	1.5
	14.5
	17.5




Dispersant = Ammonium 9H-hexadecafluorononanoate

Monomer = 75% HFP

Pressure = 4.1 MPa

Temperature = 120°C

Constant polymerization rate


Table 5.18. Effect of Surfactant Addition Rate on the Composition of HFP/TFE Copolymers[21]

[image: image]


Another advantage of surfactants is in the enhanced efficiency of the monomer utilization which allows a reduction in the HFP content of the monomer mixture without a loss in the HFP incorporation in order to reach the desired polymer composition.

Other surfactants have been reported to increase the productivity of batch polymerization of TFE and HFP. For example, perfluoroalkyl ethane sulfonic acid and its salts have been reported[22] to not only increase productivity but to generate smaller size polymer particles. Low concentration (0.05–0.1% by weight) of the surfactant is required for productivity increase. The general structure of the surfactant is illustrated below:



[image: image]



where:


n = 2 to 8

Y = S03M

M = H+, Li+, NH4+, K+, Na+



This surfactant can be used as a mixture of different perfluoroalkyl lengths with an average value of 3 to 6 or a single compound with the value of n = 2 to 6.

FEP as recovered from the coagulation of the reactor dispersion is called fluff or powder. It is treated to eliminate the reactive ends (see Sec. 5.5) before extrusion and pelletization. In some applications such as rotomolding or rotolining, a free flowing powder is preferable over pellets. Particle characteristics must be improved to facilitate the flow behavior of the granules. Buckmaster and Morgan[23] have reported a method for producing free-flowing and attrition-resistant granules. The granules were produced from aqueously polymerized copolymers of tetrafluoroethylene.

The copolymer is colloidally dispersed in the aqueous phase. The polymer is recovered by coagulation. Normally, coagulation is carried out by mechanically shearing the dispersion. The product is a finely divided powder with poor flow characteristics. Buckmaster and Morgan have described a process in which combinations of agitation and chemicals are applied to the dispersion to obtain the desired larger particles. In general, a mineral acid like nitric acid is added, while it is being stirred, to gel the aqueous dispersion. Next, a water immiscible organic liquid (solvent) with a surface tension of <35 dynes/cm is added to the gel while agitation is continued. The gel breaks up into two separate phases of water and polymer particles wetted with the organic liquid. Examples of the organic liquid include aliphatic (hexane), aromatic (toluene), or halogenated hydrocarbons (difluorotetrachloroethane). The gel dried yielding much larger granules than the original dispersion particles. This process is sometimes called solvent aided pelletization or SAP.

The granule size is a function of the dispersion particle size, the ratio of water immiscible organic liquid (solvent) to the polymer, and the agitator shape and speed. The range of these variables is shown in Table 5.19.

Table 5.19. Process Conditions for Solvent Aided Pelletization of FEP Powder[23]



	Variable
	Range



	Solvent to dry polymer ratio
	0.25–3.0



	Nitric acid to polymer ratio
	0.1–10



	Surface tension of the solvent, dynes/cm
	<35 (at 25°C)



	Boiling point of the solvent, °C
	30–150



	Drying Temperature, °C
	80–150



	Drying Time, hr
	4–3



	Granule size, μm
	200–3,000



	Spherical Factor (1 = perfect sphere)
	<1.5




The granules were further hardened by heat treatment. The hardening phenomenon occurs when the powder is heated to about 25°C below its melting point. This temperature depends on the molecular weight distribution and the type of comonomer in addition to the melting point of the resin. The melting point is the onset temperature measured by differential scanning calorimetry. The powder must be held for a period of time sufficient for the hardening to take place.

Hardness of the particles was measured by an attrition technique in a Fritsch Pulverisette (supplied by TeKmar Company, Cincinnati, Ohio). A known amount (Ws) of the powder was placed onto a screen (30 mesh for mean particle size >700 μm and 80 mesh for mean particle size <700 μm) mounted over a pan and was shaken for 10 minutes. The weight of the powder that has passed through the screen was designated W1. The same operation was repeated for a second time and 12 stainless steel balls (19 g) were added onto the screen along with the polymer powder. The weight of the powder that passed through the screen was designated W2. An attrition factor (Af) is defined according to the following equation:
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Table 5.20 shows the relationship between hardness, time and bake temperature. A lower attrition factor indicates a harder powder.

Table 5.20. Relationship Between Particle Hardness (Attrition Factor), Time, and Bake Temperature[23]



	Time, hrs
	Bake Temperature, °C
	Attrition Factor, %



	Unbaked Control
	 
	92.3



	2
	222
	35.5



	2
	233
	13.1



	4
	233
	4.7



	2
	239
	6.0



	4
	239
	2.2



	2
	245
	3.9



	4
	245
	1.8




A terpolymer of tetrafluoroethylene, hexafluoropropylene, and perfluoropropylvinyl ether was reported[24] to have superior stress crack resistance than TFE/HFP copolymer. The terpolymer in this development was prepared by the nonaqueous polymerization process described in US Patent numbers 3,528,954 and 4,029,868.[8][10] In this procedure a halogenated solvent, in which perfluoropropylvinyl ether and a chain transfer agent had been dissolved, acted as the polymerization medium. Methanol was a common example of an effective chain transfer agent. Polymerization was carried out in a stainless steel pressure vessel. The polymer contained 0.2–2% perfluoropropylvinyl ether and 9–17% hexafluoropropylene.

Continuous polymerization of tetrafluoroethylene and hexafluoropropylene by bulk polymerization has also been reported.[25] The process of this patent requires relatively high pressure (41–690 MPa) and temperature (200–400°C). These reaction conditions are quite severe compared to those used for batch polymerization. This patent discloses an amorphous polymer consisting of three comonomers, for example:
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All the reactants were premixed in a 3.8-liter reservoir and pressurized to 103 MPa, using nitrogen fluoride as an initiator. The monomer mixture was bled through a heated and agitated pressure vessel. Flow of the gas was maintained through the system by stagewise reduction in the pressure. Pressure was reduced to 96.5 MPa in the reactor and to atmospheric pressure in the product collector. The product was discharged in the form of a foam with the unreacted monomers.

Figure 5.4[25] shows a schematic diagram of the continuous copolymerization process. Nitrogen trifluoride is charged into loop (1) followed by blowing into reservoir (2) using HFP. In (2) tetrafluoroethylene is added to the HFP/NF3 mixture. The total mixture in (2) was removed from the bottom of (2) and pressurized. It was then passed through the monomer recycle loop and a portion was sent through the heated polymerization reactor (5). Part of the monomer stream was recycled through valve (4) back to (2) after the pressure was lowered by the pressure regulator (3) to the pressure of (2). After exiting the reactor (5), the pressure of the mixture was reduced to atmosphere at back pressure regulator (6) and the copolymer product was isolated in holding bottles (7). The gaseous portion was metered (8) to measure the amount of the unreacted monomer.


[image: image]
Figure 5.4 Schematic diagram of copolymerization process for TFE/HFP.[25]


Most recently, W. L. Gore and Associates[26][27] described a process for producing a copolymer of tetrafluoroethylene and hexafluoropropylene. In this method, TFE and HFP were polymerized in a medium comprised of a microemulsion of perfluorinated hydrocarbon in water and a fluorinated surfactant. The hydrocarbon was a low molecular weight (<500) compound, with a boiling point less than 230°C, that was liquid at the polymerization temperature. An example of the solvent was Fluorinert® FC-75 offered by the Minnesota Mining and Manufacturing Corporation (3M); its major ingredient is perfluoro-2-butyltetrahydrofuran. Surfactant had the structure RfEX where Rf is a fluorinated alkyl group (C4 to C16), E is an alkylene group with 0–4 carbons and X is an anionic salt, cationic salt, amphoteric salt, or nonionic. An example is ammonium perfluorooctanoate offered by 3M as Fluororad® FC-143. The microemulsion was prepared by mixing water, perfluorinated solvent, and the fluorinated surfactant. Sometimes a cosolvent or an inorganic salt may be added to the microemulsion.

Charging the deionized water, the solvent, and the surfactant to the reactor followed by rapid stirring to form a microemulsion started a typical polymerization run. The reactor was evacuated and purged with tetrafluoroethylene to ensure that oxygen content was below 30 ppm. The temperature of the reactor was increased to and maintained at 80°C. A quantity of HFP was precharged to the reactor followed by pressurization to 3.15 MPa using TFE. An aqueous solution of ammonium persulfate was pumped into the reactor to start the reaction. Pressure was held constant at 3.1 MPa for the duration of the reaction, which was stopped by discontinuing the flow of TFE into the reactor. Table 5.21 presents two examples of TFE/HFP copolymerization conditions and copolymer properties.

Table 5.21. Examples of TFE/HFP Copolymerization Conditions and Copolymer Properties[26][27]



	Condition/Property
	Example 1
	Example 2



	Water, g
	900
	900



	Solvent (Fluorinert® FC-75), g
	50
	50



	Surfactant (Fluororad® FC-143)
	25
	25



	Precharged HFP, g
	820
	450



	Ammonium Persulfate (APS), g in 50 g H2O
	1
	1



	Additional APS:
	 
	 



	Amount, g in 50 g H2O
	 
	1.5



	Time, min
	 
	60



	Total Reaction Time, min
	130
	190



	Reaction Temperature, °C
	80
	80



	Reaction Pressure, MPa
	3.0
	3.1



	Solids, wt%
	6.4
	9.0



	Average particle size,
	24
	12



	Melting point, °C
	207
	210




The main application of this copolymer has been listed as a coating for expanded polytetrafluoroethylene membrane.[28] One important characteristic of this coating was said to be its low baking (sintering) temperature due to its low melting point. A coating can be formed at temperatures (e.g., 250°C) well below the melting point of PTFE (320–330°C).




5.5 End Group Stabilization

Defects in thermal stability are not obvious in polytetrafluoroethylene due to its extremely high viscosity and molecular weight. Copolymers of tetrafluoroethylene and perfluorinated α-olefins have substantially lower molecular weights than PTFE and many times more end or terminal groups. The instability of copolymers detracts from their utility because of the high melt temperatures required for fabrication processing of these plastics. Injection molding and extrusion processes are operated at 300–400°C. A common occurrence in the fabrication of copolymers is the formation of bubbles, which are considered defects. Most bubbles result from gas that originates from volatile products formed during the polymerization. These bubbles can be removed by a finishing operation involving heat treatment of the polymer. Some bubbles result from volatile species in the degradation of the copolymer end groups during its fabrication; they can not be removed by finishing operations.


5.5.1 FEP Stabilization

Schreyer ascribed the principal cause of the instability of fluoropolymer chains at melt processing temperatures to the degradation of carboxylate end groups in 1963.[29] These end groups are formed when the polymerization reaction is initiated by a peroxide initiator or the polymer chain is terminated through the formation of a vinyl bond subsequently oxidized. Initiation with a peroxide gives rise to the formation of an acyl fluoride group (–CFO) which is unstable and hydrolyzes in the presence of water. The resulting end group is a carboxylic acid (–COOH) group (carboxylate) and hydrofluoric acid. The carboxylate is degraded, at fabrication temperatures, into carbon dioxide and a vinyl end group which can be oxidized to form a carboxylate group again or form a bond to another chain. Melt viscosity of the polymer increases when chains are bonded together because of endgroup instability. The latter would lead to an increase in the melt viscosity of the fluoropolymer. The repetition of the degradation of the carboxylate end groups can lead to the build up of carbon dioxide (CO2), carbonyl fluoride (COF2) and hydrofluoric acid (HF).

In peroxide-initiated polymerization, at least one half of the polymer chains will contain carboxylate (–COOH) end groups. The number of these groups can be even greater, depending on the number of vinyl end groups which can be converted into carboxylate groups.

The existence and quantity of the end groups in the polymers is normally measured by infrared spectroscopy on a compression-molded film with a thickness of 250 μm. Most of the end groups of interest absorb in the band range of 1700–1900 cm−1. Table 5.22 shows the relationship between wave numbers and the end groups. The quantitative measurement of the end groups is achieved by the measurement of the absorption (extinction) coefficient of each of the end groups from model compounds. The coefficient values are then transferred to the measurements obtained on the polymer. In some cases, corrections may have to be made to the absorbence to remove the overlapping contributions from several groups to the same band. The end groups are expressed as the number per one million carbon atoms in the polymer.

Table 5.22. Infrared Wave Number of the Polymer End Groups



	End Group
	Absorbance Band, cm−1



	–COF
	1,883



	Free –COOH
	1,814



	Bonded –COOH (dimeric)
	1,781



	–CF=CF2
	1,793



	–COOCH3
	1,795



	–CONH2
	1,768



	–CH2OH
	3,648




Pianca and coworkers have published a thorough review of the end groups in fluoropolymers.[30] The authors have reviewed the studies of the generation of end groups and their reactions, identification, and quantitative determination. Data for a few commercial fluoropolymers and some of the original results of the authors’ work have also been presented.

It is important to stabilize the end groups of fluoropolymers so that they have sufficient thermal stability and do not produce volatile by-products that could either generate bubbles or could promote corrosion. Schreyer reported successful achievement of this objective in 1963.[29] He found that treatment of the polymer with water at elevated temperatures prevented the formation of carboxylic acid groups. The treatment with water (end capping) at elevated temperatures caused decarboxylation, when the carboxylic acid groups were in ionic form, accompanied by slow formation of very stable –CF2H end groups. Addition of bases and neutral or basic salts to either the aqueous polymerization medium or the polymer itself enhances the rate of –CF2H formation. Schreyer speculated that the increased rate of CF2H end group formation was due to the effect of these compounds on the ionization of the carboxylate groups.

The compounds that enhance the stable end group (–CF2H) formation are generally water-soluble inorganic compounds with a pH of 7 or greater, such as stable bases and basic or neutral salts. Suitable bases are those that are stable at the heated water treatment temperatures, such as ammonium, alkali metal, and alkaline earth metal hydroxides, as well as basic and neutral salts of acids of such elements as nitrogen, sulfur, halogens, phosphorous, arsenic, boron, and silicon. The quantity of the salt or base is not critical. The salt can be effective at a concentration as low as 5 parts per million (ppm), based on the polymer, but works best in the range of 100–600 ppm. The preferred concentration range is 0.01–10% based on the aqueous phase.

The environment for the water treatment can be in the presence of liquid water, steam, or humidified air as long as it contains more than 2% by weight of water.[29] One approach is to heat aqueous slurry of the polymer (slurry capping). Another technique is to treat the polymer with steam or humidified heated air (vapor capping). In the slurry capping technique, the polymer is mixed with sufficient water to form slurry under sufficient pressure to keep the water in liquid form at the reaction temperatures (ca. 200°C). Salt or base is dissolved in the aqueous phase. The inorganic compound is blended with the polymer in the solid phase, which is heated to the reaction temperature. The moisture, usually carried by air and sometimes in the form of steam, is passed over and through the polymer.

These techniques[29] are applicable to all types of fluoropolymers that have been prepared by peroxide-initiated polymerization. Naturally, end capping has a more important impact on tetrafluoroethylene copolymers, which have more ends due to lower molecular weight. Polytetrafluoroethylene resins have extremely high molecular weight and very high melt viscosity, thus improve the least if subjected to the end-capping technology. The rate of polymer end-capping, –CF2H group formation, depends on the reaction conditions. An increase in the temperature, the quantity of salt/base addition, and the aqueous phase enhance the rate of stable end formation. The conversion of the unstable end groups can be measured by infrared spectroscopy.

Other than end group analysis, measurement of melt viscosity and volatile materials produced by the untreated and stabilized polymers helps define the improvement in polymer stability.[29] Melt viscosity is measured by ASTM Method D1238. Specific melt viscosity is calculated from Eq. (5.10). In this method, 10 g of polymer is charged to a corrosion resistant steel tube (9.5 mm inside diameter) held at 380°C. After reaching equilibrium, the molten polymer is extruded through a die with an inside diameter of 2.1 mm and a length of 8 mm. The melt is pushed through the die with a piston under a load of 5,000 g. The extrusion rate of the polymer is measured in grams per minute.





Eq. (5.10) [image: image]



where:

μ = specific melt viscosity, poise

E = extrusion rate, g per minute

Volatile materials production is measured by the volatiles index, as shown in Eq. 5.11. In this test, a 10 g sample of polymer is placed in an aluminum foil thimble which is charged into a glass vial attached to a vacuum pump. First the vial is evacuated to below 2 mm Hg and then is placed in an oven at 380°C. Pressure is recorded at ten-minute intervals for one hour. The sample is cooled and its weight is measured. Pressure values prior to insertion in the oven and after forty minutes residence in the oven are used to calculate the volatiles index.





Eq. (5.11) [image: image]



where:


VI = volatiles index

P40 = pressure of the vial after 40 minutes residence in the oven, mm Hg

P0 = pressure of the vial prior to insertion in the oven, mm Hg

V = volume of the vial, ml



Table 5.23 presents a summary of the stabilization impact of an end-capping method on a copolymer (FEP) of tetrafluoroethylene and hexafluoropropylene (14–16% weight) polymerized using ammonium persulfate initiator. The treatment was comprised of heating a mixture of the copolymer and a 28%-by-weight aqueous solution of ammonia. The ratio of the solution to the copolymer was four to one and it was heated in an autoclave to 250°C under autogenous conditions and held for two hours. The treated and original polymer samples were dried in a vacuum oven at 250°C for 18 hours. The effect of the treatment on the end groups is dramatic as the data in Table 5.23 indicates. Essentially all end groups are converted to the stable form of –CF2H.

Table 5.23. Effect of End-Capping Treatment on the End Groups of a Copolymer of Tetrafluoroethylene and Hexafluoropropylene (FEP)[29]



	Property
	Ammonia Treated FEP
	Untreated Polymer



	End group analysis by infrared, per 106
	 
	 



	–COOH (monomeric)
	0
	177



	–COOH (dimeric)
	1
	212



	–COF
	0
	 



	–CF=CF2
	0
	 



	–CF2H
	380
	0



	Specific melt viscosity, 104 poise
	 
	 



	Initial
	3.2
	39



	After 1 hour exposure in air at 380°C
	3.2
	150



	Volatiles index
	45
	110




Table 5.24 shows the effect of the length of end capping treatment on the number of end groups in the polymer. In this case, ammonia was replaced with 500 parts per million of sodium sulfate in water and the treatment was done for 1 and 8 hours. The data suggest that the additional treatment time is helpful to the conversion of the end groups to the stable form.


Table 5.24. Effect of Treatment Time on the End Groups of a Copolymer of Tetrafluoroethylene and Hexafluoropropylene (FEP)[21]

[image: image]


Table 5.25 represents the results of seven experiments in which the amount of sodium sulfate and the treatment time were varied. It can be seen that the effect of sodium sulfate concentration on the number of end groups converted to the stable form is minor. It is possible to stabilize FEP in the absence of a salt but not in the absence of water.


Table 5.25. Effect of Sodium Sulfate and Treatment Time on the End Groups of a Copolymer of Tetrafluoroethylene and Hexafluoropropylene (FEP)[29]

[image: image]


Gresham and Vogelpohl[11] have discussed ways to overcome end group instability in copolymers of tetrafluoroethylene and perfluoroalkylvinyl ether (PAVE) also known as PFA. Acyl fluoride groups (–CFO) can form as a result of the unimolecular rearrangement of PAVE (Rf–O–CF=CF2, where Rf is a perfluoroalkyl group) at the end of a growing chain according to the following reaction scheme:
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In an aqueous medium, the acyl fluoride groups can hydrolyze and form carboxylic acid groups:



[image: image]



The number of end groups, thus also the unstable end groups, decreases with an increase in the molecular weight. Decreasing the amount of initiator results in a higher molecular weight polymer which would, therefore, decrease the instability. The trade-off for increasing the molecular weight of the polymer is a loss in the ease of processing due to the rise in its melt viscosity. Addition of a chain transfer agent (RH) like methane or hydrogen to the reactor ingredients reduces the number of chain terminations produced by the rearrangement of the PAVE monomer by the following mechanism:



[image: image]



in which –CF2H is a stable end group. Carlson[9] has reported that materials such as methanol, cyclohexane, chloroform, isopropanol, ethanol, dichloromethane, and 2-hydroperfluoropropane were effective chain transfer agents. Methanol was uniquely effective in producing a copolymer with stable end groups and good mechanical properties.

Another technique put forth by Gresham and Vogelpohl to stabilize the TFE/PAVE copolymer is to carry out the aqueous polymerization in a buffered medium using a salt such as ammonium carbonate to form the buffered medium. PAVE monomers resist hydrolysis in a basic environment but form amide and ammonium salt groups, which are quite stable or degrade into stable end groups:
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Carlson introduced an alternative technique for end group stabilization in 1972[31] by esterifying the unstable end groups. Methyl ester end groups were formed on tetrafluoroethylene copolymers with carboxylic acid and acyl fluoride end groups by heating the polymer with a small amount of methanol at an elevated temperature. A polymer made in a nonaqueous medium primarily contains acyl fluoride end groups, and requires heating up to 200°C, while an aqueous polymer containing hydroxyl acid groups had a range of 65–200°C. A typical process consisted of contact between the polymer and methanol and recovering the esterified polymer. Copolymers of TFE and HFP and TFE and PAVE can be stabilized by this technique. Similar electrical properties were reported for TFE copolymers containing methyl ester and –CF2H end groups.

In 1990, Buckmaster, et al.,[32] reported end group stabilization of TFE/HFP copolymers by reacting them with amines or alcohols followed by fluorination. Copolymers containing carboxylic (–COOH) and/or acyl fluoride (–COF) groups were contacted and neutralized by organic amines (boiling point <130°C) or tertiary alcohols (up to 8 carbon atoms) at temperatures of 25–200°C. After isolation of the intermediate, it was dried at 70–150°C. The intermediate was contacted with fluorine at a temperature below the solid state transition temperature of the polymer. In the final step of this process, fluorine and other volatile products were removed from the polymer. The unstable end groups were converted to stable –CF2H. An important advantage of this technique is that it allows the removal of –COF groups, which are resistant to direct fluorination.

Another source of volatility is the presence of relatively unstable linkages in the backbone of the polymer which can thermally degrade during processing and fabrication. These bonds may be present even if the polymer has stable end groups directly from polymerization. These linkages usually do not involve tetrafluoroethylene in FEP and arise from two adjacent hexafluoropropylene units (HFP diads). The unstable bonds appear to be an inverse function of the molecular weight and melt viscosity. This suggests that the HFP diads form by combination as the mechanism for the termination of the polymerization mechanism. Instability in the backbone of the polymer, independent of the polymer structure, can lead to bubble formation during processing if a sufficient number of unstable bonds are present.

Morgan, et al.,[33] demonstrated that unstable backbone links could be removed by shearing the polymer in molten state by using a twin screw extruder. In a typical treatment, the polymer was subjected to 500–7,000 sec−1 shear rate at a temperature of 240–450°C. This operation resulted in a decrease in the volatiles index (see Eq. 5.11) to a value less than 10. The preferred extrusion pressure was less than 10 kPa. Shear rate was calculated from Eq. 5.12. If the extruded polymer contains unstable end groups or if it has poor color, Morgan, et al., recommended fluorination to resolve these problems. A small amount of water was added to the feed section of the extruder to allow the hydrolysis of–COF groups to –COOH groups that are not resistant to fluorination.





Eq. (5.12) [image: image]



where:


α = shear rate, sec−1

D = diameter of the screw, mm

N = number of revolutions per second

h = distance between the screw and the barrel wall, mm



The extrusion equipment was a combination of a twin screw extruder equipped with kneading blocks which emptied into a single screw extruder. The latter generated pressure for the filtration of the polymer through a screen pack with the smallest screen size of 200 × 600 mesh. The filtered polymer was extruded through a multiple-hole die and cut by a moving round cutting wheel into small pellets cooled by water. The pellets were cylindrical and typically measured at a length of 3.5 mm and a diameter of 1.5–3.0 mm.

Examples of three copolymers of tetrafluoroethylene and hexafluoropropylene (FEP) have been described[33] to illustrate the effect of shearing on the removal of unstable polymer links. Table 5.26 shows a summary of the polymer characteristics and the extrusion conditions. The color (indicated by %Green) in the pellets indicated that they still contained some unstable end groups.


Table 5.26. Extrusion Conditions of Three FEP Polymers[33]

[image: image]
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Fluorination (see Sec. 5.5.2) was done in a modified double cone blender equipped with gas inlet and outlet and an electric heating mantle. The fluorinator was rotated at 5 rpm. It was heated to temperature, then evacuated to remove the air. A mixture of fluorine and nitrogen (25/75% volume) was fed through the reactor for the desired length of time at the designated temperature. At the end of the fluorination process, the fluorine and heat were shut off. The fluorinator was purged with nitrogen after it had been evacuated to remove the residual fluorine. Cold air was pumped afterwards to cool the batch before unloading the pellets. Table 5.27 provides a summary of the fluorination conditions. End groups were measured on the polymer before and after fluorination, which is given in Table 5.28.


Table 5.27. Fluorination Conditions of FEP Polymers[33]
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Table 5.28. End Group Analysis of FEP Polymers[33]

[image: image]


The number of end groups substantially decreases as a result of fluorination, as indicated by the data in Table 5.28. The color of the extruded pellets can be quite dark depending on the severity of shear rate, which improves to a clear white after fluorination as seen by the Table 5.29 data.

Table 5.29. Color of the FEP Polymers[33]



	FEP Sample
	Extruded and Sheared Pellets, % Green1
	Extruded, Sheared and Fluorinated Pellets, % Green



	1
	5
	51



	2
	18
	54



	3
	5
	49




1 Measured by a DuColor colorimeter. A high green reflectance indicates a high level of whiteness of the pellets.




5.5.2 PFA Stabilization

In a later invention, Carlson[34] disclosed another method to address the stabilization of carbinol end groups (–CH2OH) in TFE/PAVE copolymers, by converting –CFO and –COOH groups to amide groups. The carbinol groups are formed by the chain transfer action of an alcohol, like methanol, on a propagating polymer chain:
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in which the hydrogen radical would combine with another free radical. The carbinol groups are relatively stable but can be degraded into acyl fluoride groups if heated to high temperatures in the air. For instance, molded parts are heated for dimensional stabilization, also known as annealing.

Carlson’s method reduced the acyl fluoride and carboxylic end groups of the raw polymer by converting them to amide groups. The remaining carbinol end groups exhibited increased thermal stability in the absence of the other end groups. To treat the copolymer, it is mixed with a nitrogen-bearing compound, melted and held for a period of time. Various ammonia and ammonium salts such as carbonate, bicarbonate, carbamate, oxalate, sulfamate, formate, thiocyanate, and sulfate are among the effective salts. Other nitrogen compounds such as urea (NH2CONH2) and biuret (NH2CONHCONH2) also work.

Ammonia was found preferable to other compounds due to its gaseous form. It could be diluted to the desired concentration (10–30% by volume) and simply entered into a closed container of the raw polymer. Temperature (0–100°C) and pressure were not critical but the conversion of carboxylic groups required a higher temperature. Hold time could be anywhere from 2–6 hours. The changes in the number of different end groups were detected by infrared spectroscopy. Table 5.22 shows the absorbence bands of end groups of interest.

Thermal stabilities of treated and untreated copolymers were compared by heat aging in an air oven at 295°C. Table 5.30 summarizes the end group content of the copolymer as a function of heat aging before and after ammonia treatment. It can be seen that aging the untreated copolymer resulted in a steady loss of carbinol end groups and an increase in the –COF groups. Little change was detected in the end group content of the treated polymer due to heat aging at 295°C.


Table 5.30. Thermal Stability of End Groups as a Function of Heat Aging[34]

[image: image]


Another approach to evaluate the stability of the copolymer proposed by Carlson[34] was by hydrolytic stability. This method was comprised of measuring the amount of fluoride ions extracted from the copolymer by water. Acyl fluoride groups generate hydrofluoric acid upon contact with water, which ionizes to a proton and a fluoride ion. Typically, 10–20 g of co-polymer was immersed in a 50/50% water/methanol mixture at a ratio of one part copolymer to one part liquid. Fluoride ion extracted into the water/methanol mixture was measured by a fluoride specific electrode after initial contact and after 18–24 hours of immersion. Untreated copolymer usually liberated twenty parts per million (ppm) by weight of fluoride ions compared to less than 1–5 ppm for the ammonia treated copolymer.

The applications of fluoropolymers have evolved over time, some of them requiring very low concentrations of fluoride ions. For example, semiconductor manufacturing processes require an ever increasingly high degree of purity of the material of construction. Fluoropolymers have been the primary material in the construction of etching units and wafer handling equipment, which contact corrosive chemicals. See Ch. 15 for more on the subject of purity. Fluoride ions are detrimental to the silicon wafers and must be removed to the extent possible. This requirement has spurred the development of new resins and technologies to minimize the impurities of fluoropolymers as produced.

In 1988, Imbalzano and Kerbow[35] reported a technology applicable to perfluoroalkoxy polymers to eliminate all unstable end groups. In this technique, PFA is treated with fluorine gas and the unstable end groups are converted to –CF3. The types of initiator and chain transfer agents dictate the types of end groups. Table 5.31 provides examples of end groups generated in PFA’s.


Table 5.31. End Groups of Perfluoroalkoxy Polymers due to Initiator, Buffer and Chain Transfer Agent
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The perfluoroalkoxy polymers (PFA) described by Imbalzano and Kerbow contain 1–10% by weight of perfluoroalkyl vinyl ether (PAVE) and may also contain up to 5% by weight of a third monomer with one of the following structures:
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where: R is Rf or RfX; Rf was perfluoroalkylene diradical or a perfluoroalkyl radical with 1–12 carbon; X was H or Cl. The PFA had a melt viscosity of 104-106 (<107) poise at 372°C as determined by ASTM Method D1238 and Eq. 5.10.

Fluorination could be achieved by fluorine radical generating compounds or fluorine gas; the latter was the preferred source. Fluorine was diluted (10–25 mole%) by an inert gas like nitrogen due to the highly exothermic nature of fluorine reactions. It is also more hazardous to work with pure fluorine. Atmospheric pressure has been recommended, although pressure could be as high as ten atmospheres. The fluorination reactor was evacuated to about 0.1 atmospheres prior to starting the flow of fluorine gas.

It is convenient to pass the fluorination gas through the reactor when it is operated under atmospheric pressure. Imbalzano and Kerbow recommended a process temperature of 150–250°C with the preferred range of 200–250°C. A fluorination time of 4–16 hours was prescribed. Another factor to express the combined impact of fluorine concentration and reaction time was the amount of fluorine added per unit weight of polymer. The desirable range was listed at 2.4–3.3 g fluorine gas per kilogram of polymer.

Tables 5.32 and 5.33 summarize the effect of fluorine processing conditions on the extractable fluorides and residual end groups. Cases 1 and 2 serve as the controls for the reported fluorination experiments. It is clear that both the as-is polymer (Case 1) and the heat-aged polymer (Case 2) contain a significant number of unstable end groups, particularly –COF. Extractable fluoride ions were driven down by either a high ratio of fluorine to polymer (Case 3) or by lengthy fluorination (Case 4).


Table 5.32. Fluorination Processing Conditions of Perfluoroalkoxy Polymers[36]

[image: image]



Table 5.33. Number of End Groups of Perfluoroalkoxy Polymers (See Table 5.28 for Process Conditions)[35]
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In 1992, Ihara et al.,[36] disclosed a different method for stabilization of end groups. Perfluoroalkoxy polymers were contacted with fluorine until other end groups were converted and only a limited number of –COF and –COOH survived in the PFA. CF3 is the final state of oxidation during fluorination of end groups like –COOH, –CH2OH, and –COOCH3. The intermediate end groups are –COOH and –COF. In this invention, fluorination was stopped just in time so the polymer only contained carboxylic and acyl fluoride end groups (7–40 per million carbon atoms). Subsequently, the resulting PFA was exposed to ammonia gas or an ammonia generating gas at an elevated temperature. After ammoniation, PFA contained only –CONH2 and no –COF or –CH2OH. There was no –COONH4 because carboxylic groups are first converted to –COONH4, by reaction with ammonia. This group yields a molecule of water by heating and is converted to –CONH2.

Table 5.34 shows the results of fluorination of PFA (3% by weight PPVE) followed by ammoniation. A 10% by volume fluorine and nitrogen mixture was passed through a reaction chamber, for a few hours, at the rate of 1.0 liter/min at atmospheric pressure. Ammoniation gas was a 50% by volume of ammonia with nitrogen at 30°C which was passed through the reaction chamber for 30 minutes at a flow rate of 2 liters/min. The number of terminal groups was determined by infrared spectroscopy. Fluoride ions were measured on an aliquot of fluoride solution extracted by 5 ml of methanol and 10 ml of a buffer mixture. The buffer was made by dissolving 500 g of sodium chloride, 500 g acetic acid, 320 g sodium hydroxide, and 5 g of sodium citrate·2H2O, in deionized water.


