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I PREFACE TO THE SECOND EDITION

As Ed Wickson stated in the Preface to the First Edition, the Handbook of Vinyl
Formulating is the only text devoted to that topic. It has been highly successful;
copies are in the hands of most of the vinyl technologists in North America and
many throughout the world. Vinyl formulating has developed considerably in a
number of areas since 1993. The Second Edition addresses these developments.

Certain of the chapters of the First Edition have been combined. “Antidegradants,”
for example, covers antioxidants, heat stabilizers, light stabilizers and biocides. The
reason is that, in formulating, the technologist must consider all of these in develop-
ing a stabilization package. Presentation in a single chapter enables correlation
without repetition. Similarly, “Fillers and Reinforcements” combines several chap-
ters. The technologist is encouraged not to look at individual ingredients but to
look at all in a given class, to experiment with several and, when needed, to innovate
useful blends. To this end, suggestions are included regarding experiments that have
not as yet been reported but that seem interesting.

There has been a conscious effort to avoid material better suited to more special-
ized texts in order to concentrate on formulation. This does not include rationalization
as to why ingredients have the effects observed, since such theorizing is vital to inno-
vation. Another factor important in product development is intellectual satisfaction.
To that end, authors and editor have done their best not to be boring.

RicHARD F. GROSSMAN
Wilmington, DE

vii



I PREFACE TO THE FIRST EDITION

Although superseded by polyethylene as the world’s number one plastic, polyvinyl
chloride (PVC) retains its title as the most versatile of all plastics—both in the
number of ways it can be processed and in the range of end products. This is due
to (a) the wide variety of PVC resin types available (varying in molecular
weight and distribution, homo-, co-, and terpolymers, particle size and distribution,
morphology, crystallinity, etc.) and (b) the ability of PVC to be formulated with a
multitude of additives, unmatched by any other plastic.

There is a wealth of information on PVC technology available in various scientific
and trade journals, proceedings of technical meetings, and technical literature of sup-
pliers of PVC resins and additives. There are also several excellent books on the
broad aspects of PVC technology and on additives for plastics. However, none
focuses on PVC formulating. This volume is the end result of what the editor had
long felt was a need for a one-volume, ready-reference book describing in detail
the properties of the various commercial PVC resins available in the United States
and Canada and how these, together with additives, are used in formulating PVC.
Related chapters cover economics of formulating, basic statistics and design of exper-
iments, laboratory compounding and test methods, and environmental and health
concerns in formulating vinyl compounds. Although emphasis is on formulating in
this book, separate chapters are also included on dry blending, powder coatings, plas-
tisol and organosol preparation, and electron beam radiation curing because these are
not all covered in currently available books.

Because of its complexity, there is probably no one person who could claim to be
truly expert on all aspects of the resins and additives used in PVC formulating. With
this in mind, the editor chose experts well qualified in their particular field to author
the various chapters. The reader is encouraged to contact these experts for additional
information.

Acknowledgments (in alphabetical order) with profound thanks are due the fol-
lowing individuals who contributed helpful advice in reviewing parts of the manu-
script: William J. Casey, Consultant; Robert D. Dworkin, Akzo Chemicals; Ved P.
Gupta, Synergistics Industries; Leonard G. Krauskopf, Exxon Chemical Company;
Subhash Lele, Engelhard Corporation; Gary R. Mitchener, Halstab Division,
Hammond Lead; Warren F. Moore, AT&T; Joseph O’Brien, C. P. Hall Company;
Arthur W. Opsahl, DuPont Company; James T. Renshaw, Monsanto Chemical
Company; Thomas A. Resing, Littleford Bros.; Robert Reichard, Occidental



X PREFACE TO THE FIRST EDITION

Chemical Corporation; Robert C. Ringwood, Consultant; Donald A. Seil,
BFGoodrich Company; and A. Nelson Wright, Synergistics Industries.

Special thanks are due my wife, Ann, for help and encouragement, including
surrendering the living room during the preparation of the manuscript.