Table 5.34. Effect of Consecutive Fluorination and Ammoniation on the End Groups[36]
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Table 5.35 provides an assessment of the effect on the end groups of heat-aging the stabilized PFA samples. In this experiment, the samples were fluorinated and ammoniated followed by heat aging prior to extrusion. Two types of aging were employed, 5 minutes at 372°C and 5 hours at 380°C. Unaged (fluorinated and ammoniated) and aged polymers were extruded and analyzed for end groups and fluoride ion content. Case 9 is the as-is polymerized PFA, without fluorination/ammoniation. It is clear from comparing the increase in the fluoride ion content and acyl fluoride end groups of Case 9 with Cases 4 and 8 that the stabilized polymer undergoes a much smaller change as a result of heat aging.


Table 5.35. End Group and Fluoride Ion Content of PFA as a Function of Heat Aging[36]

[image: image]







5.6 Preparation of Vinylidene Fluoride Polymers

The first successful aqueous polymerization of vinylidene fluoride (VDF, CF2=CH2) was reported in 1948.[37] VDF was polymerized using a peroxide initiator in water at 50–150°C and 30 MPa. No surfactants or suspending agents were present in the polymerization recipe. Polyvinylidene fluoride has been polymerized by a number of methods including emulsion, suspension, solution, and bulk. Later, co-polymers of vinylidene fluoride with ethylene and halogenated ethylene monomers were also produced.[38] In 1960, a manufacturing process was developed and PVDF was first introduced to the market. PVDF is commercially produced by aqueous emulsion or suspension processes. In this section, emulsion (Sec. 5.6.1), suspension (Sec. 5.6.2), and solution (Sec. 5.6.3) polymerization techniques have been covered.

Ford and Hanford[37] reported the polymerization of vinylidene fluoride in an aqueous medium in a batch process initiated by organic peroxide (0.05% to 0.5% by weight) without a surfactant. The reaction temperature and pressure ranges were 50–150°C and 50–100 MPa. For example, a stainless steel reactor was purged with nitrogen and then charged with 50 parts of deaerated water and 0.1 part of benzoyl peroxide. The water occupied about one quarter of the volume of the reactor. After closing, it was evacuated and pressurized with 40 parts of vinylidene fluoride to remove nitrogen. The reactor was then placed in a reciprocating mechanism in order to agitate the contents vigorously. Cooling and heating were provided externally. Pressure was maintained by connecting the reactor with a 100 MPa pressure pure water reservoir. After the temperature reached 80°C, reactor pressure was raised to 95 MPa by injection of water from the high-pressure reservoir. The contents were allowed to react for a total of 10.5 hours while the pressure was maintained in the range of 86–95.5 MPa. A total of 31.5 MPa pressure drop was observed during the reaction time. Water and unreacted vinylidene fluoride were discharged at the conclusion of the polymerization, after cooling the reactor. The powdery polyvinylidene fluoride (7 parts) was rinsed with water and dried in a vacuum oven.

PVDF made by this process was pressed into film (at 160–190°C). It had an elongation of 400%, a tensile strength of 31 MPa and a Young’s modulus of elasticity of 531 MPa. The polymer was insoluble in most solvents and could be pressed into a tough film. Holding the film at 275°C for five minutes only caused slight discoloration of PVDF without the loss of other properties, in contrast to films of polyvinyl chloride and polyvinylidene chloride, which are completely degraded into a carbonaceous residue. The specific gravity of the PVDF film was 1.745 g/ml at 25°C. It exhibited stickiness to copper at 145°C at 10 kPa. The polymer was soluble in a few solvents such as toluene, xylene, isooctane, chloroform, and carbon tetrachloride.

In another experiment, Ford and Hanford[37] replaced benzoyl peroxide with borax, ammonium persulfate and oxygen. Polymerization of vinylidene fluoride was carried out in water at elevated temperature and pressure. Table 5.36 shows a summary of a variety of polymerization conditions and characteristics of the polymer. The optimum pressure and temperature depend, to a large extent, on the type and activity of the initiator(s). The reaction temperature must be selected so that the reaction rate remains controllable to avoid excessive heat generation, which cannot be removed.


Table 5.36. Process Conditions and Polymer Characteristics in Aqueous Homopolymerization of Vinylidene Fluoride[37]
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Organic peroxide initiators have been reported to generally produce a higher quality polymer with properties such as higher thermal stability and good processibility. These peroxides often require fairly high polymerization pressure (>69 MPa) to produce economically viable yields of polymer. Hauptschein[39] reported excellent polymer yields at 2.1–6.9 MPa using a di-tertiary-butyl peroxide (DTBP) [(CH3)3C–O–O–C(CH3)3]. Aqueous polymerization of vinylidene fluoride at 123°C and 4.5 MPa for 18.5 hours using 0.8 g of DTBP and 35 g VDF resulted in a polymer yield of nearly 83%. Experiments with benzoyl peroxide or even tertiary butyl hydroperoxide, under comparable temperature and pressure, had a yield of zero. When pressure was increased to 95 MPa at 80°C for 18 hours with benzoyl peroxide initiator, a polymer yield of 11% was obtained.

Promoters are not necessary for the polymerization reaction of VDF. Their use could increase the reaction rate and decrease the reaction time. Suitable promoters include reducing agents such as oxidizable sulfoxy compounds, that is, sulfur compounds which contain a sulfur-oxygen bond. Examples of these compounds include sodium bisulfite, sodium sulfite, sodium hydrosulfite, sodium thiosulfite, and ammonium bisulfite. The rate of addition of promoters ranges from 0.001% to 5% by weight, based on the amount of monomer. Other types of promoters include acetylenic alcohols, propargyl alcohol, nickel carbonyl, and iron carbonyl.

In 1949, Ford [38] reported polymerization of vinyl fluoride with other monomers such as ethylene and halogenated ethylene compounds. Generally, polymers containing 5–95% by weight VDF could be produced in which the balance was comprised of comonomers. In a typical operation, one quarter to three quarters of a stainless steel reactor was filled with water and charged with an initiator (e.g., benzoyl peroxide) at the rate of 0.05–0.5% of the weight of the monomers. Temperature and pressure ranged 50–150°C and 50–100 MPa.

A copolymer of vinylidene fluoride (VDF) and ethylene was produced in a reactor at 80°C and at 60.5–70 MPa pressure. A stainless steel vessel was charged with 25 parts of water, 20 parts of VDF and 0.1 part of benzoyl peroxide. Ethylene was admitted into the reactor to 45 MPa at room temperature. Agitation and heating were started until a temperature of 80°C was reached and maintained at a pressure of 60.5–70 MPa by the admission of additional ethylene to the reactor. After completion of the reaction (i.e., no pressure drop), the reactor was cooled, pressure was relieved and the product was recovered. The white powder was washed and dried in a vacuum oven. The polymer contained 8.6% VDF by weight and 91.4% ethylene and could be pressed into a clear film at 140°C. Table 5.37 provides data about aqueous copolymerization of vinylidene fluoride.


Table 5.37. Process Conditions and Polymer Characteristics in Aqueous Copolymerization of Vinylidene Fluoride[38]
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Vinylidene fluoride can also be polymerized without a catalyst (Table 5.38) to obtain low molecular weight polymers.[40] The reaction takes place in the absence of air between 300°C and 500°C and 13.8–69 MPa. The products have low molecular weight and range in appearance from viscous liquid to hard and soft wax. Polyvinylidene fluoride with a molecular weight of up to 1000 dissolves in cold benzene, those with molecular weight between 1000 and 2000 dissolve in hot benzene, and polymers with molecular weight greater than 2000 are insoluble in hot benzene.


Table 5.38. High Temperature Polymerization of Vinylidene Fluoride Without Catalyst[40]
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5.6.1 Emulsion Polymerization of Vinylidene Fluoride (PVDF)

Emulsion polymerization of vinylidene fluoride has been carried out[41] by a heterogeneous reaction in the presence of a surfactant, the most suitable of which is a fluorine-containing acid salt of a fluoroalkanoic. Surfactants prevent radical-scavenging reactions that stop the polymerization. Chain transfer agents regulate the molecular weight of the polymer, and buffers regulate the pH of the aqueous polymerization media. The source of free radicals to initiate the reaction is either water-soluble (e.g., persulfate salts) or monomer soluble (e.g., organic peroxides like di-tert-butyl peroxide). PVDF made by emulsion polymerization, usually in an agitated reactor, is in the form of spheres with a typical diameter of about 0.25 μm. A paraffin wax is added to the reaction medium to stabilize the latex. At the end of the reaction, the product is decanted to remove the wax from the latex, followed by coagulation. After filtration, rinsing, and drying, a fine powder is recovered with agglomerate size of 2–5 μm in diameter.[41] The powder can be converted into pellets or cubes by melt extrusion.

One of the ways that aqueous emulsion polymerization processes can be classified is on the basis of the types of the initiators also referred to as catalysts. In one type of polymerization system, an organic peroxide, preferably water-soluble, is used. The organic peroxides include cumene hydroperoxide, diisopropyl benzene hydroperoxide, triisopropyl benzene hydroperoxide, and tertiary butyl hydroperoxide. A second type of emulsion polymerization employs an inorganic peroxide. Suitable compounds include perborates, persulfates, perphosphates, percarbonates, barium peroxide, zinc peroxide, and hydrogen peroxide. Specific examples of inorganic peroxides are ammonium persulfate and sodium perphosphate.

Vinylidene fluoride has been usually polymerized in the presence of suitable fluorinated surfactants. In 1951, Berry[6] reported the development of ionic surfactants with a hydrophobic fluoroalkyl group containing six or more carbon atoms. The general chemical formula of the dispersing agents is represented by A(CF2)n(CH2)mB, where A is hydrogen or fluorine, n > 4, m is equal to 0 or 1, and B is a cationic or anionic group. An example of B is –COOH or its alkali metal, or ammonium (–COONH4) salts. Other examples of effective surfactants are those in which B is –OPO(OM)2 or –OSO2(OM) where M is hydrogen, alkali metal, or ammonium. Addition of a saturated hydrocarbon (an amount of 0.1% of the weight of the aqueous medium), containing 16 or more carbon atoms, to the reaction medium was recommended to prevent the coagulation of polymer particles.

Copolymerization of vinylidene fluoride and hexafluoropropylene (HFP) in an aqueous medium was reported in 1965.[42] HFP content of the copolymer ranged from 1–13 mole%, depending on the composition of the reaction mixture and the polymerization conditions. The copolymers obtained at HFP content above 15 mole% were essentially amorphous and had low torsional modulus and high retention of rubbery properties over a wide temperature range without embrittlement.

Polymerization pressure was held constant (<100 MPa) or allowed to rise autogenously (<16 MPa). The temperature ranged from 25–75°C at a reaction time of 6–72 hours. The best surfactants included perfluoroalkanoic (CnF2n+1COOH, n = 6–14) or perfluorochloroalkanoic (CnClmF2m+pCOOH, n = 6–14, p = 0 when m > 0 or if m = 0, p = 2n+1) acids. The amount in the reaction mixture varied between 0.5–5.0 parts by weight per hundred parts of total monomers. The amount of surfactant in the reaction mixture varied between 0.5–5.0 parts by weight per hundred parts of total monomers.

The use of activators was recommended in conjunction with peroxy initiators. Examples included sodium bisulfite, sodium metabisulfite, sodium thiosulfate, sodium hydrosulfate, and water soluble reducing agents such as dextrose. The amount of the activator was generally in the range of 0.2–0.8 part by weight per hundred parts of total monomers.

Accelerators have sometimes been employed in aqueous polymerization. Water-soluble metal salts of sulfates, nitrates, phosphates, and chlorides were among the effective accelerators. Specific compounds of this class include cuprous sulfate, ferrous sulfate, and silver nitrate. The amount of accelerator used in the reaction mixture was between 0.05 and 0.5 part per hundred parts of total monomers. When an activator such as sodium metabisulfite and an accelerator such as a ferrous sulfate are selected, the catalyst/initiator system is called a redox system. The peroxides recommended by Lo[42] worked best in a redox catalyst system.

A typical polymerization run was made in a bomb (300 ml) by first purging it with nitrogen and charging with the following ingredients.


· Fifteen milliliters aqueous solution containing 0.3 g of sodium metabisulfite.

· Ninety milliliters aqueous solution containing 0.75 g of potassium perfluorooctanoate at a pH of 12 (adjustments were made by the addition of 5%-by-weight potassium hydroxide).

· Forty-five milliliters solution of 0.75 g potassium persulfate in water (pH equal to 7).



The bomb was then connected to a gas transfer system, evacuated and charged with 12.4 g (10% mole) of hexafluoropropylene and 47.6 g (90% mole) of vinylidene fluoride. The polymerization bomb was closed and mounted on a mechanical shaker. Polymerization was conducted isothermally at 50°C for a period of 24 hours while the bomb was continuously shaken. At the end of the reaction, the bomb was cooled and vented to remove the unreacted monomers.

The recovered latex was coagulated by freezing it in liquid nitrogen followed by hot water rinse. The wet cake was dried in a vacuum oven at 35°C yielding a white powder. The product contained 6 mole% of hexafluoropropylene and 94% vinylidene fluoride. X-ray diffraction indicated that the copolymer was highly crystalline. Resistance of this copolymer to organic chemicals was quite good as evidenced by 1% swelling in a 30/70% by volume mixture of toluene and isooctane at 25°C for 7 days. Exposure to red fuming nitric acid at 25°C for 7 days led to 4% swelling.

A series of experiments were conducted in an autoclave at 64°C in a reaction mixture containing 2700 g water, 13.5 g Cl(CF2CFCl)3CF2COOH, 13.5 g potassium persulfate and 28.8 g Na2HPO4. After pressurization with nitrogen and evacuation, the autoclave was pressurized with the monomer mixture to 963 kPa and maintained at this pressure using a storage tank and a regulator. At the end of the polymerization, the product was recovered by freezing the latex, followed by washing with water, dissolution in acetone, and re-precipitation. Polymerization results and polymer properties are given in Tables 5.39 and 5.40. Tensile properties were measured on films of the polymers, which were pressed at 325°C for five minutes at 69 MPa.


Table 5.39. Aqueous Emulsion 1 Copolymerization of Vinylidene Fluoride and Hexafluoropropylene[42]
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Table 5.40. Properties of Emulsion 1 Copolymers of Vinylidene Fluoride and Hexafluoropropylene[42]
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Earlier in this section (Sec. 5.6), we described the trade-off between inorganic and organic peroxides, first reported by Hauptschein.[39] The issue is that inorganic peroxides such as potassium persulfate, especially in combination with reducing agents like sodium bisulfite, are capable of producing PVDF at good rates but with relatively poor thermal stability. Organic peroxides, on the other hand, generally require very high pressures to produce high quality polymer. Hauptschein found that di-tertiary butyl peroxide was an exception to this organic-inorganic peroxide trade-off. Iserson[43] found additional similar peroxides through emulsion polymerization of vinylidene fluoride (VDF).

Water-soluble dibasic peroxides were found to catalyze aqueous emulsion polymerization of VDF at moderate pressures, in the presence of a small amount of a fluorinated surfactant. Examples of these peroxides are:


Disuccinic acid peroxide: HOOC–CH2–CH2–(CO)–O–O–(CO)–CH2–CH2–COOH

Monosuccinic acid peroxide: HOOC–CH2–CH2–(CO)–O–OH

Diglutaric acid peroxide: HOOC–(CH2)3–(CO)–O–O–(CO)–(CH2)3–COOH

Monoglutaric acid peroxide: HOOC–(CH2)3–(CO)–O–OH



The preferred compound is disuccinic acid peroxide. The catalyst is used at 0.05% to 2% by weight of the total monomer in the polymerization reactor.

In a typical polymerization run, a small autoclave (300 ml) was charged with 100 ml of deionized and deaerated water and 0.4 g of disuccinic acid peroxide. The autoclave was evacuated and, after cooling with liquid N2, charged with 35 g of VDF. Next, the surfactant and 0.0007 g of metallic iron, obtained by the reduction of pure iron oxide, were loaded into the reactor. The autoclave was then sealed and placed inside an electrically heated jacket. The assembly was mounted on a horizontal shaking apparatus and held at 80°C for the duration of the polymerization. The pressure reached a maximum of 527 kPa during the polymerization and thereafter decreased. After completion of the reaction, the autoclave was cooled, vented and emptied. A stable dispersion was recovered which was frozen and thawed to coagulate (precipitate) the polymer which was then filtered, washed with water and methanol, and finally dried in a vacuum oven at 70°C.

Thermal stability was determined by assessing the color of compression molded films of the polymer. A film sample was held in a convection oven for 4 hours at 200°C. Color and clarity of the aged film varied from no change to yellow for different polymers. Molecular weight of the polymer was assessed by an indirect measurement of melt viscosity. A film sample was produced by applying pressure to 0.5 g of polymer powder at 225°C in a press for 30 seconds. The area of the film formed by this technique was measured as an indication of the viscosity of the polymer. A lower viscosity, i.e., lower molecular weight, polymer spread into a larger area film sample. Table 5.41 shows a summary of the PVDF polymerization conditions and the polymer properties. The data in Table 5.41 indicate that no reaction took place in the absence of both iron and surfactant. Polymerization yield was anemic in the presence of only surfactant or iron.


Table 5.41. Polymerization Conditions 1 and Properties of Emulsion Polymers of Vinylidene Fluoride using Dibasic Acid Peroxide Catalysts[43]
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The drawback to the Iserson process is the lengthy polymerization required to obtain an economically viable yield. McCain, et al.,[44] developed a process in which polymerization time was reduced to 0.5–6 hours at 65–85°C and less than 6.9 MPa pressure. The catalyst was diisopropyl peroxydicarbonate and was present at 0.25–0.5% of the monomer weight. McCain, et al., discovered that the addition of a small amount of a water-soluble chain transfer agent to the reaction reduced the required amount of surfactant in the effective range (0.5–3.0%) without affecting the quality of the polymer.

Polymerization runs were made in a one-gallon stainless steel reactor. It was pre-chilled to 15°C and charged with 740 g of deaerated deionized water, 2.59 g of diisopropyl peroxydicarbonate and 13 g of sodium perfluorooctanoate. A small amount of a water-soluble chain transfer agent such as ethylene oxide was charged into the reactor. After evacuation and chilling, the reactor was charged with 518.4 g of vinylidene fluoride and agitation was commenced. The autoclave was rapidly heated to 75°C by circulating hot oil in an internal coil. An additional 13 g of sodium perfluorooctanoate solution in water was gradually pumped into the autoclave during the 5 hours reaction period. Pressure was maintained at 414 kPa by periodically introducing water into the reactor.

The polymer was recovered[44] by shutting off the water pump and venting the reactor, followed by freeze-thaw of the PVDF emulsion. The product was filtered and thoroughly rinsed with water and finally dried in a vacuum oven at 50°C. Table 5.42 provides a summary of the properties of polyvinylidene fluoride as a function of polymerization variables. Polymerization yield decreased when the initial amount of surfactant was reduced, but it remained nearly unchanged (79–90%) in the range of 1–4 hours reaction time and initiator amounts in the range of 0.25–0.50% by weight of monomer.


Table 5.42. Properties of Emulsion Polymerized Polyvinylidene Fluoride in the Presence of Iron[44]
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Other organic peroxides have been explored that allowed polymerization of vinylidene fluoride at moderate pressures with good yields. These peroxides are various functional variations of di-tertiary butyl peroxide. In 1971,[45][46] tertiary butyl peroxyisobutyrate:
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was reported to successfully polymerize VDF at 70–120°C, 1–10 MPa, in the presence of mono hydroperfluoroalkyl carboxylic acids, monochloroperfluoroalkyl carboxylic acids, perfluoroalkyl carboxylic acids or their ammonium, or alkali metal salts of these acids. PVDF produced by this process was soluble in polar solvents such as dimethylacetamide.

Beta-hydroxypropyl tertiary butyl peroxides were reported[47] to be effective catalysts for emulsion polymerization of fluorinated ethylenic monomers such as vinylidene fluoride. These peroxides are represented by the general formula:
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in which R is a hydrogen or a methyl group and R′ is a hydrogen, a methyl or an ethyl group. Other monomers including vinyl fluoride and chlorotrifluoroethylene were successfully polymerized using these peroxides.

Barter, et al.,[48] have reported the successful use a more complex peroxide comprised of acid, esters or salts of 3-methyl-3-tertiary butyl peroxy butyric acid to catalyze the polymerization of vinylidene fluoride.

Vinylidene fluoride has also been copolymerized with unusual monomers such as 3,3,3-trifluoro-2-trifluoromethyl propene [(CF3)2–C=CH2].[49] The product was a chemical resistant thermoplastic with a high melting point. This copolymer has a relatively high storage modulus, which is a measure of its dynamic mechanical strength.[142] Figure 5.5 shows that the copolymer has significantly higher storage modulus than polytetrafluoroethylene. Aqueous or solvent media (perfluorinated and perfluoroperchlorinated hydrocarbons with boiling points below 80°C) polymerization was possible, along with water soluble or solvent soluble organic peroxides. Some examples of the solvents (up to 6 carbon atoms) include perfluorocyclobutane, pentachlorofluoroethane, trichlorotrifluoroethane, dichlorodifluoromethane, octafluoropropane, 1,2-dichloro-1,1,2,2-tetrafluoroethane and the comonomer 3,3,3-trifluoro-2-trifluoromethyl propene.
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Figure 5.5 A comparison of storage modulus of polytetrafluoroethylene and vinylidene fluoride/3,3,3-trifluoro-2-trifluoromethyl propene copolymer.[49]


In the work conducted by Chandrasekaran,[49] initiators for solvent-based polymerization included aliphatic and aromatic peroxy compounds, including fluorine and chlorine substituted organic peroxides. Specific examples are acetyl peroxide, succinic acid peroxide, 2,4-dichlorobenzoyl peroxide, t-butylperoxypivalate, decanoyl peroxide, trichloroacetyl peroxide, and perfluoropropionyl peroxide. Aqueous polymerization was conducted using persulfate, perphosphate and perborate salts of sodium, potassium, calcium, barium, and ammonium. Other effective initiators included hydrogen peroxide, barium peroxide, sodium peroxide, cumene hydroperoxide, and t-butyl hydroperoxide.

Suitable reducing agents, which act as activators, were combined with the water-soluble initiators to increase their activities. Some specific activators included were alkali metal bisulfites, alkali metal formaldehyde sulfoxylates or sulfur dioxide. Accelerators such as ferrous sulfate, silver nitrate, ferrous nitrate and silver nitrate may also be combined with the initiator. The amount of the initiator was varied from 0.02% to 1% of the total weight of the monomer. It was important to control the pH of the polymerization medium between 5 and 8; adjustments were made by adding buffers such as carbonates, bicarbonates, phosphates, and hydrogen phosphates of alkali metals (e.g., sodium and potassium).

Surfactants were required for aqueous copolymerization of vinylidene fluoride and 3,3,3-trifluoro-2-trifluoromethyl propene. The most effective agents were perfluoroalkyl carboxylic and sulfonic acids and their alkali metal or ammonium salts. The surfactant was added at the rate of 0.1–2% of the weight of the aqueous medium.

Table 5.43 shows the results of a number of copolymerization runs of vinylidene fluoride and 3,3,3-trifluoro-2-trifluoromethyl propene in a solvent medium.


Table 5.43. Copolymerization Results for Vinylidene Fluoride and 3,3,3-trifluoro-2-trifluoromethyl Propene[49]
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Polymerization of the same two monomers in water at 65°C yielded a copolymer containing 51.8% by mole VDF. Potassium persulfate was the initiator and the polymerization was conducted for three hours. The initial monomer mixture consisted of pressurizing the reactor headspace (1 liter) with of 3.5 MPa ofvinylidene fluoride and 120 g of liquid 3,3,3-trifluoro-2-trifluoromethyl propene. The copolymer had a melting point of 325°C.

The reactivity ratios of 3,3,3-trifluoro-2-trifluoromethyl propene and vinylidene fluoride are 0.047 and 0.136. The product of these reactivity values is 0.0064 and can be said to approach zero. The theoretical conclusion (see Sec. 5.2.2) is that the co-polymer would be alternating, and the molar composition of the two comonomers should be about equal in the copolymer in a broad range of the comonomer mixture composition. Table 5.43 shows that, in the range of 10–50% by mole VDF in the feed, the composition of the two comonomers is about equal in the copolymer.

In 1973, Stallings reported[50] the polymerization of vinylidene fluoride into a polymer suitable for coatings applications. The polymerization took place in the presence of beta-hydroxyethyl tertiary butyl peroxide (initiator), a lower alkylene oxide and a water-soluble fluorinated surfactant at 10.4 MPa or higher monomer pressure. Alkylene oxide (0.02–0.5% of the monomer weight) played a beneficial role in minimizing polymer build-up on the reactor walls during the run times of 0.5–6 hours. An effective lower alkylene oxide contained 8 carbons or less in its molecule, e.g., ethylene or propylene oxide.

Stallings’ process produced polyvinylidene fluoride of colloidal particle size with a monodispersed distribution. The polymer particles were nearly non-porous and well-suited to the preparation of high solids content dispersions. The solvents in these dispersions are known as “latent solvents” and include polar liquids such as gamma-butyrolactone, dimethylformamide, and dimethylacetamide. The coatings had high gloss, good thermal stability, good chemical resistance, and high post-deformability which means that the coated substrate could be bent, punched and deformed in other ways without cracking or delaminating the coating.

Lienhard and Ulmschneider[51] reported an interesting invention in which vinylidene fluoride could be polymerized at a good rate under moderate pressure to obtain a high thermal stability polymer equivalent to the polymers produced with the use of organic peroxides. The polymerization was carried out at an acidic pH in the presence of less than 0.03–0.2 g/liter of a liquid reaction medium using initiators such as ammonium or potassium peroxydisulfate. Pressure and temperature range were 2.3–3.5 MPa and 80–90°C, respectively. Little or no discoloration was observed by heating the polymer in air for 30 minutes at 300°C and 16 hours at 200°C.

In a 1974 US patent, Dohany[52] disclosed a process by which vinylidene fluoride could be reproducibly polymerized into a high quality polymer. Both the initiator (diisopropylperoxydicarbonate) and the chain transfer agent (acetone) were fed continuously to the reactor along with vinylidene fluoride. The amount of initiator ranged from 0.1 to 1.0% of the total weight of the monomer. Acetone (1–20% monomer weight) acted as the means to control molecular weight of PVDF. The presence of acetone in the reaction mixture permitted the addition of substantial amounts of the initiator to increase the reaction rate. Other solvents such as isopropanol and methanol were not effective due to interference with the dissolution of the initiator or poor molecular weight control. A fluorinated surfactant in acid form [X(CF2)nCOOH, X = H or F, and n = 5–10] or its alkali metal or ammonium salts were required at 0.1–0.2% weight of the total monomer consumed.

Other fluorinated surfactants have been reported for the polymerization of vinylidene fluoride. For instance, alkali metal and ammonium salts of perfluorinated alkyl-alkyl sulfonic acid with the general formula of Rf–C2H4–SO3M (M is an alkali metal or ammonium, and R is a perfluorinated alkyl radical with 4–10 carbons) were found[53] to work well as surfactants in the emulsion polymerization of vinylidene fluoride. In general, hydrogen-containing surfactants such as sodium lauryl sulfate, inhibit the polymerization of vinylidene fluoride. The salts of perfluorinated alkyl-alkyl sulfonic acid did not interfere with the polymerization reaction. They could be used in conjunction with inorganic or organic peroxide initiators. Chain transfer agents such as ketones or esters were required to control the molecular weight of the polymer.

Polymerization can be designed to improve specific properties of polyvinylidene fluoride. For example, Dohany reported[54] polymerization of vinylidene fluoride to modify the flow behavior to allow extrusion of the polymer at higher speeds. Polyvinylidene fluoride of this development was produced as a homopolymer or a copolymer containing up to 25% of a comonomer such as tetrafluoroethylene, chlorotrifluoroethylene, and hexafluoropropylene. PVDF homopolymer or copolymer was generally manufactured according to the US Patent 3,193,539[39] discussed earlier using a fluoroalkyl fluorosurfactant, an organic peroxide, and wax to stabilize the emulsion.

The polymer had a bimodal molecular weight and the number average molecular weight was 300,000–700,000 according to measurement by gel permeation chromatography (GPC). Nearly 30–70% by weight of the polyvinylidene fluoride[54] was high molecular weight as demonstrated by a GPC count of 14–18. Critical shear stress above which meltfracture occurs (that is, the extrudate is no longer smooth) was more than doubled to a minimum of 3 × 106 dynes/cm2.

The manufacturers keep the details of the commercial processes for emulsion polymerization of PVDF confidential. The characteristics of the manufacturing process can be gleaned from the study of the patents. Figure 5.6 shows the flow diagram of the polymerization process. Polymerization takes place in a high-pressure reactor equipped with a stirrer, and heating and cooling means. A horizontal disposition is preferable for the reactor because there is less tendency to undergo coagulation during polymerization induced by agitation.
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Figure 5.6 Flow diagram of commercial process for polymerization of vinylidene fluoride.[55]


Vinylidene fluoride polymers consist of homopolymers and copolymers. Copolymers contain at least 50% vinylidene fluoride. The balance is comprised of a monomer from the group of monomers that would readily polymerize with vinylidene fluoride including tetrafluoroethylene, trifluoroethylene, chlorotrifluoroethylene, ethylene, hexafluoropropene, pentafluoropropene, and vinyl fluoride. The optimal polymerization temperature and pressure are 60–90°C and 2.8–4.8 MPa.

The reaction mixture consists of deionized water, the monomer, an initiator, a water-soluble fluorinated surfactant, paraffin wax, and a chain transfer agent. The reactor is about 70% filled with water containing 0.1–0.2% by weight of a suitable fluorinated surfactant (as specified by US Patent 2,559,752[6] and US Patent 3,239,970). The initiator of choice is diisopropyl peroxydicarbonate.[44] An example of the surfactant is the ammonium salt of a fluoro telomer acid (CF3)2–CF(CF2)5COOH. Chain transfer agents of choice are isopropyl alcohol or trichlorofluoromethane (TCFM). An advantage of TCFM is the elimination of cavitation during high temperature melt forming of PVDF. Polyvinylidene fluorides made by such recipes (Table 5.44) and methods have greater resistance to discoloration at temperatures encountered during processing (e.g., 290°C).

Table 5.44. General Recipe for Emulsion Polymerization of Vinylidene Fluoride[55][56]



	Reaction Ingredient
	Amount, as % total weight of monomer



	Surfactant
	0.1-0.2



	Initiator
	0.05-0.6



	Paraffin Wax
	0.03-0.30



	Chain Transfer Agent
	1.5-6.01




1 Mole percent of the total amount of monomer.

All the fluorinated surfactant and wax are initially added to the polymerization reactor. Monomer, initiator, and chain transfer agent can be added incrementally or continuously during the reaction. Pressure is held constant by the addition of the monomer. Upon completion of the polymerization, the product is recovered as latex. Flash evaporation and creaming are the common methods for concentration of the latex. It may be further stabilized by the addition of surfactants. To recover a powder, the latex is coagulated, followed by washing and drying of the polymer.




5.6.2 Suspension Polymerization of Vinylidene Fluoride

The main objective of batch suspension polymerization of vinylidene fluoride is to limit the formation of polymer scale on the walls of the reactor.[57] A water-soluble polymer, e.g., cellulose derivatives or polyvinyl alcohol, is added as a suspending agent to reduce coagulation of the polymer particles during the polymerization. Organic peroxides are the initiators in the polymerization reaction and chain transfer agents control the molecular weight of the polyvinylidene fluoride.

The product is in slurry form consisting of suspended particles, often spheres of 30–100 μm. Polyvinylidene fluoride powder can be recovered by filtering/separating the particles from water, thorough rinsing, and drying.

Suspension polymerization of vinylidene fluoride by similar techniques has been reported by Stallings[58] and by J. E. Dohany.[59] Stallings described a process for aqueous polymerization of vinylidene fluoride in a suspension regime. Hydrostatic pressure (i.e., water) was added to that exerted by the monomer at the reaction temperature. The pressure was sufficiently high to keep the reactor liquid-full throughout the reaction, filled with a uniform dispersion of compressed monomer in the aqueous phase. An initiator was fed continuously into the reactor. Aside from the initiator, a suspending agent such as methyl hydroxyalkyl cellulose and, optionally, a chain transfer agent was added. Preferred polymerization temperature and pressure ranged from 30 to 110°C and 6.9 to 21 MPa. Batch reaction was conducted for 0.25–6 hours, depending on the type of the initiator. Vinylidene fluoride polymers produced by this process have predominantly linear structure and exhibit a high degree of crystallinity.

A typical polymerization run was conducted in a stirred one-gallon (3.7 liters) stainless steel reactor equipped with baffles and a cooling coil, rated at 69 MPa. The vessel was charged with 2,470 ml of water, 908 g of vinylidene fluoride, 30 g of an aqueous methyl hydroxypropyl cellulose solution, and 5 g of tert-butyl peroxypivalate. Water pressure was raised to 5.5 MPa at 25°C under which the liquid monomer density is 0.69 g/ml. The reactor was heated to 55°C, increasing the pressure to 13.8 MPa. The reaction was continued for four hours during which 800 ml of water was pumped into the vessel to keep the pressure constant.

At the end of the polymerization,[58] the reactor was cooled and the content was discharged. The polymer was isolated by centrifuging, followed by washing with water and drying in a vacuum oven. The polymer was composed of spherical particles having an average size of 50–120 μm; the recovered polyvinylidene fluoride was 91% of the weight of the monomer.

Molecular weight was assessed by measuring the intrinsic viscosity of the polyvinylidene fluoride, by ASTM Method D1243, using dimethylformamide as the solvent. In this method, viscosity of solutions containing 0.1 g of polymer per 100 g of solution was measured. An intrinsic viscosity value of 1.0–2.0 liter/g corresponds to a molecular weight of 50,000–300,000. Vinylidene fluoride was polymerized using a number of different initiators; Table 5.45 shows the results of polymerization. The effect of initiator type on the polymer yield was moderate but it was fairly strong on the molecular weight. The initiator could also be added during the polymerization with similar polymer yields. Molecular weight could be reduced by the addition of a chain transfer agent such as isopropanol. Table 5.46 contains the data illustrating the impact of the amount and the rate of addition of the initiator and chain transfer agent on the polymer yield and molecular weight.


Table 5.45. Results for Suspension Polymerization of Vinylidene Fluoride using Different Initiators[58]

[image: image]



Table 5.46. Effect of Initiator Amount and Addition Rate on Molecular Weight and Yield of Suspension Polymerized Polyvinylidene Fluoride[58]

[image: image]


Dumoulin[60] has published a good discussion of the variables of suspension polymerization. The goal of this work was to obtain chain transfer agents that did not affect the thermal stability of polyvinylidene fluoride detrimentally. Vinylidene fluoride was polymerized in an aqueous medium containing a suspending agent such as polyvinyl alcohol and a water-soluble cellulose derivative like alkyl and alkylhydroxy celluloses. Free radical initiators included diethyl and diisopropyl peroxydicarbonate and tert-butyl and tert- amyl perpivalates. The most effective chain transfer agents are bis (alkyl) carbonates in which the alkyl group contains 1 to 3 methylene groups.

The amount of suspending agent varied from 0.01% to 0.5% by weight. The amount of chain transfer agent depended on the desired molecular weight and thus on the intrinsic viscosity of the polymer. Generally, 0.05–2.5% by weight of agent (based on total monomer) was added which allows production of PVDF from 0.05–0.2 liter/g. The exact amount of chain transfer agent to obtain a specific molecular weight would have to be determined experimentally. The amount of the initiator ranged from 0.05–0.5% of the monomer weight. Both the initiator and chain transfer agent could be added at the beginning or during the polymerization.

Polymerization temperature could be below or above the critical temperature of vinylidene fluoride, 30.1°C. When the reaction was carried out below 30.1°C, the pressure was equal to the vapor pressure of vinylidene fluoride. Pressure was increased when the polymerization temperature was above 30.1°C. The desirable temperature and pressure ranges were found to be 35°C-110°C and 55–200 bars. To increase the productivity of the reactor, monomer and water can be injected during the reaction or temperature could be increased.

A typical polymerization run was made in a five-liter reactor equipped with a stirrer and a double-walled jacket. After charging 3.3 liters of water and 1.1 g of hydroxypropyl methylcellulose, the reactor was evacuated to remove the oxygen. The initiator and the chain transfer agent were next introduced into the reactor and stirring was started. Finally, vinylidene fluoride (1,100 g) was loaded and heating started. At the end of the polymerization, stirring was stopped, the reactor was cooled and degassed. The polymer was separated and washed by centrifuging, and dried at 60°C in an oven.

Tables 5.47 and 5.48 provide a summary of the polymerization conditions and polymer properties. Tert-amyl perpivalate was not as effective as diisopropylperoxy dicarbonate as an initiator for the polymerization reaction due to a lower yield. Isopropanol and particularly methyl ethyl ketone had a negative effect on the polymerization reaction as evidenced by the yield (Table 5.48). Bis (ethyl) carbonate had no detrimental impact on the polymerization yield while it functions well as a chain transfer agent.


Table 5.47. Process Variables for Suspension Polymerization of Vinylidene Fluoride[60]
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Table 5.48. Suspension Polymerization Yield and Intrinsic Viscosity of PVDF (See Table 5.47 for Process Conditions)[60]

[image: image]


Several patents, including some recent cases, have described modifications of the suspension polymerization process of vinylidene fluoride.[57][61][62][63] Saito, et al.,[63] reported a process in which vinylidene fluoride and another vinyl monomer have been copolymerized to produce a polymer with excellent water repellency and release properties (as a film).

The approach taken by Saito, et al., was to produce a block copolymer of vinylidene fluoride with a highly fluorinated vinylic monomer including perfluorinated compounds such as tetrafluoroethylene or hexafluoropropylene. Highly fluorinated monomers have lower polymerization rates than vinylidene fluoride. This causes a problem in that perfluorinated monomers can be introduced concentrically into the terminal sites of the polyvinylidene fluoride molecules. There are other problems such as formation of homopolymer chains as the by-product and molecular weight control of the product. A copolymer with excessively high molecular weight (e.g., viscosity-average molecular weight of 500,000) would have such a high melt viscosity that it would process poorly into a film. The method discovered by Saito, et al., managed to overcome these difficulties.

In Saito’s production process for vinylidene fluoride, a perfluorinated vinylic monomer and an iodide compound with the general formula F–Rf–I were the essential ingredients. Rf is a divalent organic group containing at least two divalent fluoroalkyl ether groups. The vinylic comonomer could be used from 0 to 5 parts per 100 parts by weight of vinylidene fluoride. The iodine compound was introduced into the resin as result of its action as a chain transfer agent. At the beginning of the reaction, a prepolymer is produced by the following formula:
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where X is F or I and the integer p is greater than one. This prepolymer has molecular chain terminals that have polymerization activity and undergoes polymerization in a living mode to yield a high molecular weight block copolymer with a structural unit of:
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The iodide compound was added at different times during the polymerization. Examples of the iodide compounds are shown below:
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and
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A typical polymerization run was made in a 2 liter stirred pressure reactor constructed of stainless steel. Three-hundred parts of water and 0.1 part of methyl cellulose were put in the reactor followed by evacuation. Vinylidene fluoride (100 parts) and 0.5 parts of n-propyl peroxydicarbonate (initiator), 20 parts of dichloropentafluoropropane (an optional hydrophobic solvent), and 1.0 part of the iodine compound were charged using a constant rate pump. Stirring at 450 rpm started polymerization after the system temperature was raised to 25°C. Iodide compound (1 part) was added to the reactor four times during the polymerization, at the times when conversion had reached 13, 26, 38, and 52% weight of the total monomer charged. After 15 hours, the reactor pressure was lowered and the contents were recovered, filtered, rinsed, and dried.
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Viscosity-average molecular weight was determined[63][64] from Eq. (5.13) which is a specific form (Eq. 5.14) of the Mark-Houwink equation.[65]





Eq. (5.13) [image: image]



where:


Mη = Viscosity-average molecular weight

ηi = Intrinsic viscosity







Eq. (5.14) [image: image]



in which M is the molecular weight and K and a are constants for a given system.

Intrinsic viscosity can be defined with the aid of specific viscosity (ηsp) which is defined by Eq. (5.15), in which η is the viscosity of the polymer solution and η0 is the viscosity of the solvent, measured by a capillary method.





Eq. (5.15) [image: image]



For a solution to abide by the Mark-Houwink type equation, there should be no interaction among the polymer coils, which requires infinite dilution. This is achieved mathematically by defining intrinsic viscosity according to Eq. 5.16.





Eq. (5.16) [image: image]



where c is the concentration of polymer in the solution.

Saito, et al.,[63] prepared solutions of 0.1 g, 0.2 g, and 0.3 g of the vinylidene fluoride polymers in 50 ml of dimethylformamide (DMF) and measured the specific viscosity of these solutions at 30°C using a Ubbellohde viscometer. A plot of the ratio of specific viscosity to the corresponding solution concentration was made as a function of polymer concentration. The line of best fit to the data was extrapolated to zero concentration; the intercept gave the value of the intrinsic viscosity for the polymer. Equation 5.13 could then be used to calculate the molecular weight of the polymer. A value of 300,000 was determined for the resin product of the copolymerization example previously described. This resin had excellent film forming properties as demonstrated by pressing 1 g of the polymer at 180°C for two minutes at a pressure of 15 MPa; a uniform film with no crack was produced. The water repellency improvement was measured by contact angle of water on the film made from the copolymer; typical values were 103–108°.




5.6.3 Solution Polymerization of Vinylidene Fluoride

Vinylidene fluoride can be polymerized in saturated fluorinated or fluorochlorinated solvents. These solvents dissolve fluoroalkenes like vinylidene fluoride and organic peroxide catalysts. Polymerization thus takes place in a homogeneous phase and the resulting polyvinylidene fluoride is insoluble in the solvent, making the product readily separable from the solvent. In addition to organic peroxides, the reaction can be initiated or induced by radiation. This is helpful in avoiding contamination of the product with other reaction components such as the initiator, surfactant, and the others. Alkyl boron activated by oxygen has also been reported to catalyze vinylidene fluoride and vinyl fluoride polymerization in water and solvents.[66]

An early report described[67] polymerization of vinylidene fluoride in fluorinated and fluorochlorinated hydrocarbons using organic peroxide as catalyst. The solvent had to have a boiling point above room temperature and be capable of dissolving the monomer and catalyst. Suitable compounds included saturated fluorinated and fluorochlorinated hydrocarbons with ten carbons and less, alone or as a mixture. These compounds have minimal tendency to form free radicals. To minimize the required polymerization pressure, it was important to have solvents with boiling points above room temperature, which was the reason for selecting compounds containing more than one carbon atom. Examples of suitable solvents were fluorotrichloromethane, trifluorochloroethane, and trifluorotrichloroethane.

The catalyst (initiator) concentration varied between 0.2% and 2% of the total amount of monomer by weight. Examples of organic peroxide catalysts included di-tert-butylperoxide, tert-butylhydroperoxide and dibenzoyl peroxide. Polymerization temperature and pressure ranges were 70–120°C and 0.6–3.5 MPa.

Polymerization experiments were conducted in a one-liter autoclave equipped with a magnetic stirrer. In a typical run, a solution of lauroyl peroxide in 500 g of trifluorotrichloroethane (CF2ClCCl2F) was charged to the autoclave. After the reactor was flushed with nitrogen and evacuated, 160 g of vinylidene fluoride was introduced, generating a pressure of 1.2 MPa at room temperature. The autoclave was heated to 120–125°C for twenty hours with agitation, reaching maximum and minimum pressures of 3.5 MPa and 0.6 MPa during polymerization. Monomer conversion to polyvinylidene fluoride was 99.1% with a melting point of 169°C. Table 5.49 shows the polymer yield of vinylidene fluoride using different solvents, initiators, and temperatures.


Table 5.49. Polymer Yield (wt%) for Chemically-Initiated Solution Polymerization of Vinylidene Fluoride[67]
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Radiation-induced polymerization of vinylidene fluoride has been explored[68][69][70] to eliminate contamination of the polymer with the initiator and other ingredients. In general, a reaction vessel was charged[69] with a vinylidene fluoride monomer or a mixture of comonomers and a fluorinated solvent, similar to those listed in Table 5.49, in liquid state. The mixture was subjected to ionizing radiation such as γ-rays generated by cobalt 60 and cesium 137. Reaction temperature ranged from −60°C to 30°C to keep the reaction sufficiently fast without being uncontrollable. Only a small dosage of irradiation was required for the polymerization consisting of two stages: irradiation polymerization and non-irradiation polymerization. The required dosage was 103 to 7 × 105 roentgen.

A glass ampoule made of borosilicate glass was evacuated and charged with 6.4 g of vinylidene fluoride and 16.1 g of trichlorotrifluoroethane solvent, both in liquid state. The ampoule was sealed after the removal of air, while it was kept in a mixture of dry ice and methanol. The ampoule was exposed to γ-rays generated from cobalt 60 (700 curies) at a dose rate of 4 × 104 roentgen per hour at −40°C. The ampoule was opened after nine hours, and the unreacted vinylidene fluoride and the solvent were removed, resulting in the recovery of 6.0 g of polyvinylidene fluoride (93% weight yield). The yield increased to 100% when the exposure time was increased to twenty hours. The PVDF obtained had a melting point of 175°C compared to 152°C for PVDF obtained by chemical initiation in an aqueous medium. In the absence of the solvent, polymerization yield decreased to 37% after twenty hours exposure. Table 5.50 shows the effect of variables on the polymer yield. Copolymers of vinylidene fluoride could be produced by exposing a mixture of the comonomers to irradiation.


Table 5.50. Polymer Yield and Conditions for Radiation-induced Solution Polymerization of Vinylidene Fluoride[69]
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Kinetics of solution polymerization of vinylidene fluoride have been studied[71] and found to be complex, indicating the occurrence of multiple reactions.

Others have reported[72] plasma-induced polymerization of vinylidene fluoride and trifluoroethylene using low pressure plasma excited by microwaves. The copolymer was deposited onto a substrate.






5.7 Preparation of Ethylene Tetrafluoroethylene (ETFE) Polymers

The most important interpolymers (e.g., copolymers, terpolymer, etc.) are those made with tetrafluoroethylene (ethylene tetrafluoroethylene polymer, ETFE) and chlorotrifluoroethylene (ethylene chlorotrifluoroethylene polymer, ECTFE). These two polymers are generally produced by suspension or emulsion polymerization methods. There is resemblance between the polymerization technology of ETFE and ECTFE. Indeed, some of the same patent art could be studied to learn about the technology. This section and the next one present the polymerization of ETFE (Sec. 5.7) and ECTFE (Sec. 5.8).

The properties of the ETFE polymers vary with composition;[73] copolymers containing 40–90% tetrafluoroethylene soften between 200 and 300°C, depending on the composition. TFE segments of the molecules account for more than 75% of the weight of a 1:1 mole ratio copolymer. Tetrafluoroethylene and ethylene monomers readily combine into a nearly 1:1 alternating structure.

Joyce and Sauer[74] have made one of the earliest reports of successful copolymerization of tetrafluoroethylene (TFE) and ethylene (Et) in which a high molecular weight polymer was obtained. Their work overcame a number of difficulties that had found no solution in the prior attempts to produce interpolymers of fluoroethylenes.[38][75][76][77] Joyce and Sauer copolymerized ethylene and tetrafluoroethylene in a medium consisting of water and an organic solvent using a water-soluble salt of an inorganic peracid as the initiator. A number of objections reduced the commercial viability of the past polymerization techniques. Purely aqueous polymerization medium gave rise to polymers, which are not wetted by water and tend to form agglomerates that plug the valves and lines and massively adhere to process equipment surfaces. Use of water-miscible organic solvents along with organic peroxy initiators could solve the problem. The high pressures and temperatures required by these initiators, to obtain high polymer yields, detracted from the viability of such processes. A distinct disadvantage was the formation of explosive mixtures of the peroxy initiators and high concentrations of fluoroethylenes. Typical reaction conditions of the process proposed by Joyce and Sauer employed the following reaction conditions: temperature of 20–150°C, a pressure of 2–2.3 MPa, a medium containing water and a solvent such as tert-butyl alcohol and an initiator such as 0.1% by weight of ammonium persulfate.

A typical polymerization reaction took place in a tubular or an autoclave type reactor. It was charged with 1,960 parts of tert-butyl alcohol and 40 parts of water while maintaining a blanket of nitrogen over the operation. One part ammonium persulfate was added before the reactor was closed and pressurized to 1.4 MPa of a gas mixture containing 88.5% by weight TFE and 11.5 % of Et. Agitation was started and the reactor was heated to 50°C. A pressure of 2.1 MPa was maintained throughout the reaction by the injection of additional amounts of a gas mixture containing 78% by weight of TFE and ethylene. After one hour, the gas was shut off and the reactor was cooled followed by the release of the remaining gas. It was then opened and the product, which was in the form of the thick paste dispersion of the polymer in the reaction medium, was recovered. Steam distillation was applied to this paste to remove most of the tert-butyl alcohol. The resulting slurry was filtered and dried in an air oven at 150°C. An amount of three-hundred parts of a finely divided copolymer powder was recovered containing a TFE-to-ethylene mole ratio of 1 to 0.945 or 79.1% TFE by weight. Table 5.51 contains a summary of polymerization yield, copolymer composition and properties at different process conditions.


Table 5.51. Copolymerization Results for Tetrafluoroethylene and Ethylene under Different Conditions[74]
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The melting point of the ETFE copolymer can be reduced by the inclusion of a chain transfer agent (CTA) in the reaction mixture. A pressure reactor was charged (under a nitrogen blanket) with 1,000 parts of oxygen-free water, 800 parts of acetone (CTA), 3 parts of ammonium persulfate, and 10 parts of disodium phosphate.74 The reactor was then closed and agitated at 60°C for a period of seventeen hours at a pressure of 8.3–9.7 MPa. Pressure was maintained by injecting a mixture of tetrafluoroethylene and ethylene at a molar ratio of 1:0.96. At the end of the period, cooling the reactor stopped the polymerization reaction. A quantity of 1,380 parts of polymer powder was recovered from the reaction slurry as previously described. The co-polymer contained 78.05% TFE which is equivalent to a TFE-to-ethylene ratio of 1:0.958 with a melting point of 270°C. Melt viscosity was higher than a copolymer made with the same recipe except for the use of tert-butyl alcohol instead of acetone. Use of tert-amyl alcohol produced 480 parts of a copolymer with a similar viscosity to that obtained with tert-butyl alcohol.

Borsini and Modena[78] reported a process for the production of ETFE at low temperatures in the presence of a catalytic system comprised of a reducing and an oxidizing agent. Chain-transfer reactions lead to a branching decrease as the temperature was reduced, producing a more linear polymer molecule. Oxidation-reduction catalytic (redox) systems have relatively small activation energy required for the production of chain-initiating free radicals. This allows the copolymerization of TFE and Et at relatively low temperatures and pressures. The catalytic system was comprised of an organometallic compound and tetravalent cerium salt in quantities ranging from 0.01 to 2 of the former and 0.001 to 1 of metallic cerium part by weight per hundred parts by weight of the monomer mixture. This allowed the polymerization reaction to be conducted in the range of −60 to 20°C. Examples of the catalytic system include Pb(C2H5)4 and (NH4)2Ce(NO3)6.

In another program,[79] ethylene/tetrafluoroethylene copolymers were prepared that had a relatively low melting point and good thermal stability. A 6-liter stainless steel autoclave, equipped with a stirrer and thermocouple sleeve, was purged of oxygen by nitrogen wash. The autoclave was charged in order with the ingredients listed in Table 5.52.


Table 5.52. Reaction Ingredients and Conditions for Manufacture of Tetrafluoroethylene and Ethylene Copolymers[79]
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For instance, in Ex. 1, the starting monomer mixture contained 55 mole% of TFE and 45-mole% Et. The reaction mixture was heated up to 65°C while the pressure reached 2.8 MPa. After two hours the autoclave was cooled and the contents were removed. The copolymer (139 g) was washed with boiling water, filtered, and dried, and its properties were measured (Table 5.53). Melting point decreased with an increase in TFE content while melt flow index increased. Tensile strength of the copolymer decreased, indicating a reduction of the molecular weight at higher TFE content. Thermal stability was evaluated by the repeated extrusion of the same resin sample through a melt flow indexer. The only copolymer that exhibited a considerable increase in melt flow index (Table 5.54) was made in Ex. 1 (Tables 5.52 and 5.53), containing 44 mole% tetrafluoroethylene. The copolymers made in Exs. 2 through 5, containing >50 mole% TFE, showed relatively small increases in the melt flow index as a result of thermal exposure caused by multiple extrusions. Residual properties after thermal aging follow the same trend and the copolymers containing more than 50 mole% TFE retain most of their tensile strength and elongation.


Table 5.53. Properties of Tetrafluoroethylene and Ethylene Copolymers[79]

[image: image]



Table 5.54. Thermal Stability of Tetrafluoroethylene and Ethylene Copolymers[79]
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The copolymers of tetrafluoroethylene and ethylene are highly crystalline and fragile at elevated temperatures and are modified with a third monomer. The termonomer is usually a non-telogenic vinyl monomer such as perfluoroalkylvinylethers or vinylidene compounds, perfluoroalkyl ethylenes, and perfluoroalkoxy vinyl compounds.[80][81] Carlson[80] demonstrated technology for the production of ETFE terpolymers having improved high temperature mechanical (especially tensile) properties. The copolymers of his invention comprised 40 to 60 mole% ethylene, 40 to 60% tetrafluoroethylene, and a small amount of a copolymerizable vinyl termonomer. The termonomer must be able to form an integral part of the main copolymer chain and not act as an inhibitor to the reaction. By “non-telogenic,” it is meant that the vinyl monomer does not act as a chain transfer agent to an extent which undesirably limits the molecular weight of the copolymer. The copolymer must have a minimum melt viscosity of 5 × 103 poise at 300°C for the copolymer to have acceptable tensile properties. Melt viscosity of the copolymer has to be less than 5 × 106 poise at 300°C in order for the plastic to be melt-fabricatible.

An agitated one liter stainless steel autoclave was charged with 800 ml of 1,1,2-trichloro-1,2,2-trifluoroethane (solvent), 4 ml of cyclohexane (chain transfer agent) and 28 g of perfluoropropylvinyl ether (PPVE). The temperature of the mixture was raised to 60°C and the agitation rate was set at 500 rpm. TFE and ethylene were charged to this mixture in such a proportion that the gas phase would contain 70 mole% tetrafluoroethylene at a total pressure of 0.63 MPa. Twenty-five milliliters of a solution of bisperfluoropropionyl peroxide (0.001 g/ml) was added to the above solvent. Pressure was held constant by the addition of the TFE/Et gas mixture. Every 10 minutes, 7.5 ml of the above peroxide solution was added to the autoclave. The polymerization continued for seventy minutes, at the end of which the contents of the autoclave were discharged into a large stainless steel beaker. The polymer was recovered by drying the beaker contents in an air oven at 125°C overnight. The dry polymer weighed 39.3 g and had a melt viscosity of 73 × 104 poise at 300°C. Analysis of the terpolymer showed that it contained 48.8 mole% TFE, 48.8 mole% ethylene, and 2.4% PPVE. The terpolymer had a melting point of 255°C and an MIT flex life of 16,300 cycles. Table 5.55 shows the properties of the terpolymers made from the polymerization of TFE and Et using varying amounts PPVE and cyclohexane.


Table 5.55. Polymerization Conditions and Characteristics of Tetrafluoroethylene and Ethylene Terpolymers[80]
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Researchers have taken advantage of the use of a redox catalyst system for the copolymerization of tetrafluoroethylene and ethylene[82][83] at lower temperatures and pressures. A process was developed at a pressure of less than 180 MPa and a temperature of 0–100°C in an acidic aqueous medium using a catalyst selected from the group consisting of an acid of manganese, a manganese salt, and a derivative forming a manganese acid under the reaction conditions. In a typical polymerization reaction, 8 liters of deionized water was charged to an enameled surface reactor maintained at 22–24°C. A solution of 0.6 g solution of potassium permanganate (KMnO4) in 2.5 liters of water was made for use as catalyst. A mixture of 1,500 g (15 moles) of tetrafluoroethylene and 101 g (3.6 moles) of ethylene, pressurized to 76 MPa, was fed into the reactor. The reaction was initiated by the addition of 500 ml of the catalyst solution. About 1,000 ml per hour of the catalyst solution was pumped into the reaction vessel. The polymerization reaction was interrupted after 145 minutes by discontinuing the monomer flow followed by pressure release. The suspension was discharged from the vessel through a valve. The copolymer was separated by a sieve, rinsed twice, ground while wet and dried at 150°C. The copolymer product contained 87 mole percent of TFE and 13% of ethylene. The molar ratio of TFE to Et was, hence, 6.7:1. Table 5.56 shows some of the properties of the copolymer made by this redox catalyst system when polymerization variable are altered.


Table 5.56. Properties of Tetrafluoroethylene and Ethylene Copolymers Made by Redox Catalysis[83]
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Robinson and Welsh produced a tough, flexible and high modulus terpolymer composed of tetrafluoroethylene, ethylene, and hexafluoropropylene (HFP).[84] The terpolymer of this invention was a non-polar material with a low dielectric constant and excellent low temperature properties, retaining complete flexibility at temperatures as low as −78°C. This polymer was prepared by polymerizing the monomer mixture in an aqueous medium containing a reaction accelerator, using a free radical catalyst at a temperature of 35–60°C and pressure of 1.4–3.5 MPa. The aqueous medium ranged from 400 to 800 parts per one hundred parts of the monomer. The reaction medium contained a conventional dispersing agent, 0.05–0.2% by weight based on the monomer weight. Examples of the dispersant include high molecular weight polyethylene glycol or a hydroxyalkylcellulose. An effective reaction accelerator was 1,1,2-trichloro-1,2,2-trifluoroethane in amounts varying from 10–150% by weight of the monomer. The preferred initiators were dialkyl peroxy dicarbonates, such as diisopropyl peroxy dicarbonate, at a rate of 0.3–1% by weight of the monomers. The best range of TFE to Et was 1:1 to 1.5:1. The reaction time varied from 1 to 4 hours. The product was recovered from the reaction medium by filtration as discrete beads with a particle size of 1–3 mm.

A typical production run was conducted by charging four liters of deionized water to a two-gallon stainless steel autoclave equipped with an agitator. Five grams of a polyethylene glycol with a molecular weight of 20,000 was added to the water. Other ingredients loaded into the autoclave included 146 ml of acetone and a solution of 5 g of diisopropyl peroxy dicarbonate in 500 ml of 1,1,2-trichloro-1,2,2-trifluoroethane. The reactor was then purged with nitrogen and evacuated, followed by the addition of 92 g of hexafluoropropylene and the start of the agitator at 1,000 rpm. The reactor was operated at 29–37°C and the pressure was raised to 2.3 MPa by the addition of a tetrafluoroethylene/ethylene mixture (containing 49% ethylene). After 63 minutes, the reaction was stopped and the slurry was removed and filtered. The polymer was rinsed with water and dried in an air oven. A terpolymer was obtained that was composed of 50% ethylene, 44% TFE, and 6% HFP. A comparison of the properties of the polymers made by this invention and other methods is given in Tables 5.57 and 5.58, which show the overall superiority of the Robinson and Welsh terpolymer technology.


Table 5.57. A Comparison of the Properties of Tetrafluoroethylene and Ethylene Terpolymers[84]
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Table 5.58. Effect of Hexafluoropropylene on Stress Crack Resistance of ETFE Polymers[84]
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Hexafluoropropylene content of the terpolymer improved its stress crack resistance at elevated temperatures. A microtensile bar of the polymer was punched out of a molded plaque and placed in an air oven at 200°C. This specimen was bent 180° in a brass channel. The results of the tests are presented in Table 5.58 showing the positive impact of 5% HFP content on the stress crack resistance of the TFE/Et copolymer/terpolymer.

Another terpolymer was reported by Ukihashi and Yamake[81] containing a perfluoroalkyl vinyl compound (CnF2n+1–CH=CH2) as the third monomer; the termonomer could be straight-chained or branched. This terpolymer had excellent physical properties and improved tensile characteristics, over a copolymer of TFE and Et, at high temperatures. No deterioration of its tensile creep property and heat resistance was detected. Typical composition of the polymer was a tetrafluoroethylene to ethylene ratio of 40:60 to 60:40 and perfluoroalkyl vinyl compound of 0.3–5 mole percent. Preferred examples of the perfluoroalkyl vinyls included perfluorobutyl ethylene (C4F9–CH=CH2) and perfluorohexyl ethylene (C6F13–CH=CH2). When the termonomer molecule was very large (n was large in CnF2n+1–CH=CH2), the physical properties of the terpolymer deteriorated and the polymerization rate decreased.

The amount of termonomer should be in the range of 0.3–5 mole percent. When the amount was too small, the tensile properties of the polymer at elevated temperatures did not exhibit much improvement. The rate of polymerization was too slow and the tensile properties and thermal stability of the terpolymer were inferior to the copolymer made without the third monomer.

The preferred polymerization medium was a saturated fluorocarbon or chlorofluorocarbon solvent, although an aqueous medium could also be used. The solvent system was used to control the reaction conditions and increase the polymerization reaction rate. The reaction medium could also improve melt processability and increase the thermal stability and chemical resistance of the polymer. The reaction could be carried out by bulk, solution, suspension, emulsion, or vapor phase polymerization regimes. Azo compounds, peroxy compounds, ultraviolet radiation, or high-energy ionizing radiation (e.g., γ-rays from 60Co), as prescribed by Ref. 85, could initiate the reaction.

A typical polymerization run[81] was conducted in a 10-liter autoclave. The reactor was charged with 3.46 kg of trichloromonofluoromethane, 6.52 kg of trichlorotrifluoroethane, and 2.38 g of t-butyl peroxyisobutyrate. A mixture of 1,226 g of tetrafluoroethylene, 82 g of ethylene, and 26 g perfluorobutyl ethylene was loaded in the autoclave. Polymerization was carried out by agitation of the mixture at 65°C. Pressure was held constant at 1.5 MPa during the polymerization by feeding a mixture of tetrafluoroethylene, ethylene, and perfluorobutyl ethylene at a molar ratio of 53:46.3:0.7. After five hours of reaction, about 460 g of polymer was obtained. The terpolymer had a molar ratio of C2F4:C2H4:CH2=CHC4F9 of 53:46.3:0.7, a melting point of 267°C, and a decomposition temperature of 360°C. At 200°C, tensile strength and elongation were 5.5 MPa and 610%, respectively. The effect of the third monomer type and composition on the polymer characteristics are given in Table 5.59.


Table 5.59. Effect of Termonomer on the Characteristics of ETFE Terpolymers[81]
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Sulzbach and Hartwimmer[86] reported the development of a stable, aqueous, colloidal dispersion of a copolymer containing, as comonomers in copolymerized form, at most 60 mole percent of tetrafluoroethylene, from 60 to 40 mole percent of ethylene, and from 0 to 15 mole percent of at least one additional olefinic comonomer copolymerizable with tetrafluoroethylene and ethylene. Copolymerization took place in an aqueous medium in which a fluorinated emulsifying agent was dissolved. The catalyst was selected from the group of acids of manganese, their salts, and manganese compounds capable of being converted into manganese acids or salts, for example, potassium permanganate. A chain transfer agent and a dispersion-stabilizing agent were present in the reaction medium. The chain transfer agent had a general chemical formula of X–CH2–COOR, wherein X is Cl, Br, COOH, COOR, COCH3, CH3, C2H5, or C3H7, including hydrates and mixtures of these compounds. R was an alkyl group with 1 to 4 carbon atoms. The dispersion-stabilizing agent had the general chemical structure of NH4 COOY, where Y is COONH4, COOH, CH3, CH2 OH, CH2 COOH, CH2 COONH4, including the hydrates and mixtures of these compounds, at amounts of 0.001–0.1 mole/l aqueous medium.

In 1983, a quarterpolymer of tetrafluoroethylene and ethylene was reported[87] in which hexafluoropropylene and a vinyl monomer with bulky side chains were the third and fourth monomers. The incorporation of these two comonomers improved the tensile strength and break elongation of the quarterpolymers at elevated temperatures. These polymers are suitable for the fabrication of extruded articles, monofilaments, and wire-coatings. Polymer composition ranged from 30–55% tetrafluoroethylene, 40–60% ethylene, 1.5–10% hexafluoropropylene, and 0.05–2.5% of a vinyl monomer. The fourth monomer could be selected from a variety of vinyl compounds including examples shown below and other more complex compounds:


1. Perfluorinated olefins:

CF2=CF–Rf

Rf = perfluoroalkyl group with 2–10 carbons.

2. Perfluorinated vinyl ethers:

CF2=CF–O–Rf

Rf = perfluoroalkyl group with 2–10 carbons.

3. Branched perfluorinated vinyl ethers:

CF2=CF–O–[CF2(CF)CF3–O]–CF2–CF2–CF3

Rf = perfluoroalkyl group with 2–10 carbons.



Polymerization of the quarterpolymers took place in a stirred reactor in an aqueous or a nonaqueous reaction medium. Preferred organic solvents were fluoroalkanes or chlorofluoroalkanes and their mixtures with water. Polymerization reaction could be carried out by bulk, solution, suspension, emulsion, or vapor phase polymerization methods. The reaction conditions depended on the selected polymerization process. The reaction temperature was in the range of 20°C to 100°C. An organic solvent medium required the use of organic peroxy or azo compounds as the reaction initiator. In aqueous media, water-soluble initiators such as ammonium persulfate could be employed. The best initiators for aqueous media were acids of manganese and their salts, such as potassium permanganate. The total pressure was in the range of 0.2–10 MPa.