EbpwarD J. WICKSON
Baton Rouge, LA

March 1993
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EEN CHAPTER 1

Formulation Development

EDWARD J. WICKSON and RICHARD F. GROSSMAN

1.1 Introduction

1.2 Effects of Formulation on Processing
1.3 Effects of Formulation on Properties
1.4 Compound Development Procedure
1.5 Cost of Ingredients

1.6  Specific Gravity of Ingredients

1.7 Design of Experiments
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1.1 INTRODUCTION

Polyvinyl chloride (PVC, vinyl) became a major factor in commercial manufacture of
flexible goods after World War II, replacing rubber, leather, and cellulosics in many
areas. As processing technology developed, unplasticized (rigid) PVC began expan-
sion into replacement of metal, glass, and wood, a trend that continues and which now
consumes the greatest part of PVC usage. The acceptance of PVC is based on its
performance-to-cost ratio. A broad range of useful properties, such as stability, weath-
erability, inertness to many media, and inherent flame and microbial resistance, are
available, with proper formulating, at low cost.

PVC is the thermoplastic polymer most easily varied in properties through formu-
lation. Filler levels vary from a few parts per 100 of resin (phr) in pressure pipe to
hundreds of phr in extruded cove base or calendered floor tile. The latter could reason-
ably be described, based on the most prevalent ingredient, as marble rather than vinyl
flooring. In other applications, plasticizer levels as high as 70 phr are common. PVC
compounds invariably contain heat stabilizers and lubricants (or ingredients that do
both). They may contain fillers, plasticizers, pigments, antioxidants, biocides,
flame retardants, antistatic agents, impact modifiers, processing aids, and other

Handbook of Vinyl Formulating, Second Edition. Edited by Richard F. Grossman
Copyright « 2008 John Wiley & Sons. Inc.



2 FORMULATION DEVELOPMENT

ingredients, including other polymers. Formulation is therefore complex. The goal of
this text is to make the process easier to understand and carry out.

1.2 EFFECTS OF FORMULATION ON PROCESSING

The aim of the formulator should be to develop a robust compound, that is, one that
will process satisfactorily and yield acceptable properties even if processing or
service conditions deviate from those anticipated or thought ideal. This must be
done within certain cost parameters. Therefore, the goal, in practice, is to develop
the best compound that the application can afford. This should be considered rational
formulating. The alternative—development of the lowest-cost compound that can
possibly be processed or manage to conform to expectations in testing or service—
usually creates more problems than it solves. Although this text is directed primarily
to the formulator of rational compounds, it is anticipated that others, radically con-
strained by cost considerations, may find guidance as well.

The formulation that is optimum today may not be so next year. If it is optimum in
one plant, even on one processing line, it may be less so on another. The adaptability
of PVC to various processing techniques is stimulation to the ingenuity of the plastics
engineer. PVC compounds are calendered, extruded, molded by various techniques,
coated, and cast. In these applications, processing begins with a blending step in
which additives are mixed with PVC resin. The result may be a (more or less) dry
blend, plastisol, organosol, blended latex, or solution. The blending step is followed
by fluxing and fusion in the product-forming step (usually the case with rigid PVC) or
in a separate pellet-forming step prior to product manufacture. The latter is common
with plasticized (flexible) PVC, particularly if the pelletized compound is to be trans-
ported to another location, for example, the factory of a customer.

The rate of dry blending can be of concern if it is output-limiting. Although this
may be affected by a number of ingredients, it is primarily dependent on the PVC
resin and particular plasticizer. Certain resins are designed for rapid plasticizer uptake.
Plasticizer type (polarity), viscosity, and solvent power are key factors. These,
however, are usually determined by the application rather than ease of incorporation.
Typically, processing is adjusted to suit the formulation, by such steps as preheating
the plasticizer and following a judicious order of addition of ingredients. Dry blend-
ing and blending of solution vinyl, latexes, plastisols, and organosols are discussed in
specific chapters of this book.