The composition of the quarterpolymer was controlled by the molar ratios of the monomer component. In the reactor, the molar ratio of the sum of the tetrafluoroethylene and hexafluoropropylene to ethylene was maintained in the range of 65:35 to 75:25. A 1.05–5 fold excess of the “bulky” vinyl monomer, relative to the desired amount incorporated in the polymer, was introduced over the duration of the reaction. The best approach to achieve uniform composition in the quarterpolymer was to maintain the molar ratios of the monomers constant during the reaction by the feeding of the monomer. The unconverted monomer was recovered for further consumption by separation processes.

Molecular weight (or the resulting melt flow index value) was adjusted by the action of chain transfer agents (CTA). Examples of CTA’s included cyclohexane or acetone for solvent or water/solvent reaction mediums while dialkyl esters of malonic acid were preferred for 100% aqueous mediums. When the reaction was carried out by the emulsion process, the quarterpolymers were obtained in the form of aqueous colloidal dispersions with a solid polymer content of 15–30% by weight of the reaction medium. The dispersion particles were spherical and had a mean diameter of 0.10–0.25 μm with a narrow size distribution. The solid polymer was obtained from the dispersion by stirring, usually after adding a coagulating agent (e.g., ammonium carbonate), and finally drying. The examples listed in Table 5.60 illustrate the advantages of the quarterpolymer.


Table 5.60. Characteristics of Quarterpolymers of Tetrafluoroethylene, Ethylene, Hexafluoropropylene, and Perfluorpropylvinylether[87]
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More recent patents provide information on additional development of terpolymers of tetrafluoroethylene and ethylene.[88][89][90] Most of these works appear to provide refinements on the past developments. One patent[89] reveals a novel technology for the polymerization of terpolymers of tetrafluoroethylene and ethylene in selected hydrocarbon solvents.

In another study, a terpolymer was derived[88] from tetrafluoroethylene, ethylene, and a fluorovinyl compound of the formula CH2=CFIRf. The thermal decomposition point was lowered as a result of ethylene content, therefore it was preferable to maintain an equimolar ratio of TEF to ethylene. The Rf group had 3 to 5 carbons and was preferably a perfluoroalkyl group (e.g., –C2F5 or –C3F7) or an omega-hydrofluoroalkyl group (e.g., –C3F6H or –C5F10H) to maximize the thermal properties of the polymer. The preferred content of fluorovinyl compound was 0.5–5% by mole and the balance was equimolar parts of TFE and ethylene. Copolymerizable fluoroolefins such as hexafluoropropylene could be added to the monomer mixture to obtain a quarterpolymer.

A typical polymerization run was carried out[88] in a glass-lined autoclave. Deaerated water (12 liters) was charged to this 40-liter reactor and the interior space was evacuated. Next, 10 kg of dichlorotetrafluoroethane was added and maintained at 15°C followed by the addition of 144 g of CH2=CFC5F10H and 300 ml of n-pentane. Afterwards, a gas mixture of TFE and ethylene in a molar ratio of 81.7:18.3 was injected accompanied by stirring until a pressure of 1.29 MPa was reached. The reaction was initiated by the addition of 19.1g of di(omega-hydroperfluorohexanoy) peroxide. A mixture of TFE:Et:CH2=CFC5F10H at a molar ratio of 51.5:46.3:18.3 was fed to the reactor to keep the pressure constant at 1.29 MPa. After 27 hours of polymerization reaction, while 7.6 g of the same initiator was added every 5 hours, the reaction mixture was recovered.

The powder product had a molar composition of TFE:Et:CH2=CFC5F10 H of 51.5:46.3:2.2 and a melting point of 266°C. Thermal decomposition onset temperature was 363°C. Elongation and tensile strength were 517% and 47.5 MPa at 25°C and 815% and 8.3 MPa at 180°C. After a sample was held for twenty minutes at a temperature of 350°C, it was only somewhat discolored (yellow). No cracking was observed in the high-temperature crack-resistance test up to the melting point.

Abusleme, et al.,[90] reported ETFE terpolymers using compositions previously disclosed[80] with special rheological characteristics. The polymers of their invention had a viscosity in the range of 103 and 106 poise at 30–50°C above the second melting point and at a shear rate of 1 sec−1. The rheologic curve in the shear viscosity vs shear rate had a slope of >2000 poise/sec−1 in the range of 1–10 sec−1 shear rate. The processing window began at shear rates above 10 sec−1 and, most optimally, above 50 sec−1. The molecular weight of the polymers exhibited a bimodal distribution, that is, they contained a low molecular weight fraction (30–55% by weight) which had a viscosity of 104 to 5 × 104 poise. The balance was comprised of the high molecular weight polymer.




5.8 Preparation of Ethylene Chlorotrifluoroethylene (ECTFE) Polymers

Ethylene (Et) and chlorotrifluoroethylene (CTFE) have been copolymerized (ECTFE) in aqueous and nonaqueous mediums. Aqueously, polymerization can be initiated by oxygen-activated triethylboron at low temperatures, by peroxides, and by radiation induced techniques. The earliest record of ECTFE polymerization goes back to 1946.[91] In this work, benzoyl peroxide was the polymerization initiator in an aqueous medium at 5 MPa and 60–120°C. It is also possible to polymerize in solvents such as dichlorotetrafluoroethane.

The first polymerization of ECTFE was done by DuPont Co.,[91] although they do not offer this plastic commercially. In this development, a 1:1 molar ratio polymer of CTFE and ethylene was prepared in an aqueous medium using a diacyl peroxide such as benzoyl peroxide or a persulfate like ammonium or potassium persulfates. Polymerization temperature was in the range of 60–150°C and pressure, depending on the desired molecular weight of the polymer, ranged from 5 to 100 MPa. A typical polymerization reaction was conducted in a high-pressure stirred stainless steel vessel. It was purged with nitrogen before charging with 25 parts of deaerated water and 0.1 part benzoyl peroxide. The vessel was charged with 40 parts of chlorotrifluoroethylene and 10 parts of ethylene. The reactor was closed, agitation was started and it was heated to 80°C. After nine hours, the vessel was cooled, vented, and opened to recover the contents. After washing and drying, a white powder (7 parts) was obtained which had a CTFE:Et molar ratio of 1.1:1. A tough film could be pressed at 190–200°C from the polymer powder that could be drawn to 300% of its original length.

Borsini, et al.,[78] reported the use of a redox catalyst system for the polymerization of ethylene and chlorotrifluoroethylene. One advantage of this catalyst system was that it permitted operation at lower temperatures than with peroxides. It allowed production of polymers with a linear chain, an orderly distribution of the asymmetric points. This process had favorable economics due to the possibility of the recovery of the catalyst, followed by its oxidation and recycle. The catalytic system was comprised of an organometallic compound and tetravalent cerium salt in quantities ranging from 0.01 to 2 of the former and 0.001 to 1 of metallic cerium part by weight per hundred parts by weight of the monomer mixture. This catalyst allowed the polymerization reaction to be conducted in the range of −60 to 20°C. Examples of the catalytic system include Pb(C2H5)4 and (NH4)2Ce(NO3)6.

As an example, a process used a stainless steel autoclave with a capacity of 500 ml equipped with a stirrer and a jacket for temperature control. The reactor was purged and charged with 0.24 ml of tetraethyl lead in a 8:1:1 mixture of tertiary butanol, water, and methanol. A solution of 0.69 g (NH4)2Ce(NO3) 6 and 0.5 ml of HNO3 at 65% in 200 ml of the above solvent mixture was fed afterwards. A mixture of 77% moles of ethylene and 23% moles of chlorotrifluoroethylene was introduced until a pressure of 1.35 MPa was reached. The reaction was stopped after three hours, and 9 g of copolymer with 22.4% chlorine was obtained, corresponding to 39.5% moles of chlorotrifluoroethylene. The melting point of this copolymer was 181–182°C.

A good source of information about chlorotrifluoroethylene/ethylene polymers is the work reported by Carlson in 1971.[80] In his invention, Carlson reported terpolymers of CTFE, Et, and a non-telogenic third monomer. By “non-telogenic,” it was meant that the monomer did not cause chain transfer reaction, which would limit the molecular weight of the polymer. The desirable third monomer was vinylic and had a chemical structure in one of the following forms in which R is an organic cyclic or acyclic group containing 2–10 carbon atoms:
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The number of carbon atoms was a measure of the size of the pendent chain. It imparted good high temperature tensile properties to the terpolymer when it was at least two carbon atoms long. The bulky side chains prevent rapid crystallization of the CTFE/Et polymer chains as seen by the improved clarity of fabricated articles. The best candidates were highly fluorinated or perfluorinated compounds. Melt viscosity of the terpolymer was 5 × 106 poise at a temperature of 260°C and a shear stress of 0.455 kg/cm2[80] in a one-liter stainless steel stirred autoclave. The temperature of the reactor was maintained at 0°C by circulating refrigerated brine through the jacket. The autoclave was first evacuated and purged three times with nitrogen. Then, 500 ml of Freon® 113 (1,1,2-trichloro-1,2,2-trifluoroethane along with the termonomer and the desired amount of chloroform (chain transfer agent) were aspirated into the autoclave. The agitator was turned on at 1,000 rpm. The reactor was pressurized to 440 kPa with nitrogen and vented to atmospheric pressure three times to remove any air dissolved in the Freon®.

The autoclave was cooled to 0°C and the desired amounts of CTFE and Et were charged. A solution of trichloroacetyl peroxide (TCAP) in Freon® 113 (0.02 g/ml) was loaded into the autoclave. The reaction was allowed to continue until the pressure dropped by 98–137 kPa. The reactor was shut down and the slurry was recovered and filtered on a coarse sintered glass funnel. The filter cake was rinsed twice in a blender using 500 ml of Freon® 113. The filter cake was broken up and dried in a vacuum oven with a nitrogen purge at 100–125°C overnight. Tables 5.61 and 5.62 summarize the polymerization conditions, polymerization results and the polymer properties. It appears that perfluoropropyl vinyl ether has a positive impact on increasing the yield strength, tensile strength, and break elongation of the CTFE/Et polymers.


Table 5.61. Polymerization Conditions and Characteristics of Chlorotrifluoroethylene and Ethylene Terpolymers[80]
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Table 5.62. Properties of Chlorotrifluoroethylene and Ethylene Terpolymers[80]
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Another development overcame the telogenic effect of solvents during the polymerization of chlorotrifluoroethylene and ethylene.[82] Polymerization was carried out in an enameled vessel (usually a glass-coated metal) by a batch or continuous process in which ethylene and chlorotrifluoroethylene were copolymerized in an acidic medium. The pressure in the reactor ranged from 0.1–2.55 MPa, obtained by charging mixtures of tetrafluoroethylene and ethylene into the reactor. The reaction was initiated by a catalyst consisting of a manganese acid or a salt (e.g., potassium permanganate), which would form an acid at the reaction conditions. The polymer product (density 1.2–1.8 g/cm3) had a relatively high melting point (200–300°C), good chemical resistance, and thermal stability. Tensile strength and break elongation ranged from 30–60 MPa and 300–600%.

Terpolymers of chlorotrifluoroethylene and ethylene were developed[92] that were stress crack-resistant. The inventors in this case incorporated minor amounts (0.1–10 mole percent) of 3,3,3-trifluoro-2-trifluoromethyl propene [(CF3)2C=CH2] into copolymers of 40 to 60 mole percent of ethylene with 40–60 mole percent of chlorotrifluoroethylene. The resulting terpolymers had improved stress crack-resistance relative to the copolymers of CTFE and Et. Stress crack-resistance was measured by ASTM D2951 (mandrel wrap test) at 180 or 200°C. Another method is called the bent strip test in which a 6.25 cm × 6.25 cm × 1.5 mm strip of the copolymer film is bent over a 6.25 mm diameter bar while the free ends are clamped together. A load of 1,150 g is attached to the clamp (hung from the strip ends) and the entire assembly is placed in an oven at 180 or 200°C. The time required for the film strip to break is a measure of resistance to stress cracking.

A one gallon stainless steel stirred autoclave was used as a reactor to produce terpolymers. In a typical run, the reactor was loaded with 1.5 liters deionized and deaerated water and 150 ml of methanol. The autoclave was evacuated and 10 g 3,3,3-trifluoro-2-trifluoromethyl propene was introduced, followed by charging of 1,000 g chlorotrifluoroethylene. Ethylene was charged into the autoclave to increase the pressure to 1 MPa. Next, one gram of trichloroacetylperoxide dissolved in 5 ml of 1,1,2-trifluoro-1,2,2-trichloroethane solvent and 3.5 ml chloroform (chain transfer agent) was introduced into the reactor. Polymerization was conducted at 0–5°C under vigorous agitation for a period of 1.5 hours. At the conclusion of the reaction, pressure was released, the polymer was recovered by filtration and rinsed with methanol. A quantity of 125 g powder was obtained (at a yield of 12.5% based on CTFE) by drying the cake at 110°C in a vacuum oven. The terpolymer contained 2.5% by mole of 3,3,3-trifluoro-2-trifluoromethyl propene and equimolar amounts of CTFE and Et.

The above procedure was repeated to obtain copolymers/terpolymers of ethylene and chlorotrifluoroethylene using 3,3,3-trifluoro-2-trifluoromethyl propene as the third monomer. The amount of chloroform was varied in these runs to obtain polymers with different molecular weights, hence different melt indices. Table 5.63 shows the effect of 3,3,3-trifluoro-2-trifluoromethyl propene on the stress crack-resistance of the polymers.


Table 5.63. Properties of Chlorotrifluoroethylene, Ethylene, and 3,3,3-Trifluoro-2-trifluoromethyl Propene Terpolymers[92]
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In another development,[88] a terpolymer was derived from chlorotrifluoroethylene, ethylene, and a fluorovinyl compound of the formula CH2=CFRf. The thermal decomposition point was lowered as a result of ethylene content, therefore it was preferable to maintain an equimolar ratio of CTFE to ethylene. The R group had 3 to 5 carbons and was preferably a perfluoroalkyl group (e.g., –C2F5 or –C3F7) or an omega-hydrofluoroalkyl group (e.g., –C3F6H or –C5F10H) to maximize the thermal properties of the polymer. The preferred content of fluorovinyl compound was 0.5–5% by mole and the balance was equimolar parts of CTFE and ethylene. Copolymerizable fluoroolefins such as hexafluoropropylene could be added to the monomer mixture to obtain a quarterpolymer.

Copolymers and terpolymers of ethylene and chlorotrifluoroethylene have been reported by Abusleme, et al.[90] ECTFE terpolymers using compositions previously disclosed[80] have special rheological characteristics. These polymers had a viscosity in the range of 103 to 106 poise at 30–50°C above the second melting point and at a shear rate of 1 sec−1. The rheologic curve in the shear viscosity vs shear rate had a slope of >2,000 poise/sec−1 in the range of 1 to 10 sec−1 shear rate. The processing window began at shear rates above 10 sec−1 and, most optimally, above 50 sec−1. The molecular weight of the polymers exhibited a bimodal distribution, that is, they contained a low molecular weight fraction (30–55% by weight) which had a viscosity of 103 to 5 × 103 poise. The balance was comprised of the high molecular weight polymer.




5.9 Preparation of Vinyl Fluoride (VF) Polymers

Vinyl fluoride polymerizes by a free-radical mechanism in both head-to-head and head-to-tail configurations. Commercial PVF (supplied by DuPont Co.) contains 10–12% of head-to-head and tail-to-tail units, also called inversions.[93] Vinyl fluoride does not polymerize as easily as many other vinyl halides[94] due to the high electronegativity of fluorine, which is the most electronegative element. VF requires high pressure polymerization, similar to that required for polyethylene, due to its low boiling point (-72°C) and high critical temperature (54.7°C).

The earliest reported polymerization of vinyl fluoride involved heating a saturated solution of VF in toluene at 67°C at 600 MPa for a period of 16 hours.[95] In another study, benzoyl peroxide was the polymerization initiator.[96][97] A polymer was produced with a density of 1.39 g/cm3 which could be dissolved in hot dimethylformamide, chlorobenzene, and other polar solvents. A great many initiators and vinyl fluoride polymerization conditions have been studied.[97]-[99] Examples of bulk[100][101] and solution[98][102]-[104] polymerizations have been reported. Aqueous suspension or emulsion techniques have been generally preferable over other methods.[97][105]-[114] Vinyl fluoride volatility required the use of moderately high pressures during the polymerization. Photopolymerization of VF, aided by a free-radical initiator, has also been accomplished.[97][102][108][115]

Polymerization is dominated by the high energy and, consequently, the high reactivity, of the propagating VF radical. Monomer reversals, branching, and chain-transfer reactions occur during the reaction. The reactivity of the vinyl fluoride radical restricts the selection of polymerization medium, surfactants, initiators, or other additives, and renders impurity control critical. Species which can participate in chain transfer or incorporate in the polymer can drive down molecular weight or degrade the thermal stability characteristics of the final polymer.

Triisobutylborane and oxygen have been used to polymerize vinyl fluoride at reduced temperature and pressure.[116] Polymerization temperature was altered in the range of 0–85°C with a corresponding drop in melting point from about 230°C (0°C polymerization) to about 200°C (85°C polymerization). The relationship between the melting temperature and the degree of crystallinity have been interpreted in terms of variations in the extent of monomer reversals during polymerization.[117]

In suspension polymerization, liquid vinyl fluoride was suspended in water with the help of a dispersion stabilizer.[105] Polymerization was initiated by an organic peroxide such as diisopropyl peroxydicarbonate below the critical temperature of vinyl fluoride.[106][107] The reaction could also be initiated by ultraviolet light and ionizing radiation.[97][108] VF dispersions were usually stabilized by water-soluble polymers such as cellulose derivatives like cellulose ester and sodium carboxymethylcellulose, and poly(vinyl alcohol). Inorganic salts such as magnesium carbonate, barium sulfate, and alkylsulfoacids were also used.

Polymerization was accomplished in the presence of a nonionic surfactant[109] using 0.5–3.0 wt% monoalkylphenyl ether of polyethylene glycol as a dispersing agent in water and 0.5–2.5 wt% diisopropyl peroxydicarbonate as an initiator. Polymer yields of 12–21% by weight were obtained in 14–18 h at 30–40°C. Radiation-initiated suspension polymerization of VF in water yielded PVF soluble in solvents such as dimethylformamide.[108] Increased dosages of radiation gave lower molecular weight polymers. Thermal stability of polyvinyl fluoride deteriorated with an increase in the concentration of the dispersing agent.

In a modified suspension polymerization, the pressure requirements were reduced. The reaction was conducted with azo catalysts[110] at 25–100°C and pressures of 2.5–10 MPa (25–100 atm) over 18–19 hr. A stainless steel reactor was flushed with nitrogen, then charged with 150 parts acetylene-free VF, 150 parts deaerated distilled water, and 0.150 parts 2,2’-azobisisobutyronitrile. The reactor was heated to 70°C in 1 hr, agitated, and held at 8.2 MPa for 18 hr. The product, 75.8 parts of PVF, was collected in the form of a white cake.[97]

Continuous polymerization of VF was based on the modified suspension process in another work.[111] In the bulk polymerization, vinyl fluoride was polymerized by a peroxide initiation. In an example,[102] a glass ampoule was filled with VF containing 6.5 × 10−2 mol/L of di-tert-butyl peroxide. The ampoule was irradiated by UV light from a mercury lamp below 25°C. Highly porous polymers, insoluble in vinyl fluoride, at conversions over 90%, were obtained.

Vinyl fluoride can be readily polymerized by the emulsion method at highly reduced pressures and lower temperatures compared to the suspension technique.[112] Polymerization in an aqueous emulsion facilitates the process control and the removal of reaction heat, increasing the molecular weight of the resin,[109] permitting high rates of reaction and high yields.

Emulsifiers such as fatty alcohol sulfates, alkane sulfonates, alkali salts of fatty acids, and others have been found to be slightly to marginally effective.[112] Fluorinated surfactants, particularly perfluorinated carboxylic acids containing seven or eight fluorine atoms, have been especially effective in maintaining a high rate of polymerization after about 40% conversion. Fluorinated surfactants are characterized by low values of critical concentration of micelle formation.[109] They are thermally and chemically stable, and their incorporation does not impair the polyvinyl fluoride properties.

In a typical example,[112] 200 parts water, 100 parts VF, 0.6 parts of a perfluorinated carboxylic acid, 0.2 parts ammonium persulfate, and 3 parts water glass (Na2O:SiO2 = 1:3.3) were introduced into a stirred autoclave. The mixture was heated to 46°C, and the pressure was brought to 4.3 MPa and held for eight hours. Addition of an electrolyte precipitated a white powdery polyvinyl fluoride at 95% yield.

Exposure to ultraviolet radiation in the absence of free radicals did not polymerize vinyl fluoride, but decomposed it into acetylene and hydrogen fluoride.[118][119] Radiation could also be used in the presence of initiators,[97] which decomposed into free radicals. The first documented photopolymerization of VF in the presence of benzoyl, lauroyl, or acetyl peroxide resulted in a 36% yield after two days at 27°C under 254 nm irradiation.[97]

The rate data in radiation-induced bulk polymerization of vinyl fluoride revealed a heterophase process.[115] Polymerization was conducted at γ-ray dosage rates of 13–100 rad/s using 60Co. The rate of polymerization at 38°C was proportional to the dosage rate to the power 0.42. Gas-phase polymerization of VF with γ-rays has been studied in the range of 10–100 rad/s. Polymerization rate increased sharply with the increase in dosage, leading to generation of active sites in the polymer chain and branches. Radiation polymerization of vinyl fluoride dissolved in solvents such as tetrachloromethane lead to chain transfer and incorporation of solvent in the polymer. Vinyl fluoride can also be polymerized in plasma.

The most effective method for graft polymerization of vinyl fluoride has been radiation polymerization.[115] Vinyl fluoride has been grafted to low density polyethylene, polyisobutylene and polyamides.[120]-[122] The density of the graft copolymers was higher than that of the starting homopolymer. In a typical reaction procedure, vinyl fluoride was brought in contact with the polymer simultaneously with irradiation.

Grafting to cellulose in the absence of a solvent[122] has been initiated by γ-rays by means of a 60Co source. The polymer-to-monomer ratio had only a minor effect on the PVF content, which was in the range of 2–5% by weight. In the presence of solvents that could swell cellulose (mercerization), the incorporated vinyl fluoride content increased dramatically. At a radiation dose of 3 Mrad in the presence of dimethylformamide, the incorporated VF content of the graft copolymer was 26.6%; in its absence it was 4.1%.

Rot-resistance of cellulose improved greatly as a result of PVF grafting.[122] Some of the changes that VF grafting imparted to the polymers included a reduction in its solubility in solvents, enhancement of thermal stability, increased water and oil repellency, heightened resistance to acids, and increased light stability.

Adhesion, processibility, and dyeability of PVF have been improved by grafting it with a number of non-fluorocarbon monomers.[115] Styrene, methyl methacrylate, vinyl acetate, and vinylidene chloride have been grafted to poly(vinyl fluoride) films by using 60Co γ-rays or an electron accelerator.

A process for continuous polymerization of VF in aqueous medium has been described in the literature.[111][115] A mixture of vinyl fluoride, water, and a water-soluble catalyst was stirred at 50–250°C and 15–100 MPa. A small amount of a monoolefin (C1–C3) was continuously introduced into the reactor to inhibit the bulk polymerization of vinyl fluoride to low molecular weight polymers. The water-soluble catalyst generated free radicals, which initiated the polymerization. Catalysts included ammonium persulfate, organic peroxides, and water-soluble azo initiators. In a two-stage continuous polymerization, the polymer particles formed in the first stage acted as nucleation sites for the second reaction zone.[123]
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Machine Direction

Transverse Direction

Length of Exposure,
‘months Tensile Strength, | Elongation at Break, | Tensile Strength, | Elongation at Break,
MPa % MPa o
0 19.9 306 239 294
211 276 185 279
12 19.9 25 232 305
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Length of Exposure, Dielectric Strength, Diclectric Constant, Dissipation Factor,
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Pressure or

Temperature Time Distance peed P Profile
Melt Hold changeover | Hold changeover | Screw rotation Hold changeover :?;2";‘:
Mold Open Fast open Injection stroke | Injection Injection speed
Nozzle g:;:’y“ﬂ‘ forward | 10w open Carriage Peak Holding pressure.
Barrel zones | Hold Eject Slow break Holding
Feed throat f:f_f;‘g‘ back Sprue break Fast open Back

Screw start delay | Suck back Slow open Nozzle hold-on

Cooling Shot Eject Clamp close
Pellets

Eject Cushion Clamp open

Cycle delay
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Myltiply volume
(emr’) by this factor

Myltiply volume
(emr’) by this factor

Multiply volume
in’) by this factor to

(in’)

Multiply volume
by this factor to

Folymes to obtain shot weight | to obtain shot ‘obtain shot weight | obtain shot weight

(zm) ‘weight (0z) (zm) (02
LD polyethylene 079 0028 1295 046
HD polyethylene 081 0029 1327 047
Polypropylene 0030 1393 049
Polystyrene 038 0031 1342 051
ABS 089 0031 1458 051
) 0.92 0032 1508 053
SAN 092 0032 1508 053
Polyamide 6/6 095 0034 1557 055
PMMA 101 0036 1655 058
Polycarborate 101 0036 1655 058
BT L2 0.040 1835 065
PET Lis 0.041 1885 066
PVCU Ls 0.041 1885 066
Acetal 122 0043 1999 071
PES 148 0052 2425 036
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N uiv. Shot uiv. Shot
N Wt | S| M G N

(gm) (0z) (02)
25 (K. 20 08 2 328 288 1.0
50 1 1 4.0 1.6 3 492 433 15
75 4.6 66.0 23 4 65.5 517 20
100 6.1 88.0 31 5 819 721 5
125 76 110.0 39 6 983 86.5 31
150 9.2 1320 4.7 7 114.7 100.9 36
175 10.7 1540 54 8 1311 1154 4.1
200 122 176.0 2 9 147.5 1298 46
250 153 220.0 7.8 10 163.9 1442 5.1
300 183 264.0 9.3 20 277 2884 102
350 214 308.0 109 30 491.6 4326 153
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ETFE 250 31 1136
ECTFE 250 595 6346
PVDF 250 855 3606
Palypropyl- 250 5042 2250
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Weight of Evolved Gases as % of Sample

TGA %

Resin 2c PFIB TFE HFP. HCF3
Loss
TEFZEL®,200 350 53 0.6
FEP 100 400 25 0.003 ~006 0.38 019
PFA 340 400 043
PFA 440 400 026
COF,
Resin PFBE® co sum % REC
Meas. Cale.
[0
TEFZEL*, 200 03 0.06 47 89
25
064
FEP 100 279 10®
12
PFA 340 0.53 0.53 123
0.01
PFA 440 12 4607
12

 perfluorobutylethylene

@ Antifact of the analytical technique for values 100%

© This sum includes 1.7% CO; from oxidation of the ethylene units

“ Includes 0.19% of CF3COF
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Characteristic Kynars 2750
Atmosphere Air Nitrogen Air Nittogen
s 816 4573 274 4504
temperature, °C
10% wtloss

#4056 4656 a4 469.
temperature, °C & 2 4
Derivative Peak

2

ol 4790 912 4697 4932
Residual mass at
i — 19 s
1 wtloss region, °C 400-478 399-508 400478 382510
1" wtloss, % 582 819 90.1 823
2* wt loss region, °C 478-625 476-625 510-1,000
2 wtloss, % a8 62 99 64
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Wear Factor.

Mating Surface Freue Yekao 10" in’ - min/feib.he
(Finish of 406 nonometers)

psi MPa fUmin | emisee ETFE Metal

Steel 1,000 69 H 25 16 4

Steel 1,000 69 10 51 14 6

Steel 1.000 69 15 76 19 13
Steel 1,000 69 175 89 30 16
Steel 1.000 69 20 102 Fail —
Aluminum 300 207 10 5.1 1220
Aluminum 100 069 50 254 480 390
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From Column 1 in

Polymer aged for 1000 hours at 280°C

Polymer aged for 2000 hours at 280°C

Table 5.9
Tensile Yield | _Fensile Dredk Tensile view | Femsile Break
Polymer Stress. mpa | Strength, | Elongation, | (5S¢ UL | Strength, | Elongation,
o MPa % Bt MPa %
1 15.1 203 280 15.8 179 265
2 = = 5 = P s
Commercial 2. 150 154 260 153 166 260
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% Weight Loss/Hr

Resins Temp.°C
TE to 15 min 15 t0 65 min TE + 60 min
150 <0.05
260 031 0.06 [
ETFE 300 0.42 0.09 014
325 0.67
350 -2 63
205 <0.05
300 ~003 <0.05
FEP 350 0.45 013 018
375 0.67
400 32
300 018 0.05 <0.05 0.07
PFA- 350 0.2
400 058
300 <0.05 <0.05
PFA2 350 012 ~003 005
400 026
400 ~0.06
425 015
Fine Powder
25 004+
525, 255+ 950
350 0.02
350 0.005"
400 0.03
Granular 5
400 0.006
25 0.06
25 0.6

* Hourly rate from § to 11.8 hours afier beginning run.

# Hourly rate from 3.3 to 6.6 hours after beginning run.

** Gross decomposition in one hour. Initial rate 255% per hour.

“TE = Thermal Equilibrium
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MFR

Polymer Shore D Rockwell R
(/10 min)
PFA 213 5557 —
MFA 217 59 -
FEP 7 56 25
2 74-80 77-83

PVDF

7-19 76-80 79-83
ETFE 4 6372
ECTFE 1-18 75 90






OEBPS/images/B9781884207969500126_f09-10-9781884207969.jpg
fidiotiont] ol

/ PFA powder

%@%&&%M .
N\"\\&\\\\\\\\'\\\\\‘\\\\\'\\\\\'\\\'\\\\Y\\\{\\\'\\\\
P

Mold surface

=S e

A R R N O N U Y

7 TR RLLL
S S

Supporting wall of the part
(metallic or non-metallic)

&7/ \K'\'%

PFA linor

@

(®)

(©

@

(0





OEBPS/images/B9781884207969500163_f13-98-9781884207969.jpg
e i . 1

e

[

80

60

40

100 microns.

2

100 200 300 400 500 600 700 800 00

Wavelenalh &





OEBPS/images/B9781884207969500163_cetable11.jpg
Wear Factor,

Velocity, ft/mis Duratio
3 1,591 103
10 1837 0214 103
30 983 0229 103
50 684 0259 103
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PV Limit, psi - ft/min
e PV for 0.005 Wear Factor.

at10 | at100 | at1000 | in radial wear in 1,000 hr | 10™ in®- minft1b.hr
fumin | fumin | fmin

Unfilled FEP 600 800 | 1000 0210 >5.000

15% by volume

5 2
gl Sl FEP 00 | 10000 | 8000 0214 30
10% by volume
Y 9 2 29
beeisk/ iR 9000 | 12000 | 10000 0229 10






OEBPS/images/B9781884207969500114_f08-41-9781884207969.jpg
Vertical System

Horizontal System

Airin
Siowor |H| e Hostor
|- Extruder uanstor Hove ‘Gear Pump
Al Manitold
Rosinin
oo
DieTip
Wb Winder
ollector
A
Fan

e





OEBPS/images/B9781884207969500138_f10-05-9781884207969.jpg





OEBPS/images/B9781884207969500102_cetable18.jpg
MFI at 230°C Under Loads of:

CEE T 2.16 ke, Sk, 10kg,
210 min /10min /10 min
1008 6 18 50
1010 ! 4 13
1012 02 | s
3108 1 6 17
8808 & 19 52
8908 16 38
1010 s 2
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Melt Flow Rate ASTM D12 10 min
KYNAR® Grade | ., Standard Melt Viscosity® e 56,910
Range at 232°C (450°F), Pars” Load Kgt Range for 232°C | Typical Values at
(450°F) 265°C (509°F)
710 600-800 5.0 848
50 1130
70 800-1050 190
125 49-123
125 1424
730 1350-1650 41
21.6 51.85
125 @)
740 1950-2250 1s
21.6 23.33
125 345
760 2500-2900 7
216 1217
125 0923
460 2550-3050 2
216 a1

* Per ASTM D3838. Determined at 100 sec” shear rate using

5340 Pk

L/D capillary havinga 120° cone entrance angle.






OEBPS/images/B9781884207969500084_cetable53.jpg
Polymer Properties

Polymerization Examples

1 2 B 4 s

Tetrafluoroethylene content, mole % “ 53 56 58 o0
Optical melting point,°C (per 269 m 274 270 264
ASTM Method D2117)
Tensile Strength, MPa 485 46.5 478 442 382
Break Elongation, % 307 322 303 317 339
Residual Properties, (after
aging at 190°C for 30 days)

Elongation, % 616 93.4 862 - 83

‘Tensile Strength, % 2 103.7 1033 - 1153
Melt flow index at 330°C, g/10 min 09 60 9.0 = 156
(per ASTM Method D1430)
Melt flow index at 300°C. g/10 min 04 5 50 75 g
Torsional Modulus, 10°dynes/cm’ 21 - - 37 -
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Polymerization Examples

Ingredient or Process Condition
1 2 3 4 s

Distilled water 150g 480mlhe | 400 mUhr 400g 360 mlhr
Tertiary butyl alcohol 3000g | 3520mlhr | 3600mihe | 2900g | 2,640 mihe
Tetrafluoroethylene (TFE) 500 79mole% | 81mole % 1320 90 mole %
Ethylene (Et) 130 - - 76 =
Ammonium persulphate 0sg 0.1 glof 0067 02 0.050

(dissolved in | mixture

150 g water)
Pressure, MPa 28 40 42 38 60
Temperature, °C 65 65 62 65 65
Reaction Time, hr 2 1 1 1 1
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Polymer

Polymerization Ingredients | Composition, mole Polymer Properties
%
Polymerization Tensile Properties
Examples el i at 200°C
= PPVE, | Cyclohexane, | Terpolymer | oo | g |ppyp | Viscosity ":"".""'g - -
. ) i @300°C, | POt [ Tensite [Elongation
10° poise | [Strength, | at Break,
MPa %
4 14 4 661 |49. 498 | 11 22 27 | 37 98
5 28 4 545|475 |s02] 23 34 259 | 3.68 410
6 42 3 77.1 505 | 37 4 250 | 386 510
7 56 3 805 455 [489 ] 56 32 243 | 324 490
8 70 2 749|448 [488 | 64 5.5 235 | 265 470
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Melt Flow Index (2/10 min) on

Polymerization Tetrafluorocthylene  Extrusion % Increase in Melt
Examples Content,mole % | Temperature.2C [~ purp o o0 0T Flow Index
1 44 350 0.97 165 70
2 53 360 155 188 214
3 56 355 1489 17.96 206
4 58 350 189 199
5 60 345 17.05 19.12
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Polymer Properties

Technols
Sancoey: Tensile Strength, | Elongation at [Thermal Stal Melting | T‘MA‘_
MPa Break, % at270°C Point,°C | Penetration

[Temperature, °C

US Patent 3,960,825™ 63.7 240 Good 285 246

US Patent 3,960,825 54.5 330 Good 256 -

US Patent 3,960,825 504 270 - 275 =

US Patent 3,960,825 48.5 240 - 271 226

Other Methods 55.1 180 : 291 251

Other Methods 56.6 160 - 285 -

Other Methods 32.7-414) 100-280 - 274 205

Other Methods 50.1 325 Fair 276 -

Other Methods 152 280 : 137 140
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Polymer Properties

Pol Es I Tensile Strength, Elongation at
yIRerSSXAMpICS: Dt MPa Break, % Melting | Starting Temperature
Y Point,°C | of Decompasition,°C
20°C 150°C 20°C 150°C
1 1.65 37.1 1 250 | 413 | s 315
2 167 51 12 450 | s00 | as2 360
3 1.67 409 14 340 680 283 335
4 1.68 522 17 420 550 287 340
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Polymer

Starting Monomer Heat
e N o Composition, e el
Fecd Composition, g molar ratio” | Melting | Decomposition |Tensile Strength{ Elongation,at | Resistance
- Point,°C|  Point,.°C | MPaat200°C | 200°C Aging at
TFE | Ethylene | fermonomer 2t 230°C
Y Type/Amount | Termonomer
126 | sz | Peorobud | gyu0507 [ 267 360 610 55 >200
cthylene 26
1226 | sy | Pefuorobund | gp06505 | 269 360 560 6 200
cthylene/19
1226 | s | Peforohent | gy46307 | 267 360 €20 >200

ethylene/36.5
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Polymer Composition Stress Crack

Et | TFE | HFp | Observation, at200°C

50 | s0 0 Failed in 5 minutes
50 | 48 2 Failed in 5 minutes
2| 45 3 Failed in 2 hours
2] @ 5 No cracks in 24 hours
50 | 42 8 No cracks in 24 hours
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Polymerization Examples

1 Al P B 3 et
Polymerization Ingredients
Chain Transes Agen Mnlomte | Mo | Matonte | vt | Mlonte_|alonn
2.";;‘:\:;;; PDT;::‘:{'” Agent |39 036 037 037 038 035
Polymer Properties
Fluorine Content, % by weight 610 606 615 598 613 630
Melting Point°C 266 267 264 271 280 247
Density, g/m' 1.714 L7117 1.726 1.743 1.722 1.747
Polymer Composition, molc %
Tetrafluoroethylene 46.8 527 46.8 50.5 482 51.2
thylene 481 46.6 48.7 49.0 46.9 484
Perfluoropropylvinylether 08 07 05 0s 04 04
Hexafluoropropylene 44 - 39 - 45 -
:"I‘T‘Lg’l‘:’::)“d“ a300e 33 32 36 25 36 4
Tensile Strength at 160°C, MPa 73 15 75 74 5.5 6.6
Elongation at Break at 160°C, % 815 505 720 245 625 65
Tensile Strength at 23°C. MPa 525 423 448 338 37 349
Elongation at Break at 23°C, % 500 280 390 240 165 300
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Melt Tensile Properties at Room Temp. Tensile Properties at 200°C
o B e e BTN v, | s P
MPa MPa MPa MPa
17 526 446 235 287 406 160 16 1.6 55
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Polymer Composition,

Polymerization Ingredients o Polymer Propertics
R CT T | S| (1 e | B [ o T
is = 20 os | s || | a0 | es | osost 412
16 2 15 05 | a4 |@ | 23 | o1 | e | orswee 83
[ - 0 05 | 4t [ | 37 | a2 | o5 | ostem &
I8 133 20 o5 | st |25 | se | 02 | w0 | os20a0 0
19 133 is 05 | a4 |42 | 64 | 01 | 127 | 07706 742
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Ethylene

Diisopropyl | Sedium Polymer Properties
3 o | Odide,g i

CaseNo, | perosy- | Perfluoro- | Polymerization | EUEE | Polymerization [—— i
dcurbonss, ( octaete, | - Timers | ey | VIS | GXL | tongaton, | i,

i@ B agent) MPa g MPa

1 259 130 s - 9 58 o8 800

2 1.295 130 5 - 92 481 86 848

3 259 130 [ 006 87 435 101 959

4 259 130 4 0.06 %0 B B x

5 259 518 B 0.06 79 5 5 5
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Reaction

Reaction Ingredients and Conditions

Polymer Properties

Example Aimioniny Iron | vomperature, | Time, | Polymerization | Viscosity (film | Thermal
Perfluorooctanoate |Powder, 5 v o f =
C hrs | Yield, wt.% | area,mm’) [ Stability
surfactant, g g
| 05 0.0007 82 185 637 1257 | No change
z 05 0.0007 82 18 566 1257 | No change
3 5 5 80 17 - E
4 - - 81 17 = pal
5 0.5 - 80 21.5 0 - -
6 0.5 - 80 17.5 3.4 1,700 Yellow
7 - 0.0007 80 17.5 1.1 2,100 Yellow

¥ Ench polymesizstion run was: made usiia 100 il waler: 95 o vinvidene uoride and 0.4 g disucinic stk peruids.
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Polymerization Ingredients and Conditions Polymer Properties
[Folymerization|  Iniciator ?.'f.';.f":".'.“: n::-i{;};a, wz‘giil!::::m' r.:::‘-c

1 Cyelobutane ““":;':‘::“"" 0 100 100 177

2| Scc footnore! | Bis-richloroacery! 0 o7 787 264

Peroxide

3 Cyclobuane | Bivtichloroacey! 0 9% 62 295

4 FC75 | Benmyl Peronide 0 % 685 301

5| Cyclobutne | Bistichloraceny o 56 s 320

6 | Coclobuane | Pivtrchlorsacend 0 80 605 329

7 Cyclobutane | Bistrchloreucent 0 70 58 327

8 Cyclobune | Bistrichloraucent 0 60 5 335

9 See footnote® | Benzoyl Peroxide 80 50 555 339

10| Cyclobuane | Bistrchloracety 0 s0 522 350

1 Cyelobutane ms";‘:::":“"" 0 40 523 349

I Cyclobuane | Bittrichloraucent s 55 403 351

13| Cyclobuane | Divtichloroncen! s W0 sis 349

18| Cyclobuane | Pivtrchloroncen! a2 10 a8 ca330

*Polymerizasion was conducted in iquid 3,3 3-tifluoro-2-tluoromethyl propene without any added solvent.
s 8 commercial perfluorinated cyclic cther supplicd by 3M Company:

2R

® Slosiliasion miadias v 1.1

el alflanrostiné.
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Reaction Examples

Case 1 Case2 Case 3
Polymerization Variables
Amount of initiator, % monomer weight 009 0.11 014
Rate of initiator addition, ml/min 020 020 0.60
Amount of chain transfer agent, % monomer weight 17 0.76 046
Polymer Properties
Polymer yield. % 82 85 82
Intrinsic viscosity, liter/g 076 117 147
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Initiator Type

Dilsopropylperoxy |  Acetyleyclohexane :"‘I:‘;;‘;‘:zz Tert-butyl
dicarbonate sulfonyl peroxide il peracetate
Polymerization Variables
Amount of initiator, i i Giss i
as % of monomer
g Methyl Hydroxy Methyl Hydroxy Methyl Hydroxy | Polyvinyl
Suspeading agent Cellulose Cellulose Cellulose Alcohol
Folymerization 138 138 138 138
pressure, MPa
Polymerization - - - ito
temperature, °C
Polymerization time, s ss 27 <5
hours
Polymer Properties
Polymer yield, % 9% 86 %0 85
Intrinsic viscosity, 3% 161 a7 124
liter/g
Average particle size 100-200 40-120 40-150 25-50
of polymer, um
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Reaction Intrinsic Viscosity, Yellowness Index
Example liter/g. (165°C for 72 brs)

1 012 35

2 0.07 90

3 013 35

4 >90 0.12 70

s >90 0.08 35

6 70 0.08 50

7 80 0.09 25
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Initiator Chain Transfer Agent
Reaction Temperature, | Pressure, | Reaction
Example Nature A"";'""- Nature | Amount °C bar. ‘Time, min
% i
diisopropylperoxy bis (ethyl)
! dicarbonate g carbonate 3 @ n 29
diisopropylperoxy methyl ethyl 8 B
2 dicarbonate 3 ketone A 50 n 0
3 diisopropylperoxy | 5 acetone 15 60 70 210
icarbonate
diisopropylperoxy 5
4 Pt 10 none E 40 65 210
diisopropylperoxy bis (ethyl) N
5 dicarbonate 3 carbonate 15 « - un
diisopropylperoxy . %
6 Teiitonate 3 isopropanol 15 60 0 300
tert-amyl bis (ethyl)
7 perpivalate 4 carbonate i 85 85 0
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Reaction Medium

Polymerization
Initiator
Temperature.”C

CR.CICFCl, CFCl, CR.CICHCI H0
Dizier bl 120 99.1 90.6 84 84
Paroxide
Lauroyl Peroxide 80 528 84.1 20 0
Dicumyl Peroxide 120 263 @2 254 0
T 10 236 50 442 08
Perbenzoate
Benzoyl Peroxide 80 53 104 s 0
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Aniline 185 120 30 93 82 —
Aniline 185 180 7 95 90 —
NN-Dimethylaniline 190 120 7 82 97 —_
N-Methylaniline 195 120 7 85 95 o
N-Methylaniline 195 120 30 100 100 ot
-Butylamine 78 78 7 71 73 44
i- 159 120 4 81 96 —
159 120 30 100 100 —
Di-n-Butylamine 159 160 7 55 75 —_
Tri-n-Butylamine 216 120 7 81 80 —
Tri-n-Butylamine 216 120 30 100 100 —
Pyridine 16 116 7 100 100 i
Chlorinated Solvents
Carbon Tetrachloride 78 78 7 90 80 45
Chloroform 62 61 7 85 100 4.0
Dichloroethylenc 7 32 7 95 100 28
FREON" 113 46 46 7 100 100 0.8
Methylene Chloride 40 40 7 85 85 0
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Phosphoric (Conc) — 100 7 — — —
Phosphoric (Conc) = 120 7 94 93

Sulfuric (Conc) — 100 7 100 100

Sulfuric (Conc) — 120 7 9% 95 ]
Sulfuric (Conc) - 150 * 9 90 ]
Halogens

Bromine (Anhy) 59 3 7 % 90 12
Bromine (Anhy) 59 57 7 » 100 =
Bromine (Anhy) 59 57 30 9 93 34
Chlorine (Anhy) — 120 7 85 84

Bases

Ammonium Hydroxide = 3 7 o7 97

Potassium Hydroxide (20%) — 100 7 100 100

Sodium Hydroxide (50%) — 120 7 94 80 02
Peroxides

Hydrogen Peroxide (30%) — g % 98 0
Salt-Metal Etchants

Ferric Chloride (25%) 104 100 7 95 95

Zinc Chloride (25%) 104 100 7 100 100

Other Inorganics

Sulfuryl Chloride 68 68 7 86 100 8
Phosphoric Trichloride 75 75 7 100 98 -
Phosphoric Oxychloride 104 104 7 100 100 —
Silicon Tetrachloride 60 0 7 100 100 —
Water 100 100 7 100 100 ]
Miscellancous

Skydrol — 149 7 100 95 3.0
Acrosafe — 149 7 92 93 39
'A-20 Stripper Solution — 140 7 % 90 =
“Exposed for 6 hours.

NOTES: Change in propeties of 15% s considered insigni
within 24 hours ater removal from exposure media,

cant. Samples were 10-15 mil microtensi bars. TSE and w. gain determined
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Ethers

Tetrahydrofuran 66 66 7 86 93 35
Aldehyde/Ketones

Acetone 56 56 7 80 83 4.1
Acetophenone 201 180 7 80 80 L5
Cyclohexanone 156 156 7 90 85

Methyl Ethyl Ketone 80 80 7 100 100

Esters

n-Butyl Acetate 127 127 7 80 60

Ethyl Acetate 77 7 7 85 60

Polymer

Dimethylformamide 154 90 7 100 100 s
Dimethylformamide 154 120 7 76 92 55
Dimethylsulfoxide 189 90 7 95 90 15
Other Organics

Benzoyl Chloride 197 120 7 94 95

Benzoyl Chloride 197 120 30 100 100 -
Benzyl Aleohol 205 120 7 97 90

Decalin 190 120 7 89 95

Phthaloyl 276 120 30 100 100 0
Acids

Aqua Regia — 90 * 9 89 02
Chromic 125 125 7 66 25
Hydrobromic (Conc) 125 125 7 100 100
Hydrochloric (Conc) 106 23 7 100 90 0
Hydrochloric (Conc) 106 106 7 9 100 0.1
Hydrofluoric (Conc) — 23 7 97 95 01
Nitrie—25% 100 100 14 100 100
Nitrie—50% 105 105 14 87 81
Nitric—70% (Cone) 120 23 105 100 100 05
Nitric—70% (Conc) 120 60 53 100 100
Nitric—70% (Conc) 120 120 2 72 91
Nitric—70% (Conc) 120 120 3 58 5
Nitric—70% (Conc) 120 120/ 7 0 0 =
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Copolymerization Reaction Examples

1 2 3 4
Polymerization Ingredients
Solvent Type -BAT +BAT +-BAT -BAT -BAT
H,0 H,0 H0 H0 Acetone
H0
Solvent, parts. 1960 12320 1,380 590
40 1980 250 750
Initiator Type APS? APS? APS’ APS? APS’
Amount of initiator, parts 1 13 15 3 3
‘Composition of feed” TFE TFE TFE TFE TFE
Et Et Et Et Et
co
‘Concentration of feed, % weight 78 79 50 744 788
2 21 50 208 212
48
Polymerization Conditions
Polymerization Pressure, MPa 21 1723 35 6997 8397
Polymerization Temperature, °C 50 58-64 60 60 60
Polymerization Time, hrs 1 2 14 35 17
Polymer Properties
Polymer yield, parts 300 2,575 440 350 1380
TFE:EL mole ratio 1:0.945 1:1.038 1:044 11.025 10956
Tensile Strength, MPa - 307 - - -
Break Elongation. % - 396 - - -

" -BA  fert butyl alcohol
2 APS = Ammonium persulf

3 TFE = tetrafluoroethyiene. Et = ethylene. CO'

o,
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Reaction Conditions Reaction Time
Polymerization | Solvent Polymer Yield,
Example | Polymerization Solvent | poiymerization [ Dosage, 10 [ Irradiation Exposure [ Additional Time Without | 9, weight

Temperature, °C | Roentgen/hr Time, hrs. Irradiation, hrs

' Trichlorotifluorocthane. <0 4 9 E 93
2 None <0 4 20 37
Trichlorotrifluoroethane <0 4 20 E 100
4 Trichloratrifluorocthane 20 4 3 E 84
Trichlorotrifluorocthane 20 4 6 E 92
6 [Dichlorotetrafiuorocthane <0 4 9 E B
7 Dichlorotetrafluorocthane <0 4 20 - 100
[l Octafluorocyelobutane <0 4 9 5 62
9 Octafluorocyelobutane <0 4 20 100
, 7

10 Trichlorotrifluoroethane <0 4 3
20 75
B 6

n [Dichlorotetrafluorocthanc <0 4 6
20 0
12 Difluoroethane <0 4 20 84
13 “Trichlorofluoromethane <0 4 9 - 60
14 Trichlorofluoromethane 40 ] 20 98
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Type Typel Type 11 Type 111
Grade 1 2 1 2 1 2
Melt Flow Rate, g/10 min 20160 | 80280 | 20-100 | 101190 | 9.0180
Melting Point, °C 255280 | 255280 | 220255 | 220255 | 220230
Specific Gravity L69-176 | 169-176 | 175184 | 175184 | L83-188 | 1.83-188
Tensile Strength at 23°C, MPa >379 >303 >31.0 =310 276 >276
Elongation, % 275 200 300 300 >350 >350
Diclectric Constant (maximum)
10° Hz 26 26 26 26 26 26
10° Hz 2 2 2.5; 2 27 2
Dissipation Factor (maximum), %
10° Hz 00008 00008 | 00003 00003 | 00008 | 00008
10° Hz 0.009 0009 0.009 0009 | 0.009 0.009
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Property Type l Type 11 Type 11l
Melt Flow Rate, /10 min 005-084 0.854.0 4125
Melting Point, °C 240 240 240
Specific Gravity 165-1.71 165-1.71 1.65-1.71
‘Tensile Strength at 23°C, MPa >14 >14 >14
Elongation, % >200 >200 >200
Limiting Oxygen Index, % >52 >52 >52
Dielectric Constant (maximum) 10° Hz <26 <26 <26
Dissipation Factor (maximum) 10° Hz, % <0.015 <0.015 <0.015






OEBPS/images/B9781884207969500163_f13-93-9781884207969.jpg
Dieleciric Constant

s i !
Pvor
10 -
sk i
ecrre
PrE

y L )

B ) 00 )

Temperature, °C

260





OEBPS/images/B9781884207969500084_cetable78.jpg
Type Typel Type 1t
Grade 1 2

Deseription Emulsion Emulsion Suspension
Particle Size, ym - - 20-150
Apparent Melt Viscosity (@100 sec), Pasec

High Viscosity 25004000

Medium Viscosity 2800-3800 2800-3100 13002500

Low Viscosity 2300-2800 1300-2800 500-1300
Melting Point, °C 156-162 162-170 164180
Specific Gravity 1.75-179 175179 175-1.79
Tensile Strength at 23°C, MPa =36 =36 =36
Elongation, % >10 >10 >10
Flex Modulus, GPa >138 >138 >1.38
Impact Resistance, J/m >1334 1334 ~1334
D-C Resistance, em >12x10% >1.2x10% >1.2x10%
Dielectric Strength, kV/mm =57 > 57 >57
Dilectric Constant (maximum)

10° Hz <10 <110

10° Hz >7.2 >72
Dissipation Factor (maximum), %

10 Hz <0045 <0.045 <0.045

10° Hz <0.24 <024 <0.24
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Materal Family

ETHYLENE TETRAFLUOROETHYLENE COPOLYMER

Matefl Suppler Grade.

AUSIMONT HYFLON® 700

AUSIMONT HYFLON® 800

Featues

high molecuar weight

ow molecular weight

Reference Number

'MATERIAL CHARACTERISTICS

Met Fiow Index

4 grams 10 mindes

11 grams | 10minutes

TEST CONDITIONS

Penerant

nirogen

metrane | heium | oggen

ntogen

methane

heium

Temperatire, °C

2

TestMetiod

ASTM D434

TestNote

acivaton energy =68 kealimoie

PERMEABILITY (source document units)

Gas Pemeabily
(o - -day -atm)

62646

287

maE

768

so1 | 266

28

788

501

PERMEABILITY (normalized units)

Permeabiky Cosficent
(o' -mminé - day- atm)

626

a7

79

s | 28

27

79

501
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Matesl Famiy

ETHYLENE TETRAFLUOROETHYLENE COPOLYMER

Matefl SuppleGrade:

'DUPONT TEFZEL®

Product Form

LM

Features

Reference Number

MATERIAL CHARACTERISTICS

‘Sample Tickness, mm

o102

TEST CONDITIONS

Penerant

itogen

watervapar

Temperatie, °C

%

TestMetod

Diass

ASTMES

PERMEABILITY (source document units)

Vapor Transmission Rale.
(g mi0D e day)

16

Gas Pemeablly
(o - miln?- day)

20

100 £

PERMEABILITY (normalized uits)

Permeabilty Coeficent
(o -mmie - day - atm)

N

e

04 £

Vapor Transmission Rale.
(g- mmim?- day)

08
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Matesl Famiy

ETHYLENE CHLOROTRIFLUOROETHYLENE COPOLYMER

Materil Suppler Grade. AUSMONT HALAR®
Reference Number 7

MATERIAL CHARACTERISTICS
‘Sample Thickness, mm 002

TEST CONDITIONS
Penerant nitregen
Temperatire, 1 2% n 10 % ) 1 2% £
Pressure Gradent, kPa 12 47 95

TestMetod Mass Spectometry and Calitrated Standard Gas Leaks Developed by McDonnell Douglas Space Systems Company
e et

PPERMEABILITY (source document units)

Gupmetty | crguion| znet00 | 2avet0e| 0 4t sars e s s e s

PPERMEABILITY (normalized units)

oy Ot oo | | as | e | o | ome | es | s | o

(o -mminé - day -am)
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Materal Famiy

ETHYLENE CHLOROTRIFLUOROETHYLENE COPOLYMER

Materil Supplier/ Grade. AUSMONT HALAR®
Reference Number 7

MATERIAL CHARACTERISTICS
Sample Thickness, mm 002

TEST CONDITIONS
Penstant ydrogen
Temperatie, 2 % ® E 5 o7 2 % 6
Pressure Gradert, kPa 124 a7 65

TestMetod Mass Spectometry and Calibrated Standard Gas Leaks Deveioped by McDonnel Douglas Space Systems Company.
ety s

PERMEABLITY s s

Gospematt L vigston 121ct00| omeos [ t0e | 128100 650 | igetos | 128t | s7axtos

PERMEABLIY st

Pemeaiy ot we | o | e [ s | | s [ wa | wm | m

(o -mminé - day -am)
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Mt Famty POLYVINVLIDENE FLUORDE
Materal Suppler  Grade SOLVAY SOLEF®.
Pt om fu
o csttn
fS— }
MATERALCHARACTERSTCS
‘Sample Thickness, mm 0025
Test covomions
[ tentz | fenite | foontts | bensts | simsoide |miogn e] sobrdone
[— x
Tttt o
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Gttty o w0 . : - w ©
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PVDE ETFE FEP PFA
Meume 315 325 342 405 405
Temperature,>C

Inert Gas No Yes Yes No No
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Materal Famly

"POLYVINYLIDENE FLUORIDE

Material Suppier | Grade:

SOLVAY SOLEF® 1008

Product Fom

A

Features

Fansicent

Reference Nurber

MATERIAL CHARACTERISTICS

‘Sampl Thickness, mm

01

TEST CONDITIONS

Penetrant

nirogen oxygen

water vapor

Temperalre, °C

2

%

TestMetrod

ASTM D434

ASTMESS, poc. E

PERMEABILITY (source document units)

Vapor Transmisson Rate:
(g day)

5

Gas Pemeabity
(om- Nim?- bar-day)

PERMEABILITY (normakzed units)

Permeabity Coeffcent
(o -mmime -day -atm)

0

304 213

Vapor Transmisson Rate:
(g-mmhn- day)

o075
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Maeral Famly POLYVINYLIDENE FLUORIDE
Reference Number

TEST CONDITIONS.
Penetrant ‘water vapor axygen nirogen ‘carbon dioxide
Temperatue, °C n 2%
Relaive Humidiy, % %0
Test Method STP conditons

PERMEABILITY (source document units)

Gas Permeatbity
(om? 100 - day)

14

55

Gas Permeaily
(o mmim- day - aim)

055

5

22

Vapo Transmisson R
(gm0 - day)

2

Vagor Transmission Rate:
(g/day- 100in2)

10

PERMEABILITY (normalzed units)

Pemeabilly Caficent
(o meni - day - am)

055

35

22

Vagor Transmission Rate:
(g mmin -day)

1
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Maleril Famiy

POLYVINYLIDENE FLUORDE

Matera Suppler/ Grade

ATOCHEM FORAFLON®

ProductForm

EXTRUDED FILM

Reference Number

MATERAL CHARACTERISTICS

Sanple Thickness, mm

o

0028

004

00w

003

TEST CONDITIONS.

Penetrant

Watervapar

carbon donide:

Temperatue, °C

Test Metho

NFH 00044

PERMEABILITY (source document units)

Vagor Transmission Rate:
(g/m? - day)

1

Gas Parmeabity
(emn- day)

w0

PERMEABILITY (normalzed units)

Pemeabilly Caficent
(o m - day - akm)

518

028

Vagor Transmission Rate:
(g min -day)

068

082

08¢
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Materal Famiy

"POLYVINYLIDENE FLUORIDE

Material Suppler/ Grade

‘SOLVAY SOLEF*

Product Form

Mandactring Mehod

castfim

Reforence Number

1

'MATERIAL CHARACTERISTICS

‘Sampl Thickness, mm

01

TEST CONDITIONS

Penetant

ammonia

heium

chomne

hybagen

Tenperabre, °C

TestMetod

ASTM

D1

PERMEABILITY (source document units)

Gas Pemeabiily
(o Nime - bar- day)

2

20

PERMEABLLITY (normalized uits)

Permeabiity Coeficent
(o -mmi - day - atm)

66

12

23
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Triallyl Isocyanurate Wall Cut-through, kg Scrape-abrasion at
Uptake Wt% [ Thickness, pm 23°C 150°C | 23°C and 1.4 kg, cycles
19 18 123 20 36
33 238 L5 123 23 2
45 250 34 282 35 86
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Metal Coating

Surface

Film Thickness,

Metal i 5 Treatment/ Film Width, cm %
Thickness, A |t e s nm Metallized

Aluminum 1000 - 13250 121 one

Silver 1500 Inconel/275 13250 121 one
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Monomer Composition Copolymer Composition
Polymerization Melting Point,
Tetrafluoro- | Perfluoropropylvinyl |  Yield, wt% v e C
cthylene Ether

21 0.18 100 0 100 330

1.9 0.18 99 29 97.1 321

22 0.55 100 8.6 914 319

20 0.55 100 2 94.8 313

22 092 100 58 942 314
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Polymer Composition, mole %

DSC' Melting

break af

Bent Strip Test Time, minutes to

Melt Point, °C
Chiorotri. | 333-trifluoro-2- | Indexer’ |(20°C/min heating
Ethylene oros trifluoromethyl rate) 180°C 200°C
fluoroethylene
propene
50 50 0 4 240-245 59 14
50 50 0 1 240245 880 17
50 50 0 05 240245 1430 129
50 50 0 0.1 240-245 No break in 6 hrs 6-65
49 49 2 7 212 No break® No break®
49.4 49.4 12 14 220 No break”
49.65 49.65 07 0.45 21 Nobreak in 7hrs | 200270

! Differential Seanning Calorimetry:
2 Determined at 275°C under 2,160 ¢.
? Determined at 245°C under

& Datermined

9C under

& No break in 40 minutes
©No break in 30
7 No break in 70

slipped clamp after 40 minue
tes, slipped clamp after 30 minutes.
. slipped clamp after 70 minutes.
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Chain Transfer Tnitiator Pelymeieatien! raestmaeiing
e [ T o Erasces | i
g
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= 512 s0 | 2 2 X
s ol 25028 0 | 2 n 3299 609
Potassium
s Persulfate/Sodium - 2 s0 | 2 82 330 609
v’
Potassium N
a1 Lo - 20 | s | 3 9 347 508
5 Potassium 2
52 vt - 0 | s | 7 B n77 06
Potassium
57 b - o4 | s [ 17 ) 3383 377
Potassium 5 3
58 ez - on | s | w7 7 3349 2%
34(plusexva | Dier-buyl Methyl- Low Molecular
35£C0y) Peroxide exclohexancio11 | 004|140 |4 2 ‘Weight '

" POA = Perfluorooatanoic Acid; PO = Perfluorooctanoate

» Noaniit by difisanial sosentua silismets (DI
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» - Polymerization - 2
Reaction | Iniistor | Initiator Polymertzaton | P | 5% Weight
Monomers' | Coneentration’,| Amount, [~ Ty | PONGEUAR | Meltng Los
TAmount, g moles mg. || °C' | Temperature
TFEAS 0018 0os | 35 3 2 3285 5132
TR 024 001 3 4 100 349 72
T2
0018 01 35 4 100 3305 538
PPVE/L2
TREAT
0018 01 35 3 9 31 5242
PPVEL2
TR
024 o1 35 4 100 3186 4940
PPVERT
TFE/S0
024 008 3 4 100 3127 sit
PPVERT
TFI66
0018 02 35 3 1 314 5347
PMVE/L4
s e
024 02 3 3 2 - 013
PMVEG.I melting
point
s vt
024 02 35 3 50 Lty 5007
PMVERS meliing
point
AT
002 0os | 38 8 X 297 10
HEP/I93
TFELS
018 00s | 35 3 % 2671 04
HEP/147
T2
024 02 35 4 7 2558 47
HEP/192
TFE = erafluorocthy lene, PPVE = perlooropropyl vinyl cther, PMVE = pefluoromethyl vinyl eher, HFP = hexafluoropropylene.