The resin is of key importance, whether fluxing rigid or flexible compositions.
Examples of fast-fluxing resins include low-molecular-weight (low K-value) homo-
polymers and vinyl acetate copolymers. Plasticizers that are strongly solvating, such
as butyl benzyl phthalate (BBP), increase flux rate. Again, the selection of both resin
and plasticizer is usually dictated by the application. Therefore, the choice of other
ingredients, particularly lubricants, stabilizers, and processing aids, is used to
increase or decrease the rate of fusion.

In large-volume rigid PVC applications, dry blend is used directly to manufacture
articles such as pipe, siding, and window profiles. Certain high-volume flexible
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applications, such as extrusion of wire coverings, are also often run from dry blend.
Most flexible compounds are, however, fluxed and pelletized, using the combination
of an internal batch mixer and a pelletizing extruder, an extruder that can do both, or a
combination of extruders. In melt processing, viscosity and friction with metal sur-
faces are not only obvious factors needed for fusion and pellet formation, but also
limitations of output, causes of equipment wear, and potential sources of PVC degra-
dation. This, of course, is also the case with processing to form specific articles. All of
the above are influenced critically by formulation and by selection of processing
equipment. The extremes of the interaction of formulation and processing in the
thought processes of formulators are as follows:

1. The optimum compound having the best available properties-to-cost ratio is
developed. Then processing equipment yielding the greatest output and con-
sistency is put into place and duplicated as new facilities are built. This scenario
is the case with most high-volume rigid PVC applications and underlies the
rapid growth of this sector in North America. A consequence is that suppliers
of equipment and of ingredients are driven to cooperate by development of new
and improved products.

2. At the other extreme, formulation is continued, often endlessly, to generate
compounds that manage to conform to product expectations after on-the-
edge processing, using a variety of equipment that happens to be on hand, or
that may be obtained at the lowest investment. This is the case with certain flex-
ible PVC applications. It is an important cause of market share decline from
offshore competition and displacement of PVC by newer systems, for
example, by thermoplastic elastomers.

1.3 EFFECTS OF FORMULATION ON PROPERTIES

In unplasticized compounds, structural rigidity (flexural strength) increases with
increasing molecular weight (MW). Up to a point, filler addition increases flexural
strength, while impact modifiers and processing aids tend to cause a decrease
unless they also function as heat distortion improvers.

Tensile strength, on the other hand, tends to level off as MW is increased, although
low extension modulus parallels flexural strength. Abrasion and creep resistance, as
with plastics generally, increase with increasing MW, as does cut through resistance.
Filler addition can improve both properties to the extent to which particle size and
shape create structure in the composition.

Chemical and oil resistance also improve with increasing MW, as does resistance
to heat distortion. The attributes that decline with increasing MW are, of course,
output and ease of processing. Thus, formulation includes the use of additives that
improve the flow of compositions based on high-MW resin, and those that tend to
compensate for the choice of a lower-MW alternative. It has, in fact, been suggested
that a key purpose of additives is to correct problems introduced by other additives."
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Compounds containing about 25phr active plasticizer, such as di-2-ethylhexyl
phthalate (DOP:100 percent tensile modulus about 3300 psi) are considered semirigid.
Low extension tensile modulus is a reasonable measure of the flexibility of plasticized
PVC. Itincreases somewhat with increasing MW and decreases strongly with increas-
ing plasticizer content. Above about 35 phr DOP, or plasticizer with comparable
activity, PVC is considered flexible. At 50 phr, 100% tensile modulus has dropped
to about 1700 psi, and at 85 phr, about 650 psi, indicating a highly flexible compound.
Lower levels of a more efficient plasticizer will generate comparable data, while less
efficient ones would have to be used at higher levels. In plasticized compounds,
tensile strength increases more or less linearly with increasing resin MW. Plasticizer
type and level have a more profound effect. Both tensile strength and elongation
often, but not always, decrease with increasing filler level. Tear strength improves
with increasing MW, as does abrasion resistance, but these also depend on the
effects of additives. Copolymerization with vinyl acetate leads to similar effects as plas-
ticizer addition, often with fewer associated side effects, but usually at higher cost.