HEPO oxide dimer peroxide is th i

atr, 11 2-richlor
Messured by diffrential scanning calorimety (DSC)

O Mcaturad by thromarivinatite il (VIR

Juorocthane s the solven.
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Materal Famiy

FLUORNATED ETHYLENE-PROPYLENE COPOLYMER

Material Suppies / Grade: (DUPONT TEFLON®
Refeence Numter 2
MATERIAL CHARACTERISTICS
Sample Thickness, mm 005
TEST CONDITIONS
Peretart ammania o9gn
Tenpentue,"C o 2 ® 16 25 52 6 25 B
Pressue Gradenl, Pa %5 24 7
Test Method Mass Spectrometry and Calibrated Standard Gas Leaks Developed by McDonnel Douglas Space Systems Company
Chemsty Laborabry
PERMEABILIY (source document i)
PPERMEABILITY (normalized unks)
Permeahilty Coefficent

20

(o m - ay -am)

01

52

a1

1% 52 90 101 £
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Materl Famly

FLUORINATED ETHYLENE-PROPYLENE COPOLYMER

Reference Number

3

TEST CONDITIONS

Penerant

wales vapor

ongen

nirogen

Tempertie, °C

378

Relatve Humidty, %

TestNote

STP conditons.
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Materal Famiy FLUORINATED ETHYLENE-PROPYLENE COPOLYMER

Maleral Supple  Grade 'DUPONT TEFLON®
Reference Number 2
MATERIAL CHARACTERISTICS.
‘Samp Thickness, mm 005
TEST CONDITIONS
Penctant hytrogen
Temperture, C 5 25 6 -3 25 o g 2 o7
Pressure Gradient kPa 2 47 6895
Test Metho Mass Spectromely and Caibaled Standard Gas Leaks Developed by McDonnel Dauglas Space Systems Company
Chemisty Laboralory
PERMEABILITY (source document units)
o i 3 906 %10 | 44110 [ 187x10¢ [ 964x 10 [ 435x 102 [ 177100 [ a77x 0% [ sax10e | 18100
PERMEABILITY (normalized units)
Pemeabity Caeficent

S ) 793 ] 1637 ' B 1850 %8 B 1576
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Makril Famly

FLUORINATED ETHYLENE-PROPYLENE COPOLYMER

Makrial Suppler Grade 'DUPONT TEFLON®
Refrence Number 2

MATERIAL CHARACTERISTICS
‘Sampl Thickness, mn 005

TEST CONDITIONS
Penctant nirogen
Temperabre, °C B 2% 7 7 2 6 5 5 &
Pressure Gradient kPa 172 u1 65

Test Metiod

PERMEABILITY (source document unts)

Cubamy w107 | 38x10% | a70x10° | 56txi0n |2 w10 | 385x10% | 639 x 107 | 385 % 10% | 38x 10

(=g siacy PR 506x10" | 38x10® [ 379x10% | 564 x 107 | 3g6x 10| 385x 10* | 620 x 107 | 3g5x10% | 3gx 10
PERMEABILITY (normalized units)

oy Cuient a“ 3 £l 49 %8 3w 55 £ £

(o i - day - atm)
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Property Typel Type Il Type 11

Melt Flow Rate, ¢/10 min 718 13 37
Melting Point, °C >300 =300 >300
Specific Gravity 212217 212217 212217
Tensile Strength at 23°C, MPa >20.68 >26.20 >2068
Elongation, % 275 300 >275
Dielectric Constant (maximum)

10°Hz 22 22 22

10° Hz. 22 22 32
Dissipation Factor (maximu), %

10°Hz 0.0003 0.0003 00003

10° Hz 0.0005 0.0005 00005






OEBPS/images/B9781884207969500163_f13-24-9781884207969.jpg
Flexural Modulus, psi x 10%

i
%0
80
7

60

40
30

20

TEFLON® PFA
Spocific Gravity 2.169

TEFLON® PFA
‘Specific Gravity 2.140

100 200 300
(212) (392) (572)

Temperature °C (°F)
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Property Type Type Il Type il Type IV
Melt Flow Rate, g/10 min 40120 =120 0820 2039
Melting Point, °C 260:20 260:20 260:20 260:20
Specific Gravity 212217 212217 212217 212217
Tensile Strength at 23°C, MPa >173 >145 >207 >18.7
Elongation, % 275 275 >275 >275
Dielectric Constant (maximum)

10°Hz 215 215 215 215

10°Hz 215 215 215 2.15
Dissipation Factor (maximum), %

10° Hz 0.0003 0.0003 0.0003 0.0003

10° Hz 0.0007 0.0009 0.0007 0.0007
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Reaction Ingredients

Reaction Conditions

Polymer Properties

Polymer- | Polymer-

a0 | \ater, | Ret13, | PERONO | nienanol, | Temp., | ization | ization | Ameunter | Melt
pe propyvinyl . Viscosity,

oy | o [ pares [ IRV par <C | Pressure, me,

& 3 KPa minutes

4080 | 360 | 200 10 u 15| 024020 198 847

4080 | 360 | 200 10 a8 15| 024029 266 £3 104

B@s) | 20 | 200 10 2 15| 024029 387 824 165






OEBPS/images/B9781884207969500084_cetable10.jpg
From Column 1 in

Unaged polymer

Polymer aged for 100 hours at 285°C

Table 5.9
Tensite Yiewd | (remsile Dresk Tensile Yield | glensile Break
Polymer S Strength, | Elongation, [ o0® UL | Strength, | Elongation,
° " MPa % - o MPa %
1 14.9 18.4 140 - - =
2 15.0 19.2 160 15.6 198 280
‘Commercial 2 14.3 18.7 148 15.6 178 150
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Reaction Ingredients

Polymeriz

ion Results

APS Precharged, mi | APS Pumping rate, ol e Dispersion Particle
ml/min Size, nm
Reaction
Examples
Case 1 200 5 308 105
Case2 320 8 293 103
Case3 600 15 378 9
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Reaction Ingredients

Polymerization Results

Reaction PEVE PEVE Pumping o5 Dispersion Particle
Examples Precharged, ml Rate, ml/ S
Case 1 160 15 203 12
Case2 450 4.0 263 127
Case 3 530 5 317 122
800 6.5 325 107
Case's 1050 30 25 %2
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Reaction Examples

Polymerization V;

Case 1 Case2 Case3 Cased Case§
Initiator Type APS' KPS® KPS? KPS? KPS®
Inital Iniiator Concentation, aanae | smsaoy | saxio | aaied | dazeios
moles per 1000 g
Iifiatoc jection Rat, 0.0455 00168 0.0168 0.0104 0.0098
moles per 1000 g per min
Initial Pressure, MPa 17 3 33 3 31
Polymerization Pressure, MPa 45 45 45 45 45
Polymerization Time, min 80 80 80 80 80
Polymerization Temperature, °C 95 95 95 95 95
Melt Viscosity, poise 7x10* 6.1x10" 4.4x10° 2x10° 1.2x10%
Melting Point, °C 280 m 261 279 265
MIT Flex Life, cycles 4500 5.600 20,500 30,000 1.800
Diclectric Breakdown Strength, e n o w i
KV/mm

3 AP =& oot Do il o o D BT
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HFP Content of the
Copolymer, wt%

Surfactant, 100 200 300
Wt% glliters/hr | glliters/r | ghiters/hr
0.0 157 13.1 -
0.05 17.5 14.4 :
0.10 18.8 157 -
0.15 19.7 17.0 14.8
0.20 203 179 15.8
0.25 - 18.7 16.8
0.30 - 19.0 17.6
0.35 - 19.9 18.1
0.40 - - 18.6
0.45 - - 19.0

Surfactant = Ammonium 9H-hexadecafluorononanoate

Monome:

=75% HFP

Pressure = 4.1 MPa
Temperature = 120°C

Vapor space density = 0.235 g/em’

Melt viscos

7.5 x 10* poise
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‘Cover locked open for cooling
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Cover closes for heating cycle

offf

Closed side view
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Legend (Tables 3.4 and 3.5):

* Effect is defined by ASTM D543 and D2299 3 = Mild effect
1 = No effect or inert 4 = Softening or swelling
2 = Slight effect 5 = Severe degradation

fPVC = Polyvinylchloride ¢ PCTFE = Polychlorotrifluoroethylene
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Apparent Viscosity (10° poise)

‘As a function of processing temperatures
70
60 TeflonPFA 350 Teflon®FEP 160
50
Tefzel°280
40
30 Delrin®500
20 \ 2Zytel®101
o~

10

204 260 315 an 426

Temperature (°C)
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Polymer Monomer Unic N[l Vg |l o Rt | o Tecique
Granular PTFE CFy-CFy 327 1010120 Compression Molding
Fine Powder PTFE CF,-CFy 327 1010720 Paste Extrusion
Dispersion PTFE ~CF-CFy 317-337 101010120 Coating Methods
—CFy-CFy-C(CF5)F—CFs 260-282 10%-10°¢ 08189 Melt Processing
PFA CF;-CF*C(O-R)F-CFy 302-310 4x10%-3x10°9 1-18' Melt Processing
ETFE —CFy-CFy-CHy-CH, 254279 0.7-10x10°7 37169 Melt Processing
PCTFE CCIF-CF; 210215 110" “"u‘:ﬁ\;:;:x::::w
EcTrE Co cr, o o, 20 : 150 Mo Procesing
PVDF —CFs-CHy— 155-192 02-17210" 5180 Melt Processing
Melt Extrusion of
v it 00 - - Disersion n Laen
Soven

 Second melt point for PTFE.
@ From Ref. 5.

 Melt creep viscosity by according to procedure MVS
Patent

© By capillary theometer ASTM D 2116,
) Melt flow rate by ASTM D 2116,

© By capillary rheometer ASTM D 3307,
@ By capillary rheometer ASTM D 3159,
© Melt flow rate by ASTM D 3159,
© By capillary rheometer at 230°C.

419 Melt flow rate at 26

(¢, is the comonomer m > 0.2 weight fraction.






OEBPS/images/B9781884207969500060_cetable2.jpg
Mold Tensile Tensile Flexural Flexeral fmpact
Swrinkage, | St Modstas, | sweng, | Moduls | Ntehed | S
| S N I N
Torviand | D | Do | DR Bew [ om0 | ome | bme | bw@s
st
Fobpiyess | 106 | 05 | w6 EE 7 NS NI T %5
S T T Yo 12w | | e w0 3
S o [ ETCR Y T 7 i 03
Fampropiene |00 | 15| 5o | s | w T » s
Poveyiene | 096 | 200 TS T BT ™ Firy
T T I ) R 0 T 5 ™ %
Foyeser | 130 |30 |5 o0 T aow | w | [ s %
Polyamide, nylon 113 13 81 2000 2,758 103 2,759 538 9%
o
e B I I B T BT =
6
Fopeuone | 120 | 06 | @ | s | mw | o | ow [ %
Potlone | 12 |07 0 TR I T T T %6
T Method | D797 | ewacd | DTS | Do | Do | Do | oo | ase
e wras | DS | Dis
s | oo
PTFE* 2.14- 2-10 20-35 300-550 550 No Break 340-620 188 345
n
PFA” 215 3.5-60 20-26 300 276 551 No Break
FEP® 215 3560 2028 300 345 No Break 655 No Break 15.2
ETFE 5 7 g 150300 027 38 1034 | NoBreak 72
L
wor | | oav | we | @ P IR T
220

Abbreviations used in Tables 3.1-3.5:
* PTFE = Polytetrafluorocthylene

*PFA = Perfluoroalkoxy resin (copolymer of tetrafluoroethylene:
and perfluorovinylethers)

e-propylene copolymer
Ethylene-tetrafluoroethylene copolymer
olyvinylidens Fuoride
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Heat Distortion |  Coefficient of Volume | Dielectric
Temperature, | Thermal Expansion, | Continuous-use Resistivity, | Strength,
°C@045MPa | ememeCx 108 | Temperature, °C Qem | kVim
Test Method ASTM Do4s D696 UL-Sub 94 UL 94 D257 D149
Polystyrenc 844 68 a5 HB 10
ABS 905 76 65 HB 10° 163
SAN 933 65 50 HB 10" 176
Polypropylene 1044 90 105 HB 10° 262
Polyethylene 711 108 85 HB 10
Polyactal 1578 85 % HB 107 190
Polyester 1544 95 107 HB 10° 182
Polyamide, nylon 6 185.0 8.3 95 V2 10 159
Polyamide, nylon 6.6 1822 8.1 105 V2 107 198
Polycarbonate 137.8 61 121 V-0 10 150
Polysulfone 1739 56 10 V-0 10° 169
Test Method ASTM Dos8 D696, E831, E228 UL 94 D257
PTFE 122 12,618 260 V-0 >10* 197
PFA 74 137207 260 V-0 >10" 197
FEP 70 83104 204 V-0 >10% 197
ETFE 81 131257 150 V-0 107 146
PVDF 140-168 7-15 150 V-0 >10" 63-67
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o “:::‘S'i’:“:‘ Strong Bases | Strong Acids OS:;:."“"“ “I;';::‘r'p‘z.'::l"
25°C 93°C 25°C 93°C 25°C | 93°C 25°C 93°C Weight Change, %
Polyacetal | 13 | 25 | 15 | 25 s 5 s s 023
ABS 1 24 1 2-4 1-4 5 1-5 5 0.1-0.4
Nylons 1 2 2 3 5 5 5 5 0.2-1.9
Polyester 1 34 2 5 3 4-5 2 3-5 0.06-0.09
Polyethylene 1 1 1 1 1 1 1 1 <0.01
Polystyrene 1 5 1 5 4 5 4 B 0.03-0.60
Polysulfone 1 1 1 1 1 1 1 1 0.2-0.
PV 1 5 | 5 | 5 2 5 0.04-1.0
PTFE 1 1 1 1 1 1 1 1 0
PFA 1 1 1 1 1 1 1 1 <0.03
FEP 1 1 1 1 1 1 1 1 <0.01
ETF] 1 1 1 1 1 1 1 1 <0.03
PVDF i | i 2 1 2 1 2 0.04
PCTFE 1 1 1 | 1 1 1 1 0.01-0.10
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Buffer Chain Transfer Agent End Group.
Peroxides No - —COOH
Peroxides Yes, ammonium salt - —COONH;, —CONH;

. Methane
Peroxides,
CIF.C(CF),C00), . = —cral

(non-aqucous)
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‘Time, | Number of End Groups Prior to Ammonia Treatment, | Number of End Groups After Ammonia Treatment',
per 10% carbon stoms In the copolymer per 10% carbon atoms i the copolymer:
—coon | —coocn, [ —conm, | —cmon | —cor | —coon | —coocn, [ —conm | —cnon
0 | 2 0 39 0 197 0 0 56 36 210
| 18 9 45 0 152 3 0 47 30 214
2 19 8 61 0 160 0 0 45 30 211
R 9 49 0 122 0 0 42 38 193
6 | 61 - 6 3 38 0 0 41 25 198
s | 6 - - 0 0 0 0 32 28 168

'A TFE/PPVE copolymer containing 3.2% PPVE by weight was treated with ammonia at 22-25°C for 24 hours. Ammonia concentration

wis 0.1% v weight of solumer: Thie volthe Tatic of Vibor spics 10 pohios was 1.8
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Polymer Properties

Reaction -
e Extractable —CONH;, [ —COF, —CH,0H, Total Number of
Fluoride lons, ppm ppm ppm ppm End Groups, ppm
Case 1 <80 A B c 80
Case 2 39 - 138 - -
Case 3 0.8 <1 <1 - =
Case 4 0.5 <1 <1 - =
N none o .
Case’s 3 ol 5 none detected

1A + B + C = 80 total number of endgroups






OEBPS/images/B9781884207969500084_cetable32.jpg
Polymer Properties

Fluorination Conditions

Reaction | N T I et e Fluorination Fluorine Total Fluorine
Example | Viscosi B e Temperature, | Concentration, | Recycled, gkg
10* poi Bt AtmoSpheres | - oc/Time, hours mole% polymer

Case | 1-100 1-10 - - - -

Case 2 3 31 = 28573 = -

Case 3 41 34 [ 2008 25 223
Case 4 49 3 [ 20015 10 33
Case 5 35 34 | 210/6 10 s
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Fluoride Ion Extracted, ppm

Number of —COF Groups, per
10° carbon atoms

Reaction
Example! n Held for Held for Shrsat | . | Held for S minat | Held for 5 hrs at
at372°C 380°C 3m2°C 380°C
Casc 4 13.0 1.1 11 0 0 6
Case 8 1.0 3.8 14 0 0 10
Case 9 0.9 49 110 0 0 81

1 See Table 5.30 for a description of the treatment conditions.
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Treatment with

After Fluorination
|((number per 10° carbon

After Ammoniation (number

Fluoride Ion

2::::,!: Flunnmj i per 10° carbon atoms) o e

Toups | Time, | _COF [ —COOH |—CONH, [—COF [-CH,0H 10:patsed B o
Cascl | 10 | 2 57 3 29 0 0 76 400
Case 2 170 3 38 2 19 0 0 5 39.8
Case 3 180 2 40 3 21 0 0 73 10.8
Case 4 180 3 28 3 15 0 0 15 13.0
Cases | 200 | 2 25 [ 14 0 0 74 144
Casc6 | 200 | 3 i 0 7 0 0 73 25
Case 7 230 2 0 2 0 0 73 1.6
Case 8 230 3 0 0 0 0 5 1.0
Case 9 - - - - - - - ks 0.9
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Polymerization .
Polymertzaton| CHESH VOF | Comonomer | VOFinthe [ | sticking
(Charged. | Charged, | Copolymer, Temperature,
Example Temp. | Pressure, [ Dura Stability 3
omonomer | TP 3 pars | paris | % weight CltoCu)
[ °c MPa brs
Benoyl = s g5t | cosiions .
3 Foraide 01 | € Ha=CH; 80 60.5-70 20 continuous 8.6 -
2 Benzos] z | w3 | 2 A TG o
’ Peroxide, 0.1 | CHCHF | 81 | 84975 | 575 20 30 10 g 160-164
mmonium
peruitie, 0.5 ) Y Smin@
3 and sodium 40 823 . %3 300°C
bisulfite, 0.4
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Elonga

merization Conditions Monomer %/ Tensile Sticking
& Gt Qe |y, | stecngnMon | Tomp.
uitator, parts ml «c
Example ¢ ) P Temp., | Pressure, [ Duration, P""I Produced, # Young’s Modulus of (o Cw)
E s reiaure ris Elasticity, M o )
< | e n | Elasticity, MPA
S — S003
' Benoyl Peroxide. | g | 55,955 105 3Ls a0 1,745
o1 51
o, 03 nd
2 Ammonium | 80 | 93 In s = 8 s .
Peralfe. 0.1
Borax 03 nd
3 o | 7259 2 R . .
3 e % 25 143148
Ammonium
4| peruinc05md | a5 | - auogenous | 5035 . : 145:160

Sodium Bisulfite, 0.1
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Polymerization Ingredient

Polymerization

Polymer Properties

Conditions,
Polymerization o
Example Vinylidene | Hexafworo- | Total [0 polymer | Vinylidene Fluoride (RS
Fluoride in the | propylene in the | Monomer | P*12°™ | yield, wt. | in the Copolymer, | ¥iScostY
Charge, mole % | Charge, mole % | Charged. g % mole % Sy
| 57 13 751 12 815 874 093
2 59 1 735 832 850 853 096
3 91 9 n 29 810 907 090
4 0 7 700 43 714 912 0.8
| Polymerization temperature and pressure are 64°C and 963 kPa.
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Reaction Conditions

mi;:':,:;r:m Tempeature, Pressure, Duration, Character of the Polymer
¢ MPa hrs
| 425 159 6 Mixture of viscous liquid and soft wax
2 425430 366 85 Mixture of soft wax and hard wax
3 425-430 42.7 4 Mixture of soft wax and hard wax
4 400 44.8 4 Hard wax
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read Gube Wix
1 Part BN Conc. Resin
9 Parts Virgin Resin

Hopper 60 psig (0.413 Nimm?)
F-22 Gas Injection ~ 640°F (338°C)

680°F (360°C)
4 s

(a) 650°F  700°F  700°F  700°F
(343°C) (371°C) (371°C) (371°C)|

2. Extruder

Die Orifice Locality

LUN

Scrow Spoed = 15 RPM
Wire Speed = 30 fi/min (9 m/min)
Air Gap = 18 in. (457.2 mm)

Melt Pressure =
2000 psi (13.79 Nimm?)
Melt Temperatur
T05°F (374°C)

Wire

Vacuum =
251in. Hg (84.4 kPa)

Crosshead
Do |800°F @ie°C) for Fep
S0 |620°F (327°C) for PFA
(316°C)
RG62
Coax Core

(b)
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End Group Analysis by Infrared, per 10°

COOH COOH COF | — CF=CF; CEH
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Example 1: Example 2: Example 3:
R Ammonium Ammonium Ammonium
Persulfate/Potassium | Persulfate | Persulfate/Potassium

Persulfate Persulfate

z’:lsy_:'?\;rsﬂlc;\x/;\cmuy‘ 10° poise i 35 -
‘Twin Screw Extruder Proces:

Rate, g/sec 17.7 173 132
Shear Rate, sec” 63 83 46
Kneading Block Crest 1380 1770 980
Serew Speed, rpm 124 162 90
Barrel Temperature,* 360 370 310
Power, kW 33 85 6.0
Hold-up Time, sec 576 324 792
Vacuum Port Pressure, kPa 58 6.5 7.5
Melt Temperature at Exit,"C 316 352 323

Single Screw Extruder Conditions
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Polymer per 10°
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1 400 1 57 350 None measured
2 5 1 59 315 None measured
3 400 2 47 614 None measured
4 s 2 45 578 None measured
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6 5 4 45 417 None measured
7 - - - None 600
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—COOH (dimeric) 0 s

—COF 2 7

Example 2 COOH (monomeric) 51 2

CF;=CF 26 ia

—COOH (dim = 2

COF o n

Example 3 —COOH (monomeric) 0 ;

—CF,=CF, 31 2

—COOH (dimeric) o g
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Fluorination Conditions

Fluorinator Volume
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FEP Sample Oceupied, % Hours Temperature,°C g/kg polymer
1 44 5 190 249
2 60 4 190 165
3 58 4 190 0.82
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340 14 212217 25 300 203 0.0001
3401 14 212217 25 300 203 0.0001
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3401 1 302310 27 400 203 0.0001
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Metal Detection Limit, pph. Metal Detection Limit, ppb
Aluminum' 0.05 Lithium' 0.05
Antimony 0.05 Magnesium' 0.05
Arsenic 0.10 Manganese' 0.05
Barium' 001 Molybdenum 0.05
Beryllium 005 Nickel' 0.05
Bismuth 005 Niobium 0.05
Boron 0.10 Potassium'? 0.10
Cadmium 001 Iver 005
Calcium'? 0.05 Sodium' 0.10
Chromium' 0.05 Strontium' 0.01
Cobalt 001 Tantalum 0.05
Copper' 005 Thallium 0.01
Gallium 001 Tin 0.05
Germanium 0.05 Titanium' 005
Gold 0.10 Vanadium 0.05
Iron'? 0.10 Zinc' 005
Lead' 005 Zirconium 0.01

' Critical elements

" Ca, K and Feare analyzed by Graphite Fumace Atomic Absorption Spectrophotometer (GFAAS) or cold plasma ICP-

MS
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Aluminum' No Data No Data
Antimony 40 No Data
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Barium' <39 Molybdenum 22
Beryllium No Data Nickel' 98
Bismuth No Data Niobium No Data
Boron No Data Potassium' 61
Cadmium <18 Silver <2
Calcium' 3.900 Sodium" 371
Chromium' 191 Strontium' 210
Cobalt 9.1 Tantalum No Data
Copper' 78 Thallium No Data
Gallium 012 Tin <220
Germanium No Data 3400
Gold 0.01 No Data
Iron' 200 396
Lead" No Data 160

' Critical elements
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<0.08 Lanthanum <0.05
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<015 Lithium' 030

Boron <020 Lutetium <0.05
Cadmium <0.08 Magnesium' <007
Cerium <0.04 Manganese' <0.06
Cesium <0.08 Mercury <001
Chromium' <0.26 Molybdenum <0.02
Cobalt <010 Nickel' <008
Copper’ <0.08 Niobium <0.03
Dysprosium <001 Silver <003
Erbium <0.05 Strontium' <0.10
Europium <0.03 Tantalum <0.08
Gadolinium <0.05 Thallium <0.08
Gallium <040 Tin <025
Germanium <0.03 Titanium' <0.10
Gold <003 Vanadium <0.11
Lead' <007 Zinc' <0.05
Hafnium <0.10 Zirconium <011

" Critical elements
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Polymer Composition (%)

Polymer Properties

Polymer TFE HFP PPVE . /':;F':"i" g::'"l'l“sﬁ
1 94.81 131 388 17 307
2 96.11 103 286 18 310
3 95.60 102 338 14 308
4 95.96 117 286 22 312
5 93.92 1.45 463 1.4 301
Commercial 1 NA NA 23 308
Commercial 2 NA NA 15-17 308
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Starting Monomer

Terpolymer Composition

ure (mole %) (Wt%)

HFP PPVE | PPVE | HFP x:::“;‘(‘
0 285 | 11 0 325
388 274 14 | o6 320
853 261 23 [ 11 311
14.69 23 [ 27 [ 15 309
2329 219 | 2as | 21 312
54.84 128 | 09 | ss 311
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Reaction Ingredients and Conditions

Reaction | Waters | Freon™ | Ammonium | Ammonium | Chain Transfer | Chain Transfer
Exuiples ml 113 | Persulfate,g | Carbonate,g Agent Type | Agent Amount, kPa'

Case | 3,440 g 6 - = g

Case 2 3,440 300 6 15 ‘methanol 6ml

Case 3 3,440 200 6 15 methanol 6ml

Case 4 3440 300 6 15 methanol 6 ml

Case 5 3440 300 6 15 methanol 6ml

Case 6 3440 300 24 15 methanol 6ml

Case 8 4,200 300 6 15 H, 276

Case 9 4,200 300 2 7.5 690

Case 10 4,200 300 10 10 345

Case 11 4,200 300 10 10 690

Case 12 4,200 300 6 15 345

Case 13 4,200 300 6 15 CH, -

Case 14 4,200 300 s 15 CH, 173

Case IS 4,200 150 s 10 CH, 345

Case 16 4,200 150 6 10 CH, 345

Case 17 4,200 300 6 15 CH, 290
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Polymer Properties

R IIFP\:II:;MM, I:i_(‘lmr CE"":f:‘ Melt Viscosity, | - Melting MIT Flex Life

Eraipls o ‘ype Ve 10" poise Point,°C | (ASTM D 2176)
Case | 63 PPVE 08 8.1 204 8,500
Case 2 45 PEVE 12 64 291 12400
Case 3 5.0 PMVE 38 56 291 860
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Polymer Properties

HFP PPVE Melting RULIIEE Tensile | Tensile Break El::;";'i‘o“.
Bein | Gt | ot | V| Pt | s, | il Mo | oo | =25
Examples 2176) 250°C)
Case | 15 0 72 - - - 14 152
Case2 0 4 47 - - - 83 569
Case 3 638 10 215 294 | 53,800
Cased 72 13 84 - 11,400 26 65 342
Case 5 68 13 29 296 1,900 - -
Case 6 72 21 16 293 | 172,500 - - -
Case 7 63 26 98 203 | 40,600 25 79 389
Case 8 90 11 253 29 | 53,800 2 6 3n
Case 9 90 10 87 - 15,600 22 57 380
Case 10 90 20 41 £ 8300 2 46 379
Case 11 108 17 246 272 | 178,000 - -
Casel2 | 108 13 67 274 8700 19 28 334
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Reaction Examples

Casel | Case2 | Case3 | Cased | CaseS | Case6

Reaction Ingredients and Conditions

Perfluoropropylvinyl Ether (PPVE), g 2 2 23 2 2 28

Bis (Perfluoropropionyl) Peroxide, g 0025 | 0025 | 0025 | 005 0.05 005

Methanol, ml 0 01 0.5 0 0 0

Cyclohexane, ml 0 0 0 0 01 02

Polymerization Temperature,°C 60 60 60 60 60 60

Polymerization Pressure, kPa 620 620 620 620 620 620

Polymerization Time, minutes 38 61 60 12 4 60
Polymer Properties

PPVE in Polymer, % by weight 241 2.68 236 2.59 245 241

Melt viscosity, 10° poise 464 280 8.6 149 59 18
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Reaction Examples

Case 1 Case 2 Case 3 Case 4 Case 5
Reaction Ingredients and Conditions
Perfluoropropylvinyl Ether (PPVE), g 10.6 16.5 165 28 28
Bis (Perfluoropropionyl) Peroxide, g 0.74 0.1 0.1 0.1 0.1
Methanol, ml 0 0 05 0 05
Polymerization Temperature,°C 50 50 50 60 60
Polymerization Pressure, kPa 207 310 310 620 620
Polymerization Time, minutes 10 2 33 1 17
Polymer Properties
PPVE in Polymer, % by weight 37 25 27 28 27
Melt viscosity, 10* poise 104 170 13.5 158 10.1
MIT Flex Life (ASTM D 2176) 57.000 - 104,000 - -
End Groups' per 10°C Atoms 109 44 33 41 67

neludes COF, COOH, COOCH.
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T Year s Trade-off Trade-off
polyt Commercialized + 5
Continuous Use
PTFE 1947 TFE Temperature 260°C Non-melt Processible
Melt Processible/Non- | Maximum Continuous
EGHES 1953 Sl Melt Processible Use Temperature 180°C
X3 Maximum Continuous
FEP 1960 TFE, HFP’ Melt-Processible Use Temperature 200°C
1 . Maximum Continuous
PVF 1961 VF Thin Film/ Weatherable | H&3mn Conitions
> ; Maximum Continuous
PVDF 1961 VDF MeltProcessible | o Co
. Maximum Continuous
ECTFE 1970 CTFE, E Hardness/Toughness Use Temperature 150°C
Melt Processible.
PFA 1972 TFE,PAVE® | Continuous Use Low Molecular Weight
Temperature 260°C
Maximum Continuous
ETFE 1973 TFE,E Hardness/Toughness Use Temperature 150°C
Teflon”AF 1992 TFE,ppD® | Soluble in Special High Cost

Halogenated Solvents

! Vinyl fluoride (CH,=CHF)

2 Vinylidene fluoride (CHy

Fy)

62,2-Bistrifluoromethyl-4,5-difluoro-1,3-dioxole: Fc
T

* Hexafluoropropylene (CF,=CF-CF;)
# Ethylene (CH,—=CH,)
S Perfluoroalkylvinylether (CF,=CF-O-R;)

0.

c

CF
i
o

cryer
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silicon dioxide
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Silicon

2. Oxidizod waer s covered
with photorosist.

3. Wafor is oxposed to UV
light through a photmask.

ultraviolot radiation

\RARA)

4. Unexposed photorasist is
dissolved in developer solution.

5. Oxide now unprotected by
‘photoresist s etched away
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Reaction Examples

Case 1 Case2 Case3 Cased Cases Case 6

Reaction Ingredients and Conditions

Solvent Type Freon” 113 | Freon” 113 [ Freon" 113 Freon® 113 Freon™ 113 | Freon” 113

Solvent, ml 800 800 900 860 860 860

Perfluoropropylvinyl 5

Euher (PPVE) £ 60 60 59.4 16.5 9 23

Polymerization 0 0 o % s 5

Temperature,C

Folymesization 345 345 511 621 173 483

Pressure, kPa

Polymerization Time, P P 5 36 ié %

minutes

. Initial = 0.06 ¢

Peroxide, g 030 0.64 0.15 + 0006 gmin 065 0.025
Polymer Properties

PPVE in Polymer, % 5 5

by Weight 8 89 52 29 27 21

Melt Viscosity, 10 poise |~ 45.5 27 211 26 179 61.7
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Polymerization Ingredients

Polymerization Conditions

Polymer Properties

7 PAVI Polymerization o + S PAVE, Melt
T Solvent, Pressure, Potymertzation Time, | (o4 in co- | Viscosity, 10°

YPe: ‘mole%/ml MPa Hunates polymer poise

PMVE'" 0.094 207 45 113 16
PPVE? 0053 1.85 60 97 36
POVE* 0.027 190 60

IPMVE = CF,—O—CF- 0-C
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Reaction Ingredients and Conditions

Reaction Polymerization | Polymerization Time, Comonomer Polymer Melt
Examples Pressure, kPa minutes Type/Amount, g Viscosity, 10 poise
Case 1 1,725 18 PPVE/75 2,014
Case 2 1,725 18 PPVE/T5 6
Case 3 14 PPVE/TS 8
Case 4 10 PPVE/TS 17
Case 5 2 PPVE/75 27
Case 6 6 PPVE/100 96
Case 8 44 PPVE/TS 19
Case 9 20 PPVE/TS 74
Case 10 11 PEVE/75 54
Case 11 8 PEVE/75 72
Case 12 45 PPVE/TS 31
Case 13 - PPVE/TS 65
Case 14 47 PPVE/75 102
Case 15 45 PEVE/75 62
Case 16 4 PEVE/TS 100
Case 17 9 PPVE/TS 76

1 Units are in kPa except for methanol which is expressed in milliliters.
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Data Transmission Transmission s Comn
Category Rate, Megabits per | Frequency, Mega ol
second (Mbps) Hertz
3 10 0-16 Yes Yes
4 16 0-20 Yes Yes
3 100 0-100 Yes Yes
SE! 100 0-100 Yes Yes
6 0-250 Yes Yes
7 0-600 No Yes

! Enhanced Category 5.






OEBPS/images/B9781884207969500175_f14-24-9781884207969.jpg
Rofational Speed (rpm)

4000,

3000)

2000

1000|

0

‘Weld Penstration (mm)

AN
175
T 150
H
E125
2100
Sors
z
050
025
000

Rotational Spoed

Axial Prossure

‘Axial Prossure (MPa)

450
400
350 £
300 2
250 2
200 §
150 8
100
50





OEBPS/images/B9781884207969500102_f07-44-9781884207969.jpg
s/inch (mm/m)
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70
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Mold Temperature, °C
100 125 150
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[ == low Direction

200 250 300
Mold Temperature, °C

Part Thickness 0.125 in/3.2 mm
Molt Temporaturo 625~650°F/330-345°C
Injection Pressure 7.000-10,000 psi/50-70 MPa
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T [ [l

o I [P |
o A :l -I [
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sot 1 ]
% C: Carbon tetrachioride @ 77°C
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o
. E: Methylene chioride @ 40°C
2 F. Fuming nirc acid @ 23°C
": G: Fuming sulfuric acid @ 23°C
4 N
0 H: Phosphoric acid 85% @ 100°C
Deviaton (%) on the orginal: STRESS AT BREAK
s I MEK@B80°C
9 J: Hydrogen peroxide 30% @ 23°C
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10
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Shrinkage at 260°C, Modulus', MPa Creep’, %
h.;r::if,. Longitudinal | Transverse | Longitudinal | Transverse | Longitudinal | Transverse
Direction Dircction | Direction | Direction | Direction Direction
0 02 05 518 si1 18 15
05 u 9.5 331 518 96 12
1 37 4 428 649 223 1
Ls 2 0 538 759 150 8
z 3 2 676 856 10 4
25 30 34 842 932 6 3
3 7 44 1035 994 7 2
35 25 5 1228 1,035 4 3

1 ASTM Method D882

2 ASTM Method DE74
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o Shrinkage at 260°C, % Modulus,' MPa Creep.’ %
Ratio | Longitudinal | Transverse | Longitudinal | Transverse | Longitudinal [ Transverse
Direction Direction Direction Dircction Direction Direction
0 1 06 642 si1 15 18
[ 26 9 462 649 = 6
1 29 [ si1 704 . 4
15 40 25 690 828 5 3
2 36 0 925 904 3 2
25 31 13 1,132 959 - 3
3 29 18 " - - B

ASTM Method D882

2 ASTM Method D674
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ivent Ingredients and Conditions

Processing Inherent PVE Extrusion | Extrusion | FMruded

Example | Latent Solvent | Viscosity of |Concentration, | Temperature, |  Rate, m?:m

PVF Wt% °C kg/hr Satt

[ yvaterolactone 49 40 150 23 0.36 (wet)

2 Jvaterolactone 30 45 150 32 055 (wel)

3 propylene carbonate 22 a8 215 o1 0.5 (wet)

) propylenc carbonate W6 30 210 32 015 @)
ethylene carborate
(1:1 ratio by wt)

s Neacetylmorpholine 25 37 215 23 0.25 (wet)

6 methyl salicylate 22 35 215 o1 0.5 (wet)

7 cyclohexanone 49 50 150 E 0.23 (@ry)

s dimethyl sulfolane 32 30 215 136 0.5 (wet)

9 ‘ctramethylene 30 37 15 6890 | 0.68 (wer)

sulfolane
10 butyrolactone 37 20 125-135 545 .
n butyrolactone 35 40 145-155 545 | 0.63 (wer)
12 -butyrolactone 30 45 150160 341 | 075 (wen)

1 See Sec. 5.11.6 for definifion.
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Film Fast Roll
Prehcating Air | Width | Temperature
Exmple | WG () gy || Tempersmre || SpesdSow | 1Sl il Tuickaeso | DuaTimeln
No. L Wt atMachine | RollSpeed | “yrpioree | theOriented | Drylng Zone,
P, e Dicccion | /D' Sech | Tmoere | theOrlnted | Dryig Za
Streteh,°C_| Ratio, cnimin
1 277035 T-buyrolacione 7 %0 60.5/0.025 190/40
@
252063 Tehmmelacynr 7% 130 630,05 190/~
158
3 6503 | it | 7 a8 1 s s

' MD = Machine Direction
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Plasticity Number

Crystallinity

1.500 2200 | 4100

Low 26.9 338 62
High 83 20 0

1 Yield stress subtracted from break stress.
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Inherent Draft Denier of Oriented Tensile Strength (Tenacity), | Elongation at Break,
Viscosity Ratio Filament g/denier %

084 180 10 55 25

092 120 15 60 2

106 35 55 25
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Variable Example 1 Example2 Example 3
Extrusion Rate, g/min 20 20 20
Nozzle Temperature,"C 265 265 265
Cooling Temperature,°C 105 120 12
Preheating Temperature,°C 95 110 92
Preheating Residence Time, sec 23 23 20
Stretching Temperature,"C 150 165 159
Stretch Ratio 64 6 63
Stretch Bath Residence Time, sec 7 7 5
Relaxation Temperature,"C 130 140 135
Relaxation (shrinkage), % 2 13 15
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Polymer ‘““\‘g:‘::‘"‘ 'ru:::::m. e Jr:':::t';- El-::;;k-m. v»:f.g:‘n'::i-::lm
c MPa % MPa
ETFE Yes 215 6 38 10 5,600
PVDF Yes 150 s 276
PVDF No 150 s s66 -






OEBPS/images/B9781884207969500114_cetable43.jpg
Polymer Type

Process Variable PEA P MEFA
Copolymer Copolymer c"”“"{"‘" "".“::‘;“f"""ff"“
Polymer tetrafluoroethylene tetrafluorocthylene £opalmce ylh 32 mocts
Composition copolymer with 1.5 mole% | copolymer with 6.9 molev | Perfluoromethyl vinyl ether and
0.4 mole% perfluoropropyl
perfluoropropy vinyl ether | hexafluoropropylene
vinyl cther
Melting Point, °C 308 263 288
| 400 380 .
Melt Flow Rate,
it 163 7 134
Gear Pump Speed, P i i
pm
Polymer Flow
Rate, kg/hr B, . -
Wall Shear Ratc at -
a Die Hole, sec” 3 3
Take-up Speed., -
= 18 12 12
Draw Ratio 175 LLs 122
Diwing 200 200 200

Temperature,
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Polymer Type

Properties

PFA FEP MFA
Undrawn yam diameter, pm 48 62-69 5965
Drawn yam diameter, pm 3235 5565 4249
Modulus, MPa 2,000 1600 2,060
Ultimate tensile strength, MPa (at 23°C) 180 100 153
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Temperature, °C

- o
23 200 250

Break Elongation, % D1708 40-70 100-150 120-180
Maximum Shrinkage, % D2102 - 510
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Metod, Temperature, °C

i b 2 200 250
Modulus, MPa DI708 830 112 47
Ultimate Tensile Strength, MPa DI708 55 2 143
Break Elongation, % DI708 62 105 125
Maximum Shrinkage, % D2102 = 5
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Temperature,°C

R R 5 w0

DI708 1,130 30

rength, MPa DI708 91 938

Break Elongation, % DI708 101 88
Maximum Shrinkage, % D2102 - 9
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Temperature, °C

Method,
i A 23 200 250
Modulus, MPa DIT08 910 49 14
Ultimate Tensile Strength, MPa DI708 7 19 86
Break Elongation, % DI708 7 91 105
Maximum Shrinkage, % D2102 . 7.6 10






OEBPS/images/B9781884207969500217_bmi-24-9781884207969.jpg
ol o e

Fare
Exposure Temp.

Wuresposes
prie
Braee

FEP | PFA
100 340

ETFE PTFE
200 62

FRM

L
7
’
’
/
’
.
¢
7
/
:

Nylon
12






OEBPS/images/B9781884207969500114_f08-23-9781884207969.jpg
=

SHEAR STRESS (Nimm?2)

O

Smooth& Increasingly  Smooth &
clear rough clear

DIEWALL SUPPING
ADHESION “SUPER SHEAR!

o————

Distorted
extrudate

MELT FRACTURE






OEBPS/images/B9781884207969500291_ug1-13-9781884207969.jpg
(k3= CF;
CF,





OEBPS/images/B9781884207969500114_cetable40.jpg
Variable Example 1 Example 2 Example 3

Inherent Viscosity, dlg 147 155 147
Fiber Diameter, mm 1.87 188 174
Crystallinity, % 36 53 37
wp Crystalline Ratio,

R 125 115 050

R, 086 080 042

R 020 035 0.05
Energy at Break, kgem 58,000 48.000 52,000
Tensile Strength, MPa 568 617 597
Elongation at Break, % 67 60 90
Modulus, MPa 1,665 1,861 1763
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Polyethylene

Low Density 1015 500 180 2700
(0.39-0.59) (195) an (1060)
Medium Density 07 250-535 85315 100-2500
©.28) (100-210) (65-125) (40-985)
High Density 03 185 2 580
©.12) 3) an @30
CAPRAN® 77C 19-20 26 09 47
(Nylon 6) (15-7.9) (1.0) (033) (19)
Fluorinated Ethylene Propylene 022 715 320 1670
(0.008) @81) (125) (660)
Polyvinyl Fluoride 21 75 025 1
©381) ) ©10) @3)
Polyvinylidine Fluoride T3 34 9 55
(.0) (134 D)) @2)
Polyester—PET 10-13 30-60 07-10 1525
Oriented (039-051) (12-24) (0.28-039) (5.9-9.8)

IACLAR® is made from polychlorotrifiuoroethylens.
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Wind-up

Example | o M‘,'{ﬂ"’” Spinning m,':‘;m ':f:_';,',‘:’ Shear | (Draw) s?,',:,,
e (@/1ominy | TP [y mm | Rt P pactor

| PFA440 | 13 390 121 47 15 300 1,830

2 PFA4d0 | 13 390 121 47 37 550 1,650

3 PFA 440 13 390 0.76 318 3 460 1,100

4 PFA 345 52 390 318 127 140 2,900

5 PFA 345 52 390 3.8 12.7 2 170 3,500

6 PFA 445 2 410 318 12.7 3 60 850

'Dupont Teflon® PFA
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Resin Grade AWG WAL Dissie | ieses DDR DRB
2 0.20 m 9 144 104
100 20 0258 7 10 131 Los
16 030 23 15 138 105
14 038 3 15 8 104
Teflon® s 5 G
s 12 038 3 17 6
10 0.63 15 3 103
140 4 058 17 9 105
10 190 b5 15 3 1.09
71 010 0 0 253 )
340 2 0.20 14 9 143 103
7 10 209 Lo7
025 3 15 27 10
Teflon® 5 N
ook 23 14 256 105
10 063 15 33 103
350 4 089 1 9 109
10 1.90 15 3 1.00
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v Giade Screw Speed, Barrel Temperature, Melt Temperature,
pm Rear Center °c
100 10 0| s EQ 70
10-50 345 370 00 0
5075 0| s 5 400
enia 140 510 31 350 s 375
1030 w0 | 5 400
160 510 00 | s 0 0
w020 sis | s 0 B
ED S0 315 545 590 EQ
1050 30 |36 385 90
Teflon”
PrA
350 510 51 345 90 5
1030 wo | s s 350
E 20 ETNTE s s
050 310 340 345 340
s0-100 w00 | 360 0 0
s | o 20 305 330 45 345
e 2050 s | a0 45 340
50100 s | e 330 330
250 s20 s | s 140
2050 ns | a0 s 340
50-100 0 | 360 330 330
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Insulated Wire Size (mm)

X LD.x0.D.
Variable A TA ™
10x14 03x07 19045 % 335

Extruder

Barrel diameter (mm) 30 30 30

Serew LUD 10 2 20

Comprassion ratio 28 26 26

Aperture of dic (mm)

LD.x 0D, 126%95 75%30 2012

Barrel temperature,'C

Rear . 20 280

Canter 320 320 320

Front 360 340 340
Temperature, C

Adapter . 370 370

Dic head 380 410 370

Die 390 20 360
Screw speed, pm 7 9 s
Drawdown ratio 72 120 40
Tvuliingspced i 5 50 5
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Metalin the Salt (11.3) | Total Void Content, % | Average Cell Number of Cells per em*
Barium 55 75 2,300,000
Strontium 59 100 763,000
Calcium 41 220 72,200
Zinc 20 508 24,800
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Insulated Wire Size (mm)

. LD, x0.D.
Variable T = o
10724 48x68 1619
Filler Color. None None
Extruder
Barrel diameter (mm) 40 50 25
Serew /D 20 2 19
Compression ratio 3 3 285
Aperture of die (mm),
LD. xOD. 11224 20x35 13x17
Barrel temperature,°C
Rear 220 320 320
Center 340 375 -
Front 380 390 370
Temperature,"C
Adapter -
Dic head 380
Die 390
Screw speed, pm 12
“Take-up speed, m/min 014

Pull-down rate.
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Compound Total Void Content, % Average Cell Size, pm | Number of Cells per em®
A 55 381 15,000
B 60 152 312,000
© 55 100 2800,000
D 58 76

12,000,000
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Exposure ” :
Foaming Agent Vokl ek Dieeric | (L
8 A Time. | Pressure. | Content, % ¥ Constant .
days | kPa em pn
Chlorodifluoromethane 5 150 53 Loz 1.47 2575
Chlorodifluoromethane' 4 445 57 093 — 315
Dichlorodifluoromethane 4 100 28 1.50 176 13-50
1,2-dichloro-1,1,2,2- N - o B -~ _

tetrafluoroethane:

+Contalne 1% by weldht aluainum odde.
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Frequency.Hz o0 120
Thickness,
Film Type & T=a o e & L
% %
Unoricnted 12.0 48 1.8 37 112 7
Monoaxially N N N
i 137 17 137 16 132 24 25

¢ = Diclectric constant, Tan & = diclectric loss factor.
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Tan5,%

€
Frequency, Hz 0 120 1.000 60 120 1,000
Orientation
1 131 127 131 131 130 128
[l 108 101 113 126 125 124
m 136 147 131 124 121
v 100 107 145 140 137
v 111 103 104 144 142 141
& = Dicloctric constant, Tan 8 = diclectric 1oss factor.
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Frequency, Hz 60 120 1000 10.000 Film
v - Tan g, .| Tans. - Tan & o Tan g, | Thickness,
Film Type € % € % € % € % m
Unoriented 17 as [us | 38 | ns 19 | 1o | 19 120
Monoaxially 5 g 3 3
fsammn 132 13| s 128 1| 27 | 23 36
Biaxially Oriented | 13.1 L 1o | 13 28 | s | 7 | 2 9

¢ =Dielectric constant, Tan 8 = dielectric loss factor.
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Temperature, °C

Length o o
Dismeter, | Diameter | Co
xunder 5o Ratio Ratio | Polvmer | THRKRGS, | gy | netering | AdPIerand | g | pe
@) B Zone | zone | COpursion | pogy | Lips
Main 0 241 s1 ABS s [ 204
ns 2 s PVDE s 2 2 2 P
Suelle 1 241 35 i 7 o 204 207 |






OEBPS/images/B9781884207969500114_cetable21.jpg
Serew

Barrel Temperature, °C

Resin Speed, LU
mm Rear Center Front
ETFEand ECTFE | 5-100 290370 315360 325345 300345
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Characteristic ETFE Terpolymer ECTFE ETFE Quarterpolymer
Comonomer
Ethylene 515 50 50
Tetrafluoroethylene 4675 - 468448
Chlorotrifluorocthylene: - 50 -
Perfluorobutylethylene 175 - -
Hexaflworopropylene - - 35
Perfluoropropylvinylether - - 02
Melting Point“C 270 25 275

Melt Viscosity, Pa-sec

10000 (at 297°C)

2,000 (at 275°C)
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Shrinkage at 200°C, % Modulus' in Ultimate Strength, MPa Creep, %
Stretch Longitudinal
Ratio | Longitudinal | Transverse | Direction, | Longitudi Transerse | Longitudinal | Transverse
Direction | Direction MPa Directi Direction Direction | Direction
0 07 0s 1104 s18 159 82 29
1 40 1346 938 9 .
2 353 27 2139 1297 407 42 -
3 208 0 3381 2139 697 19 76
4 147 0s 267 945 15 99
s 127 L3 5575 3063 1401 Ls ,
6 2 L5 6624 029 1691 08 -

*ASTM Method D832
2 ASTM Method D674
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Ultimate Strength, MPa

Shrinkage at 200°C, % Modulus' in
Steeteh Longitudinal
Ratio | Longitudinal Transverse it Longitudinal Transverse
Direction Dircction Direction Direction
0 1 08 1525 711 304
1 338 117 1891 959 324
2 262 45 2,546 1421 428
3 152 L5 3899 2063 66.9
4 97 23 4982 2795 925
5 87 27 5437 2995 107
6 8 35 6,624 3146 1532
7 82 25 6914 2546 164.2

1 ASTM Method D882
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o Shrinkage at 200°C, TEnin Ultimate Strength, MPa
Ratio | Longitudinal Transverse Longitudinal Transverse
Direction Direction Wi Direction
] 13 0.05 1214 531 2.1
1 35 97 2042 759 317
2 27 13 3754 1428 6.1
3 0.8 5472 2312 1125
4 15 6,100 1511

1 ASTM Method D882
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Appearance of FEP.

e | e e oy Temperature, e
100 Smooth Smooth 3 s
150 e ooy Smooth 3n 3
320 Some sharkskin Smooth 37 17
620 Sharkskin Smooth ) )
1320 Sharkskin Smooth 34 7s
2720 Sharkskin Smooth ) 155
3,650 Gross melt fracture Smooth 3% 208
4200 Gross melt fracture Smooth 37 21
4500 Gross melt fracture Smooth 3 26
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Feed Section

LT 4= A L

Suggested dimensions of screw

Depth of feed Depth of metering Widthof

Dismeter (0) Pitch (7) section (1) Seclion (h,) and ()
(mm) (mm) (mm) (mm) ()
81 381 5 2159 3810
e} s 74 2464 45
508 508 84 279 5080

635 635 107 3556 6.350
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Example Tenacity Modulus, Shrinkage at
No. MPa MPa 200°C
2% 190 1,400 23 1
9 31 190 1400 7 9
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Maximum

r:uN-:m Li-::; Il:;;:Is 3 Initial MMPu‘dllns, Ehn:: o shr;ns‘l;:zf at
1 98 210 2,000 2 5
2 1 220 2,500 27 s
3 6 240 2,400 2 6
4 36 230 2,700 19 4
5 2 280 3,400 17 s
6 127 200 1,200 3 4
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Exammls Melt Flow Dic | DieLand | Shear |  Wind-up
No. Resin' Rate Diameter, [ Length, Rate, [ (Draw) Speed.
(g/10min) mm mm s’ m/min
8 FEP100 | 69 380 159 635 8 120 1270
9 FEP100 | 69 380 159 635 16 180 950

"Dupont Teflon® FEP
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Heat Distortion

Dielectric

Dissipation Factor

Diclectric Strength,

« | Temperature, °C | Constant at 23°C| at23°C V/mm Radiation
Helar 0.46 MPa| 1.82 MPa| 6 3 6 0.025mm | 3.18 mm Reiiance,
Stress. | Stress | W0/ H2 || 10°H2 | 1Bz | 10°Hz | myiciics| Thicimness m
30 | 90 6 | 250 | 259 | 0.0016 | 0014 80 14 2x10°
500 92 67 247 2.57 0.0014 0.013 80 14 2x10°
901 % 6 | 250 | 259 | 0.0016 | 0014 80 14 2x10°
6014 B B 250 | 257 | 00017 | 0017 30 14 2x10°
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Clamp 357 357 357
Adaptor 316 343 316
Crosshead 22 341 282
Die 274 357 m
Melt 338 362 39
Wire Preheat 135 82 ns

Screw Speed, rpm 20 14 0

Crosshead Pressure, MPa 7.0 172 89

Crosshead Vacuum, mm Hg — 100 50

Wire Speed, m/min 76 56 2

Core Length, mm 51 19 51

Air Gap, m 12 10 10

Extrudate Properties:

Foam diameter, mm 236 233 235
Capacitance, pF/m 619 02 623
Dielectric Constant 144 140 146
Foam Cell Diameter, um 90 150 150
Voids, % 50 55 50
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_— Length of Exposure, | Tensile Strength, Elongation,
o Hours. MPa %
0 40 145
Unfilled ETFE
3,000 40 135
0 82 7
Filled ETFE 1,000 60 s
(containing 25% weight glass fiber) 2,000 576 5
3,000 558 s
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Retained Properties—%

Chemical Days [ enste | T Weighe
rength Gain

Acid/Anhydrides
Acetic Acid (Glacial) 118 s 7 82 80 34
Acetic Anhydride 139 139 g 100 100 0
Trichloroacetic Acid 196 100 ¥ 90 70 0
‘Trichloroacetic Acid 196 120 30 100 100 —
Aliphatic Hydrocarbons
Mineral Oil — 180 7 90 60 0
Naphtha — 100 7 100 100 05
Aromatic Hydrocarbons
Benzene 80 80 g 100 100 0
Toluene 110 110 7 — — —
Functional Aromaties
0O-Cresol 191 180 7 100 100 0
Amines
Aniline 185 120 7 81 99 27
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Reagent Exposure Temperature, °C Exposure Time Weight Gain, %
Hydrochloric Acid
10% 2% 2mo 0
10% 50 12 mo 0
10% 70 12 mo 0
20% 100 8hr 0
20% 200 8hr 0
25 12 mo 0
0 12mo o1
25 12 mo 0
70 12 mo 0
100 8hr 0
200 8hr 0.1
Sodium Hydroxide
10% 2 2mo 0
10% 0 12 mo 0.1
50% 100 8hr 0
50% 200 8hr 0
Ammonium Hydroxide
10% 25 2 mo 0
10% 70 12 mo 0.1
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Solvent Tebn i sC, Exposure Time Weight Gain, %
20 12mo 03
Acetone 50 12mo 04
70 2wk 0
78 96 br 05
Benzene 100 8hr 06
200 8hr 10
25 12mo 06
50 12mo 16
g;':"‘m i 70 2wk 19
100 8hr 25
200 8hr 37
25 12mo 0
50 12mo 0
Ethanol (95%) 70 2wk 0
100 8hr 01
200 $hr 03
25 12mo 05
Ethyl Acetate 50 12mo 07
70 2wk 07
25 12mo 03
Toluene 50 12mo 06
70 2wk 06
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Exposure Tensile Streneth Elongation
Resent qu:;mn. c Retained, -:‘ nm':cd, % elehlChin o

Acids/Anhydrides:

Glacial Acetic Acid 18 95 100 04

Acetic Anhydride 139 91 % 03

“Trichloroacetic Acid 19 % 100 22
Hydrocarbons:

Isooctane 9 % 100 07

Naphtha 100 o1 100 0s

Mineral Oil 180 57 95 0

Toluene 110 8 100 07
Aromatic:

O-Cresol 191 %2 % 02

Nitrobenzene 210 % 100 07
Aleohol:

Benzyl Alcohol 205 %2 % 03
Ether:

Tetrahydrofuran 66 58 100 07
Amine:

Aniline 185 % 100 03

n-Butylamine 78 % o7 04

Ethylenediamine 17 9% 100 0.1
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Exposure

Tensile Strength

Elongation

Reagent Temperature, Retained, Retained, w’i"_';_c’i"‘
3 % %
Acids:
Hydrochloric (conc.) 120 98 100 0
Sulfuric (conc.) 120 95 98 0
Hydrofluoric (60%) S 99 99 0
Fuming Sulfuric » 95 9% 0
Onidizing Acids:
Aqua Regia 120 99 100 0
Chromic (50%) 120 9 97 o
Nitric (conc) 120 95 98 0
Fuming Niric B % 9 o
Bases:
Ammonium Hydroxide (cone.) 3 98 100 o
Sodium Hydroxide (cone.) 120 0 9 04
Peroide:
Hydrogen Peroxide (30%) 2 0 95 0
Halogens:
E5) 99 100 05
59 95 95 <
120 92 100 05
Metal Salt Solutions:
Ferric Chloride 10 9 98 o
Zine Chloride (25%) 100 9% 100 0
Miscellancous:
Sulfuryl Chloride © 8 100 27
Chlorosulfonic Acid 151 o1 100 07
Phosphoric Acid (conc.) 100 93 100 0
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Screw Diameter (D), Feed Section (hy), Metering Section (hs), ‘Width of Land (W),
mm mm ‘mm mm
30 55 25 3.0
45 6.0 27 40
50 102 34 45
65 127 43 65
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Variable Location Impact Control Method
1. Extruder barrel: 34 zones Melt viscosity P CoRr e barel.
Temperature ) zones
e R degatafion . On-off control i less desirable
1 Mol temperature
Consistent flow requires g
consistent pressure 2 Screw ggecd
Pressure Inside the barrel 3. Breaker plate
Excessivepressure may | >
damage cquipment 4. A rpture disk relieves
overpressure
1 Extruder 1 Extruder output 1. Solid state controllrs
Motor drive

2. Take-up capstan

2. Line tension

Electronic controllers

1 PID is abbreviation for proportionsl-integral-diflerential controller.
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Resin Type

FEP 100
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PFA 340

PFA 350

ETFE 210

ETFE 200

ETFE 280

Critical Shear Rate,
sec’!
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“Teflon® and Tetzel® by DuPont
See Table 8.13 for processing conditions
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Dielectric Dielectric Dissipation Apparent Flow Rate,
. Volume Strength Constant at 23°C | Factor at 23°C 2/10 min @ 232°C
Kynar® | Resistivity, | (0.125 mm
By “":‘V"/‘I‘““‘;L 10°Hz [10°Hz [ 1°Hz | 10°Hz ""’:;;z's "“'f‘:"ﬁ
Homopolymer
460 1.5x10" 67 1014 | 905 | 0051 | 0050 0923 411
710 1.5%10" 63 - - - 18-48' -
720 1.5%10" 63 8.30 785 0.030 0.052 49-123 11-30'
730 1.5%10" 63 9.98 920 | 0.036 | 0039 14-24 51-85
740 1.5x10" 6 855 | 820 | 0034 | 0058 69 2333
760 15x10" 63 10.46 9.61 | 0.040 | 0.044 345 12-17
Copolymer (Kynar® Flex)
3120-50 2.0x10" - 7.5-10.5 - 0.02-0.05 - - -
2850 2.0x10% - 7.5-10.5 - |002:005| -
2800 23x10" - 7.5-10.5 - 002005 - - -

TAta lokd oF S ko,
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Nucleating Agent

Density, glem?

Void Content, %

Average Cell
Diameter,

Surface Quality

Taleum 0.68 B 100 Smooth
Cateium oxide 0 7 125 Smooth
Magnesium oxide 095 - 125 Smooth
Titanium oxide 07 s 300 Slightly Rough
Carbon black 10 0 200 Slightly Rough
o 0.67 o 400 Slightly Rough
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FEP Composition No.

Parameter
1 2 3
Extruder:
Barrel Diameter, mm 45 60 45
Die Diameter, mm 558 432 558
Guide Diameter, mm 190 191 191
Screw Flights/depth:
(number of flights/mm depth)
Feed Zone 1083 12114 12114
Transition 3- 3 "=
Metering Zone a1 none 431
Mixing Zone 451 none 451
Pumping Zone 628 558 628
/5.1 107.1 451
338 357 38
Center Rear 338 360 38
Center 338 360 38
Center Front 341 362 341
Front 341 362 341






OEBPS/images/B978188420796950014X_cetable12.jpg
Extrusion Number

Parameter
1 2 3 4
Polymer Type PEA PFA FEP FEP
Nucleating Agent:
Boron Nitride, % 025 025 025 025
Calcium Tetraborate, ppm 110 1o 120 120
Barium Sulfide, ppm 180 150 - —
Extruder:
Die Type Tubing Slab Stab stab
Die Diameter, mm 326 - - -
‘Guide Tip Diameter, mm 1.90 - - -
Temperatures, °C:
Rear 343 34 334 307
Center Rear 343 36 348 324
Center 344 36 347 329
Center Front 344 36 347 )
Front 318 352 332 308
Clamp 316 329 305 23
Adaptor 307 316 295 m
Crosshead 277 316 309 219
Die 278 - - -
Melt (in extrusion dic) 38 32 304 218
Serew Speed, pm 21 80 80 80
Crosshead Pressure, MPa 7.69 321 59 893
€O, Injection Pressure, MPa 286 217 217 217
Air Gap, m 06 - - —
Extrudate Properties:
Outside diameter, mm 236 - - -
‘Wall Thickness, mm 0.06 — - -
Foam Cell Diameter, um 2 40-60 75-100 -
Voids, % 39 48 e =
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Total Void

Average Cell

Dideatric | Exterior
Compound | Boron Nitride Characteristics | Content, Size, Didectric | Surface
% m C Condition
Unmilled, average particle . ;
A um and surface area of 6.1 & % L Siooth
Unmilled, average particle :
B um and surface area of 9.7 o e s ook
. Milled, average particle size 6.3
- wm and surface area of 7.1 m¥g b o Rowgh:
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4601461 L1x10" 104 72 | 73 | 60 | 003 | o015 | 016 .
MP10I0-1 | 11410% 13 69 | 66 | se | oo | ooz | oiss -
MP2020-1 | 11410% 124 68 | 69 | 60 | 0032 | 003 | oiss .

000" EEY
558

" Powder form for architectural coatings.
* Powder for coating applications.
3 Per ASTM Method D1210.
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Line Speed + + — —
Die to Quench Bath Distance + - + +
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Ty Surface Chemical Analysis (%) by ESCA' 5
Treatment | FC | ac [ o o o N o | BondStrength.N
Ratio | Ratio | Ratio

PVF

None 041 = oon @ 704 | 288 08 360

10sec 037 s 0012 s 74 | 267 09 800

1 min 037 - 0021 3 754 | 230 16 2080

60min 013 - 0015 - 873 | 114 13 3.020
PVDF

None 093 - 0014 - 514 | 479 07 1,580

1 min 017 - 012 - 774 | 129 97 2450

60min ol = 014 s 795 92 | 113 2940
ECTFE

None o6l | 027 | - 143 | 32 | 325 - 240

1 min 024 | 005 | 0095 | 37 | 725 | 177 69 3300
PTFE

None 16 - - - 84 | 616 - 420

10sec 001 - 013 = 87.6 08 | 116 4280

1 min 001 = 020 s 822 09 | 169 4260

* Electron Spectroscopy for Chemical Analysis. * Bond strength in Newlon (N) using lap shear test (sec Fig. 14.2). An cpoxide.
adhesive was used for PVF, PTFE, and ECTFE, a cyancacrylate adhesive for PVDF.
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Material

Treatment
FEP PFA
Untreated » 0.1 » 0.04
Sodium Etched” s 82 - 64
Plasma Treated 22 104 15.8 83

asonics/IPC Applications Notes, Gasonics International, San Jose, California. * Tetra-Ftch* by WL Gore &
Aaseliben. T * Toos fons b astaten.
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Surface Chemical Analysis (%) by ESCA' o
’ - Strengt
rotymer | tremen [Tgc [ e [ o | o | o = s
Ratio | Ratio | Ratio

PTFE None 60 | - ] - e [es | - 21

-
PTFE T’:'I‘;fi'::' oot | - fo2| - | s22 | 09 | 169 23
PTFE Nimin' | 0005 | - 014 | - 872 | 04 | 124 214
PVE None 0 | - o rea [es | 18

=
PVE T ’(‘3’;‘;:; 021 | - [oo2| - | s07 [172 | 21 208
ECTFE None 064 | 027 | - | 141 | s25 | 334 | - 12

=

ECTFE g ‘:’I‘:l':)‘ 016 | 005 |02 | 38 | 749 [ 122 | oa 100

" Eleetron Spectroscopy for Chemical Analysis. * Lap shear test (se¢ Fig. 14.2).  Supplied by WL Gore Comoration. * Treatment
o § inle sualntiin: of bodinse nahihalialits bn teivebnrhefin o sotsh Meikasiatns
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‘Thermal Conductivity, W/(m'K)
30°C 014 014
°c 017 017
Solar Energy Transmittance, % 90 B
Moisture Vapor Transmission, nmole/(m®sec) at 7 =
KPa and 39.5°C 40 24
Surface Resistivity, GE2 per Square
1°C 60,000 20,000
100°C 7 B}
Volume Resistivity, GE2 per Square
2°C 2,000 700
100°C 01 2
Diclectric Strength, kV/pum
Short Term ac 013 0.08
Short Term de 019 0.15
ctric Constant (at 1 kHzand 23°C) 62 71
Dissipation Factor, %
10 kHz and 23°C 0019 0.019
10 kHz and 100°C 0.067 021
1 MHzand 23°C o 028
1 MHzand 100°C 0.09 021
Specific Gravity 178 168
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Nucleophile ~+ CF,=CF, — [Nucl® [CF;=CFy}*

TFE 1
[Nuc®* [CF,=CF,J* — Nuc'-CF,-CF; — F- - Reaction Products
1

EXAMPLE: Nuc = CH,-O-Na [No proton donor like water is present]

CHy-O-Na + CF,=CF, — Naf + CH,-O-CF=CF,
1






OEBPS/images/B9781884207969500114_f08-08-9781884207969.jpg
Draw Off Unit

5 6
1Die 4 Vacuum Box
2 Air Knife 5 Chill Roll |

3 Cleaning Roll 6 Chill Roll Il





OEBPS/images/B9781884207969500175_cetable8.jpg
Lamination Temperature,

Bond Strength,

e Post Heat Treatment L Failure Interface
230 Yes 137 FEP-Al

230 No 161 FEP-Al

235 No 167 FEP-Al

241 No 127

240 Yes 182

m Yes 214

m No 26 PLFEP
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FEP Corona Bond Strength, g/em at heat | Bond Strength, g/em at heat
T FEP Film Speed,  seal temperature of 315°C seal temperature of 350°C
reatment k]

Sinsphers Treated PIL | Untreated PI | Treated PI | Untreated PI
Air 15.1 135 155 -

Air 242 163 139 :
Acetone 15.1 208 110 416 253
Acetone 2, 19 50 287 138
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‘Surfuce Chemieal Analysis (%) by

Polymer/ - Bond Strenzeh,

Treatment N E S @ & 5 & N
PVE

No 041 . o.0n . 704 288 08 360

Yes 041 ¢ 0.065 8 676 20 44 3240
ECTFE

No 061 027 - 143 532 25 - 240

Yes 025 012 0.087 80 688 172 60 980

No 160 . = 2 384 616 e 420

Yes 194 g 5 2 340 660 & 80

" Electron Spectroscopy for Chemical Analysis. * Bond strength in Newton (N) using lap shear test (see Fig. 14.2) using an epoxide
adhesive.
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MeltFlow| /o Specifi Elongation at ___Impact Resistance, J/m
Halar® | Rate, | poincd | PO | Strengthat | Breakat [ Notched Izod| Notched lzod
£/10 min 23°C,MPa |  23°C,% @23°C @40°C
300 2 240 1.68+0.05 54 250 No break 122
500 18 240 1.68£0.05 46 260 No break 64
901 1.68+0.05 No break 122
6014 1682005 No break 48
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Tt | o, | Mot | soeine | i, | SRR | S, | e,
10 min 23°C,MPa | 23°C,% |23°C,10°Hz | 10°Hz 10° Hz
200 7 255280 17 45 300 2526 0.00308
207 30 250-280 17 40 300 2628 0.009
210 20 255280 17 40 300 2526 0.0054
280 4 255280 17 40 300 2526 0.0072
750 g 255280 | 175-1.79 38 300 - -
HT2127 i 245250 | 175-179 38 300 E 2
HT-2160' 23 255280 i 345 300 . "
HT2167' 23 255280 17 345 300 - R
HT2170' 23 220250 17 276 200 - -
HT2181 6 255280 i 40 300 2526 0.006
HT2183 6 255250 17 40 300 2526 0.007
HT2185 1 255-280 17 40 300 2526 0.0054
HT-2190 114 255 170 - - - -
HT2195 20 253 172 . 2 . =
HT-2000 7 255280 - 414 300 2.6 0.007
HT2010° 3 255280 s 414 300 26 0.007
HT-2020° 45 255280 - 414 300 2.6 0.007
HT-2182" s 255-280 - 414 300 26 0.007
HT2184 5 255280 - 414 300 26 0.007
HT-2202" 7 250 17 35 250 - -
il ikt it s seaki Tuoiais Sahtw orLING) 7 Dt fri. *This atclalkadion b valviiikts.
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Neoflon® | Melt Flow Rate. | Melting Point. Tensile Streneth [Elongation at Break
2/10 min e at23°C, %
EP-521 816 260270 172176 4247 420450
48 260270 172176 4247 420450
495 250265 172176 40-50 330-500
EP-610 2535 218228 183-1.88 2833 300-400
EP-620 918 218228 183-1.88 2833 300400
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Diclectric

Melt Flow . Tensile | Elongation | Constantat
Aflon® LM | Rate g0 | Mg | Spedle | rengin ac | at Breakat [ 23°C,
min Grvity | J%c,MPa | 23°C,% 101z
10° Hz
24
LM720A | 1020 25 178 r 380
24
24 0.007
LM730A | 2030 25 178 a0 400
24 0.0082
24 0.007
LM740A | 3040 25 178 38 420
24 0.0082
cor 25 0.007
J 12 260 174 16 430
(C-88A%) 25 0.0082
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Melti 7 Tensile |[Elongation at|  Flex ‘Compressive lmv‘;;?;‘;;:“““ &
Kynar® Pni‘.::';“‘: f;‘:::::; Strength at | Break at | Modulus, | Strength at (— .
23°C,MPa| 23°C,% | GPa |23°C,MPpa [Notched | Unnotched
Tzod Tzod
Homopolymer
460 155-160 1.75-1.77 31-52 50-250 1.14-1.79 55-69 107214 800-2,140
710 165-170 1.77-1.79 3145 50-250 1.17-2.24 69-110 160-427 | 1,068-4,270
720 165-170 1.77-1.79 3145 50-250 1.17-2.24 69-110 160-427 | 1,068-4,270
730 | 165170 | 177179 | 3145 50250 [117-224 | 69-110 | 160427 | 10684270
740 165-170 1.77-1.79 31-45 50-250 1.17-2.24 69-110 160-427 | 1,068-4,270
760 165-170 1.77-1.79 3145 50-250 1.17-2.24 69-110 160-427 | 1,068-4,270
Copolymer (Kynar® Flex)
312050 | 166 - - >100 0.69 - - -
2850 158 - - >50 10 - - -
2800 142 - - >100 0.65 - - -
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Melt Flow : Tensile | Elongation Impact
Melting | | Flex | Tensile 5
i Index Point, | Specific |Strengthat | atBreakat | vyl |y oguy, | Resistance at
@nre, | ot | Grav 23°C, 23°C, o Gra | PG am

5ke) d MPa % 2 2 Notehed Tzod

1008 8 174 | m 3550 2050 22 26 55

1010 2 17 | 1w 35-50 20-50 21 25 110

1012 05 174 178 3550 2050 2 24 150

1015 - 174 | 1w 3550 2050 3 23 385






OEBPS/images/B9781884207969500096_cetable13.jpg
> A Tensile Strength Elongation at

Sole® | Melt FlowIndex | - MeldngPolnt, | o in Gravity | at2eC, | Breakat2ec,
(at 230, Ske) o g
MPa

11008 s 160 178 2040 200600
1010 > 160 178 2040 200600
20810 > 150 178 2040 00750
21508 s 135 178 2040 00750
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31008 5 168 1.76 >14-30 350-600
31508 5 168 1.76 14-30 350-600
32008 5 168 175 14-30 350-600
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Apparent e Impact Resistance at
Melt Viscosity  Meting Hesr Flex 23°C.Iim
Hylar® @232°C, Point, s lodulus,
@ 100sec™, c MPa GPa | Notehed | Unnotehed
Kpoise : Lzod Lzod
as0/a61 2520 @ s | s s
[ 165168 | 177179 | 5157 2 | 00 | >1s00
tesies | 177179 | 49ss | so2s0 2 | 100200 | Nobreak
156160 | 175176 | - . . . :
5000HG' 1821 164-167 1.75-1.76 - - - - -
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Retained Properties

Chemical Name Tz;::"c s‘;:::n Elongation (‘g.n:,;e
Acetic Acid 140 i 1 |
‘Ammonium Hydroxide, 30% 140 ' 1 2
Butanoln 121 1 1 9 i
Chromic Acid, 30% 100 T T 00 2
Hydrochloric Acid, 37% 100 [ T 07 3
Hydrofluoric Acid. 49% 100 i [ 02 2
Hydrogen Peroxide (60%) 30 1 1 03 i
Methanol 50 T 1 04 i
n-Methylpyrrolidone 2 T T is i
Methylene Chloride 50 T T al i
Nitic Acid, | 121 1 [ 04 i
Nitric Aci 7 1 T 23 2
Phosphoric Acid, $5% 130 [ 1 0.1 2
Potassium Hydroxide, 50% 121 [ [ 0.1 2
Propanol * S0 1 [ 016 i
Sodium Hydroxide, 50% 132 [ 1 02 2
Sodium Hypochlorite, 5% 121 [ 1 [ i
Sulfuric Acid, 98% 121 1 1 07 3
Toluene 2 1 [ 07 i

* tested for 28 days; all others tested at 30 days. Values are comparable.

LEGEND

RETAINED PROPERTIES:
1~ Insignificant

COLOR CHANGE:
1- o change

2- any shade of tan
3- brown or black






OEBPS/images/B9781884207969500151_cetable14.jpg
Water Vapor Transmission

G
cc (STP) mil/100 in*/24 hr-ATM

“Transmission

gm-mil 100 in*/24 hrs
@ 100°F @ 90% RH @77F
Hoiee = (gm-mm/m?24 hrs (ec [STPJ-mm/i/24 hr-ATM
@378°C @ 90% RH) @25°C)
o, N co,
. 0016 7 1 14
'ACLAR" UltRx, S
(0.006) s 0.4) 55
ACLAR®33C 0020 7 1 16
(0.008) @s8) (04) ©3)
ACLAR* 22C 0,026 15 25 40
(0010) (5.9) (1.0) (15.7)
ACLAR* 224 0.027 12 25 30
(©0011) @n 1.0 (120)
02006 0869 0.12-15 3844
PVC, PVDC Copolymer
(0.08-024) (03-2.7) (0.05-0.6) (15-17)
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Wall Thickness,

“Temperature,

Part Mol 2
nm g
Hair dryer case 03 myfle 19 35 13
¥ aluminum
Rectangular tank P———
ng 1.6 mim thick sheet e 2 “
454 m 10 cm * 15.1 metal
3 .
15.1 cm sphere Gt 31 296 14
aluminum
504 cmT pipe joint | 16, mm thick cast 35 315

ductile iron
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Part Wall

Rotation rate for boxes,

totation rate for spheres anc

in  Thickness, RIS Oven Time, _ cyinders, and tees, rpm ellipsoids, rpm
o Major Axis | Minor Axis | Major Axis | Minor Axis
TFE | 15625 305330 25-60 8 9 3 10
PFA 23 355385 90-180 8 9 8 10
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Property

Nomi

Film Thickness, mm

0.0125

0.025

0.05

0.125

0.1875

025

050

0.75

15

225

3.125

Nor
m'kg

I Area Factor,|

36.1

18.1

9.0

36

25

18

0.90

0.60

030

020

0.14

AC Diclectric
Strength, kV/mm

120

120

108

72

56

40

Max. Dielectric
Constant at 25°C and
1 kHz

215

215

215

215

Max. Dissipation
Factor at 25°C and |
kHz

0.0005

0.0005

0.0005

0.0005

0.0005

0.0005

0.0005

0.0005

0.0005

0.0005

0.0005

Min. Volume
Resistivity at 170°C,
Qcm

10

10

10

10

10%

10%

10"

10

10

10%

10

Min. Surface
Resistivity at 23°C
and 38% Relative
Humidity, Q per

Square

105

10

10

10%

10'

10"

10

10

10%

10"
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Property

Film Thickness, pm

125

25

125

187.5

250

Nominal Area Factor,
mkg

444

22

44

33

22

AC Dielectric
Strength, kV/mm

160

100

8

7

Max. Dielectric
Constant at 25°C and
1kHz

27

27

27

27

27

Max. Dissipation
Factor at 25°C and 1
kiz

0.0008

0.0008

0.0008

00008

0.0008

0.0008

0.0008

Min. Volume
Resistivity at 170°C,
Qcm

10"

107

107

ol

o

i

Min. Surface
Resistivity at 23°C
and 38% Relative
Humidity, © per
Square

10

10

10"

10

10%

10

‘Tensile Strength at
25°C, MPa

345

a4

a4

414

414

a4

414

Elongation at Break
a25°C, %

175

200

250

250

250

250

250

Max. Shrinkage' at
200°C.
MD
™

3

2
4

Ll

%2

Min. Tear Strength,
ke/mm

16

16

16

16

Peel Strength™’ of
CLZ and CLZ-20
Films, glem

615

19

298

794

Melting Point, °C

250270

250270

250-270

250-270

250-270

250-270

250270

Density, g/em’

1.73-177

173-1.77

1.73-1.77

1.73-1.77

1.73-1.77

173-1.77

1.73-1.77

! Average of five measurements on freely suspended pieces of film (10 cm * 10 ¢m) in an air oven at 200°C for 30 minutes.
68040 (acrylic-based).  Pecl

* Film is adhered to aluminum (Aldine #1200, 0.48 mm thick) sheet using DuPont adhes

srength is measured by peel test at a 180° angle at  ate of 30 ca/min.
A2 il s sl
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Thickness, pm

Characteristic
20 50 | 100 | 200

Area Factor, m’/kg | 22.6 | 9.0 | 4.5 [ 23
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Thickness, pm

Characteristic
225 | 37.5 | 62.5 [ 125

AreaFaclor.mz/’kg 255|154 | 92 | 46
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Type

Grade
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I | General Pupose | - =
5 One Side
I | CementableFilm | 1 Bl
3 Two Side
Cementable

Specialty Film
(high flex life,
high temperature:
and demanding
chemical service)

v

Mold Release
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Nominal Film Thickness, pm

Property 125 25 0 75 s | w5 | s 500
Nomial Area Fachor, || (355 181 90 60 36 24 18 09
mikg
AC Dielectric
st 160 160 140 120 100 80 n 56
Max. Dielectric
Constantat25°Cand | 215 215 215 215 215 215 215 215
1kHz
Max. Dissipation
Factorat25°Cand 1| 00003 | 0.0003 | 0.0003 | 00003 | 00003 | 0.0003 | 0.0003 | 00003
Kz
Min. Volume
Resistivity at 170°C, 107 107 10" 107 107 107 107 10"
Qeem
Min. Surface
Resistivity at 23°C
and 38% Relative 10" 10% 10 10% 10% 10" 10* 10"
Humidity, © per
Square
Tensile Strength at 5
e 138 172 172 172 172 172 172 172
Elangation at Break 175 200 250 250 250 250 250 250
at25°C,

Max. Shrinkage' at
5 15 3 £ 2 2 2 2
15 15 3 2 2 ) 2 %2
Peel Strength’ on
ASTM D 3368 Type 67 19 208 a7 794 794 1190 -
1 Films, g/em
Melting Point, °C 260280 | 260-280 | 260-280 | 260280 | 260-280 | 260-280 | 260280 | 260-280
Density, g/em’ 213217 [ 213207 [ 213207 [ 23217 [ 213207 2327 [23207 [ 213207
ASTM D 3368 Class
Avalability Type L1 | Type L 11 | Type L1 | Type L, 11 | Type L 11 | Type L1l | Type LI | Typel, 11
* Average of five measurements on frecly suspended picces of film (10 cm * 10 em) in an air oven at 200°C for 30 minutes.

2 Film is adhered to aluminum (Aldine #1200, 0.48 mm thick) sheet using DuPont adhesive #68040 (acrylic-based). Peel
stronath is woasured by pecl et ot 1007 maale at & vate of 90 covimis.
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Nominal Film Thickness, mm

Property 0425 | 025 | 0375 | 05

10 15 | 1875 | 225 | 325

Nominal Area

2 36 | 18 | 135 | 09 |o0675 | 045 | 03 | 025 | 02 | 0144
Factor, m'kg

AC Dielectric

Swength, kvimm | ' | 72 L s B - - - - B

Max. Dielectric
Constantat25°C | 215 | 215 | 215 | 215 - - - - - B
and | kiz

Max. Dissipation
Factorat 25°Cand | 0.0003 | 0.0003 | 0.0003 | 00003 | - = = B B 5
1 kiz

Min. Volume )
Resistivity at 107 10" 107 10" - - - - - -
170°C, Qrem

Min. Surface
Resistivity at 23°C
and 38% Relative
Humidity, € per
Square

w0 | e | 1o R R R R R R

Tensile Strength at

B 2 [ 2 |2 | 2 | m2

172 | 172 | w2 | 12

Elongation at Break

229C % 250 | 250 | 250 [ 250 | 250 | 250 | 250 | 250 | 250 | 250

Max. Shrinkage' at
200°C, %
MD 2

2 L) x4 ) 4 4 5 5
™ 22 2 12 2 4 24 44 4 45 15

Melting Point, °C | 260-280| 260-280 260280 |260-280 | 260-280| 260-280 [260-280 | 260-280 | 260-280

Density, g/em’ [2.13-2.17[2.13-2.17[2.13-2.172.13-2.17[2.13-2.17[2.13-2.172.13-2.17[2.13-2.17[2.13-2.17|

ASTM D 3368
Class Availability

TypelV | Type IV Type IV | Type IV | Type IV | Type IV [ Type IV | Type IV [ Type IV

A iona i mmmtmtin ou e oatstekii siiatul

film (10 cm * 10 cm) in an air oven at 200°C for 30 minutes.
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Halar® Melt Viscosity Melt Index., /10 min Form
WILC High ! Pellets
801 High 1 Pellets
300LC Intermediate 2 Pellets
350LC Intermediate 4 Pellets
930LC Intermediate 45 Pellets
840 Intermediate 12 Pellets
812 Low 12 Micropellets
500LC Low 13 Pellets
S13LC Low 18 Pellets
558 Low 13 Pellets
6014 Low 12 Powder
5504 Low 12 Powder
6614, Low 12 Powder
8014 Low 12 Powder
5004, 5005 Low 12 Powder
1450LC Very Low 50 Powder






OEBPS/images/B9781884207969500096_cetable21.jpg
Tensile

Elongation at

THY Melt Flow Rate, Melting | Specific

Fluorothermoplastics | g /10 min (at 260°C, 5kg) | Point,°C | Gravity g;’g';:;: ‘;3':";‘,;:
200 20 115-125 1.95 2% 600
400 10 150-160 197 3 500
500 10 165-180 198 2 500
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Fluoropolymer

PFA, FEP PFA, FEP ETFE
(3.2 mum thickness) (1.6 mm thickness) (1.6-3.2 mm thickness)
Time,min | Pressure,MPa | Time,min | Pressure,MPa | Time,min Pressure, MPa
08" 0.17 017 0-6' 0.26
3-10' 17 17 6-10' 0.69
10-12' 172
05 345 i [ 345

$in ot poess: 2 ool mrase:
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Molding Typical Process
Technique Advaniees WELE Shear Rate (sec”)
“The most precise control of shape and 5
High capital cost; is only good for
Injection | dimensions, highly automatic
e | e | IR |y
cholce of materiaks. i peessutes (10 MP)
Lower mold pressres (7 MPa); does | Requires more labor; longer cycle
Compression | minimum damage to reinforcing than injection molding; less shape P
Molding | fibers (in composites); large partsare | flexibility than injection molding:
possible. cach charge is Ioaded by hand.
Transter Good for encapsulating metal parts | Some serap with every part and o
Molding | and clectronic circuits cach charge is loaded by hand. 8
No direct control over wall
| conmm | S
Molding ‘mechanical properties, fast cycle: details with high precision; -
5 d 5 requires a polymer with high melt
requires low labor ey
Labware thats shatterproof and won't "
ot mnples o very: | At proces;mepdeesiioeand
Rotational | £oniaminate samples; small o v involves numerous moving parts oo
Molding/Lining | piie 100 Wessel Vel i e A great deal of cleaning and
surface conditioning is necessary.
- - ‘Must be cooled below it glass
Extrusion Used for films, wraps, or long transition temperature to maintain 100-1,000

continuous parts (ic., pipes).

stability.
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Property Clear Film (55 m thick) _|Pigmented Film (55 pm thick)

Yield Strength, MPa 41 33
Break Elongation, % 250 115
Tensile Modulus, MPa 44 110
Tear Strength, kg/m

Initial 196 129

Propagating p2) 3
Impact Strength, k/m 90 43
Density, glem’ 138 172
Refractive Index 146 -
Coclicient of Linear Cocficient of Expansion. —_. .
em/(en°C)
Continuous Use Temperature, °C 70t0 107 70 to 107
Short Term (1-2 hr) Maximum Temperature, °C 175 175
Zero-strength Temperature, °C 300 260
Self-ignition Temperature, °C 390 390
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@ Melt Flow Rate, % 3 Flexural Modulus,
Teflon' omin | Melting Point,°C T
23°C | 200°
GF1 2 265275 213217 655 30 12
GF2 7 265275 213217 655 28 8
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EHMW FEP Content/PCTFE Content, wi%

Variable
1000 | 9o | owo | 7525 | swso | 2575 | 1os0 | 199 | omoo
Sintering (fabrication) 310- | 310- | 300- | 270- 250- 250-
Temperaure, °C 380 30 30 | 300 300 300
Room Temperature,
Tensile Strength, MPa 30 28 20 2 30 | s0s | a2 30 35
Elongation, 350 | 300 | 40 100 180 | 200 | 150 | 150
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Nominal Area Factor vs film thickness, m/kg

Fluoropolymer | Thickness, jum Width, em
25um | 75pm | 125um | 250 um | 500 pm

PVDF 50-725 Up 1o 65.5 217 72 43 L1

ECTFE 50-725 Up t0 65.5 23 7.7 46 11
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EHMW-FEP Content/ETFE Content, weight %

Variable

1000 | oo | sono | 7525 | sso | 2575 [ 1m0 | 1% [ onoo

ering (fabrication) | 314350 |300-350 [300340 [300-330 |300-320 [300:320 [300-320 [280-330 [280-340
Temperature, °C
Room Temperature

Tensie Strength,Mpal 30 | 31 | ;s | 2 | 325 | 3 | s | o3 | 40

Elongation, % 300 | 300 | 280 | 20 | 200 | 1s0 | w00 | w00 | 100






OEBPS/images/B9781884207969500138_cetable5.jpg
EHMW-FEP Content/PTFE Content, weight %

Variable
w000 | oo | 7sps | swso | 2575 | 1m0 | onoo
Sintering Temperature, °C 300 300 300 320 | 40365 | 340365 | 365
Room Temperature
Tensile Strength, MPa %5 2 2 » 2% 2 32
Elongation, % 330 310 370 500 520 520 650
At200°C
Tensile Strength, MPa 46 87 84 82 89 104 89
Elongation, % 340 340 500 450 500 680 480
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Aldehyde:

Benzaldehyde 179 % » 05
Ketone:

Cyclohexanone 156 92 100 04

Methyl Ethyl Ketone 80 % 100 04

Acetophenone 202 % 100 06
Esters:

Dimethylphthalate 220 9% 100 03

n-Butylacetate 125 9% 100 05

Tri-n-Butyl

Phosphate 200 9 100 20
Chlorinated Solven

Methylene Chloride i #® b 5

Perchloroethylene i . 6 b

en ” # 100 23
Polar Solvent

Dimethylformamide 154 % 100 02

Dimethylsulfoxide 189 9 100 01

Dioxane 101 2 100 0.6
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Solubility _ Wt gain%
parameter PTFE FEP

Compound (calenr)* Resin
Compounds containing hydrogen
Isooctane 6.85 08 04
n-Hexane 73 07 05
Dicthyl ether 7.4 08 06
n-Octane 7.55 1205
Cyclohexane 82 L1 04
Toluene 8.9 04 03
1,1-Dichloroethane 9.1 15 06
Benzene 9.15 04 03
CHCl, 93 14 14
05 06
08 04
05 02
08 05
04 03
Compounds without hydrogen
FC-75¢ 106 110
Perfluorokerosene 6.2 12 61
Perfluorodimethyl- 6.1 101104
cyclohexane
CFb 91 84
1.2-Br,TFE 65 12
- 52 36
24 18
34 20
22 13
19 14
04 02
07 07

“Cyclic dimer of hexafluoropropylene:
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Coefficient of Surface tension,

Fluoropolymers Formula friction tension, " (Harmonie-Mean

(@dynamic) dyne/em Method) dyne/em
Polyethylene ~CH~CH~ 033 31 36.1
Polyvinyl fluoride ~CHF-CH; 03 28 384
Polyvinylidene fluoride 03 25 332

Polytrifluoroethylene 03 2 -

Polytetrafluoroethylene 004 18 25
Polyvinyl chloride ~CHCI-CH— 0s 39 419
Polyvinylidene chloride | —CCl,-CH, 09 40 454
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Temperature, °C Order Region Affected Type of Disorder
19 1 Order Crystalline Angular Displacement
30 1 Order Crystalline Crystal Disorder
% 1 Order Crystalline
90 2 Order Amorphous Onset of rotational motion around C—C bond
30 2% Order Amorphous
130 2% Order Amorphous
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Variable

Case | Case2 Case3 Cased
Temperature, °C 345 330 290 250
Space velocity, 1/hr 300 155 200 200
Mole Ratio VC;:HF 1:4.7 127 1:5.3 1:4.7
Vinylidene fluoride yield, % 97.0 96.5 99.8 95.0
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Metal Symbol

Aluminum” (A

Antimony (Sb)

Arsenic (As)

Barium’ (Ba)

Beryllium (Be) Niobium
Bismuth (Bi) Potassium™
Boron ®) Silver
Cadmium (€d) Sodium"
Calcium™ (Ca) Strontium’
Chromium” (Cr) Tantalum
Cobalt (Co) Thallium
Copper' (Cu) Tin
Gallium (Ga) Titanium’
Germanium (Ge)

Gold (Au)

Tron'? (Fe)

Lead” Pb)

Lithium (L)

T Critical elements
Ca, K, and Fe are analyzed by Graphite Furnace Atomic Absorption Spectrophotometer (GFAAS) or cold plasma ICP-
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‘Total Metals Extracted, pg/cm’

2

Extraction Chemic Polypropylenc Polyvinyl E .
i e ECTFE PVDE
Ultra-pure Water
i 92 042 76 25
(30 days at $5°C)
Ozonated Ultra-pure Water
(24 hours at room 37 30 096 12
temperature)
70% Nitric Ac
(30 days st oo 00094 038 0.0079 00s
temperature)
49% Hydrofluorie Acid
49 400 028 0

(30 days at room
temperature)
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Total Metal, pph

Iron Content, ppb

Resin

Resin Part Resin Part

80 35 32
PFA 35 20 20 10
28 10 10 0.0
PTFE 5.0 55 10 32
ETFE 25 35 12 20
PVDF 22 21 12 20
ECTFE 20 45 00 3.0
26 40 15
TFE 20 5 10 10
12 20 00 00
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Year

Parameter
1995 | 1998 | 2001

DRAM Size, Mb 64 256_| 6,000

Minimum Line Width, pm| 035 [ 025 | 0.18

Particle Concentration,
number of particles >0.1 <100 <10 <10
pm per milliliter

Total Metals, ppb. < | <5 [ <03

! The roadmap is an assessment of the semiconductor
technology requirements.
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450 215 3960 140 50 8194 721.0 254
500 305 4400 155 60 983. 865.2 305
750 458 6600 53 70 1147.1 1009.4 356
1000 610 880.0 310 80 13110 11536 407
1500 915 13200 46.6 90 14748 1297.9 458
2000 1220 1760.0 621 100 1638.7 14421 509
2500 1526 2200.0 776 150 2458.1 2163.1 763
3000 183.1 2640.0 93.1 200 32174 2884.1 1017
4000 2441 35200 1242 250 40968 36052 1272
5000 305.1 4400.0 1552 500 81935 72103 2543
10000 6102 88000 3104 750 122903 108155 3815
15000 9154 13200.0 465.6 1000 16387.1 14420.6 508.7
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Nominal | Equiv. Nominal | Equiv. | Equiv. || Nominal [ Equiv. | Equiv.
Value Value Value | Value | Value Value | Value | Value
(tonne) | (ton) (o) | (tonmne) | (kN) &N | (toome) | (tom)
25 276 25 27 2224 250 255 21
50 55.1 50 454 4448 500 51.0 562
75 827 755 75 6.0 6672 750 76.5 843
100 102 980.7 100 9.7 889.6 1000 1020 124
150 1653 | 14710 150 1361 | 13345 1500 153.0 168.6
200 2205 | 19613 200 1814 | 17793 2000 203.9 2248
250 2756 | 24517 250 268 | 22241 2500 2549 2810
300 3307 | 29420 300 M2 | 26689 3000 305.9 3372
350 3858 | 34323 350 3175 | 3138 3500 356.9 3934
400 4409 | 39227 400 3629 | 35586 4000 407.9 449.6
450 4960 | 44130 450 4082 | 40034 4500 458.9 5058
500 5512 | 49033 500 4536 | 44482 5000 509.9 562.0
600 6614 | 58840 600 543 | 53379 6000 611.8 6744
700 776 | 68647 700 6350 | €275 7000 7138 7868
800 8818 | 78453 800 7257 | M172 8000 8158 899.2
1000 1023 | 98067 1000 9072 | 88964 || 10000 10197 | 1240
1500 16535 | 147100 1500 13608 | 133447 [ [ 15000 15296 | 16861
2000 22046 | 196133 2000 18144 | 177929 || 20000 20394 | 2248.1
2500 27558 | 245166 2500 22680 | 222411 | 25000 25493 | 28101
3000 33069 | 294200 3000 27216 | 266893 || 30000 30592 | 33721
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Equiv. | Equiv. Equiv. | Equiv. Nominal | Equiv. | Equiv.

Value Value Value Value Value Value Value

(bar) (MPa) (psi) (MPa) (MPa) (s (bar)
10000 6895 689 600 87023 60.0 60 87023 | 600.0
11000 7584 758 700 101527 0.0 7 101527 | 7000
12000 8274 27 800 11603.0 0.0 80 11603.0 | 800.0
13000 8963 8.6 900 130534 | 9.0 90 130534 | 900.0
14000 9653 9.5 950 137786 | 950 95 137786 | 9500
15000 | 10342 103.4 1000 145038 | 100.0 100 145038 | 10000
16000 | 11032 1103 1050 152290 | 1050 105 152200 | 10500
17000 | 11721 n72 1100 159542 | 1100 1o 159542 | 11000
18000 | 12411 124.1 1150 166794 | 1150 s 166794 | 11500
19000 | 13100 1310 1200 174046 | 1200 120 174046 | 12000
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Tensile Testing at Room Temperature
Yield Strength, % Change vs. Unexposed Bars Pulled at Room Temp.
M20 Exposure
Temp.
FEP PFA ETFE PTFE Nylon 12
239 -14 0 05 +63 369
71°C 69 -102 -186 94 379
. 3 e No yield or
120°C 236 -127 173 -109 Yoo
Tensile Testing at 120°C
Yield Strength, % Change vs. Unexposed Bars Pulled at Room Temp.
M20 Exposure
Temp.
FEP PFA ETFE PTFE Nylon 12
G 763 457 739 388 764
“12* 17 (-64) (+1.7) (-118)
= 756 480 744 447 No yield or
120 (05) (40) (-69) (42) 100
Tensile Testing at 205°C
Yield Strength, % Change vs. Unexposed Bars Pulled at Room Temp.
M20 Exposure
Temp.
FEP PFA ETFE PTFE Nylon 12
. 802 631 858 588
e 27) -18) -0.1) -119) NA

* Values in () indicate the specific effect of the fuel exposure.
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Tensile Testing at Room Temperature

M85 Exposure

Yield Strength, % Change vs. Unexposed Bars Pulled at Room Temp.

M85 Exposure

Rl FEP PFA ETFE PTFE Nylon 12
2°C 22 44 -12 21 44.0
71°C 05 43 0 -18 419
120°C 8.1 85 -150 90 L

Tensile Testing at 120°C
Yield Strength, % Change vs. Unexposed Bars Pulled at Room Temp.

M85 Exposure

Temp.
FEP PFA ETFE PTFE
71°C <755 446 <721 413 -3
0.4y (“0.6) (4.6) (-08) “6.7)
~ <724 445 <740 418
2 .
re 2.7 -035) (-6.5) (-13)
Tensile Testing at 205°C
Yield Strength, % Change vs. Unexposed Bars Pulled at Room Temp.

Temp.
FEP PFA ETFE PTFE
<798 -65.4 -86.7 -58.8
e
120°¢ 23 (1) -10) 119) NA

* Values in ( ) indicate the specific effect of the fuel exposure.
* Nylon 12 samples disintegrated during 120°C exposure to M85.
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Yield Strength, % Change vs.
Unexposed Bars Pulled at 23°C
Tensile
Test | pp o .
FEP | PFA | ETFE | PTFE

Temp.

235 0 0 0 0 0

1200 |-75.1 | -44.0 | -675 | -40.5 | -64.6

205°C [ 775 [ 613 | 857 | 469 | N/A
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Tensile Testing at Room Temperature

Rl C Yield Strength, % Change vs. Unexposed Bars Pulled at Room Temp.
TG FEP PFA ETFE PTFE Nylon 12
23°C 53 46 25 23 -165
71°C 44 124 184 84 i3
nrc 199 -16.1 197 -109 -141
Tensile Testing at 120°C
Rl C Yield Strength, % Change vs. Unexposed Bars Pulled at Room Temp.
Expasureileny FEP PFA ETFE PTFE Nylon 12
e A% b & & i
s 760 0.1 762 462 659
(0.9) (-6.1) (8.7) (-57) 13)

Tensile Testing at 205°C

e Yicld Strength, % Change vs. Unexposed Bars Pulled at Room Temp.
Exposure Temp. FEP PFA ETFE PTFE Nylon 12
- 804 655 873 597
120°€ (29 (“42) 16 (-128) A

*Values in ( ) indicate the specific effect of the fuel exposure
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Tensile Testing at Room Temperature
Sour Gar Yield Strength, % Change vs. Unexposed Bars Pulled at Room Temp.
Exposure
Temp. FEP PFA ETFE PTFE Nylon 12
23°C 48 45 49 33 166
nee -7 5 497 45 209
120°C 287 174 265 a1 73
Tensile Testing at 120°C
Sour Gas Yield Strength, % Change vs. Unexposed Bars Pulled at Room Temp.
Exposure
Temp. FEP PFA ETFE PTFE Nylon 12
A16 754 462 721 433 592
03y 22 (4.6) (28) (5.4
4 124 442 744 446 617
1203 (+13) (02) (6.9) (1) (12.9)
Tensile Testing at 205°C
Sour Gas ield Strength, % Change vs. Unexposed Bars Pulled at Room Temp.
Exposure
Temp. FEP PFA ETFE PTFE Nylon 12
5 805 642 875 544
10e (3.0 (29) 18) (“1.5) NA

*Values in ( )indicate the specific effectof the fuel exposure.
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FEP 100 537 26.9 83 28
ETFE 200 844 50.7 121 28
Nylon 12 >96.1 4.1 128 0






OEBPS/images/B9781884207969500102_f07-39-9781884207969.jpg