The major factors affecting low-temperature brittleness and flexibility are the
level and type of plasticizer. Compounds for low-temperature service most often
use blends of standard with special-purpose low-temperature plasticizers (e.g., di-2-
ethylhexyl adipate (DOA)). Plasticization typically decreases chemical, solvent, and
oil resistance. This can be countered by use of polymeric plasticizers, with attendant
increase in cost and typical loss of processing ease, or by means of blends and alloys
with highly oil-resistant polymers such as acrylonitrile—butadiene rubber (NBR).

One of the major uses of flexible PVC is in wire coverings. The service rating
determines the choice of plasticizer, chosen so as to resist volatilization during the
heat aging tests needed to qualify. Loss of plasticizer is the major cause of decreased
elongation after heat aging. For service in dry locations, most such compounds use
calcium carbonate (CaCQOj;) filler. The level is adjusted to balance material cost
versus requirements such as abrasion and cut through resistance. Insulations for
service in wet locations, where testing (in North America) requires stable volume res-
istivity for 6 months in 75 °C or 90 °C water, are best served instead with electrical
grades of calcined clay. For such service, the plasticizer and other ingredients must be
electrical grades. Long-term wet electrical requirements necessitate close quality
control of all materials.

Plasticized PVC compounds can have flame resistance ranging from slow-burning,
when flammable plasticizers are used, to self-extinguishing when compounded with
the halogen synergist antimony oxide, flame-retardant plasticizers, and hydrous fillers
such as aluminum trihydrate (ATH) or magnesium hydroxide. Although hydrous
fillers add to heat stability, flame-retardant (FR) plasticizers usually require higher
levels of stabilizer. Hydrous fillers also reduce smoke generation by promoting oxi-
dation of hot carbon particles (water gas reaction). This reaction is thought to go
through metal carbonyl intermediates and is catalyzed by compounds of metals
that form carbonyls. The most commonly used is molybdenum, in the form of
ammonium octamolybdate (AOM), which reacts at useful temperatures. Flame resist-
ance is increased and smoke generation decreased by fillers that promote formation of
a thermally conductive glassy char during combustion. These include hydrous fillers
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and certain zinc compounds, notably zinc borate and hydroxystannate. The use of zinc
compounds typically requires higher stabilizer levels. This is not the case with anti-
mony oxide, but its use increases smoke generation. Thus, the compounding of
highly FR flexible PVC requires complex balancing of ingredients. The overall
balance of physical and FR properties of suitably compounded FR flexible PVC is
very much better than that of “halogen-free” polyolefin substitutes. The latter typically
are so overextended with hydrous fillers that the polymer is no more than a binder.

Rigid PVC foamed composites, consisting of solid layers above and below a foam
core, have become increasingly accepted in pipe, siding, and plastic lumber. In
addition to weight and cost reduction, thermal conductivity of vinyl siding is
decreased, and lumber products are more readily nailed or sawn. Flexible PVC
foamed products are most often run from plastisols, as in continuous vinyl flooring,
and may be made mechanically by introducing air with strong agitation, or chemi-
cally with blowing agents, most often azodicarbonamide. The latter is readily acti-
vated by a number of additives, often components of the heat stabilizer, known in
such cases by the jargon “kicker.” Surfactants are used to improve cell structure
quality, which is also dependent on resin and plasticizer choice.

Light stability and weatherability are provided in a number of ways. The outer
layer (topcoat) of vinyl siding or window profile will contain sufficient titanium
dioxide (TiO,) of a suitable grade. Its high dielectric constant enables absorption
of a quantum of light and dissipation of energy as heat before a lower-energy
photon is emitted. This limits the extent to which incident light is capable of initiating
chain reaction free-radical oxidation. Carbon black, again of suitable grades, has the
same effect and is widely used in cable jackets and agricultural sheeting. It is, of
course, useful to have products that are other than white, black, or gray. Pigments
that behave similarly to TiO, are used in vinyl siding provided in colors. Other strat-
egies include use of light-resistant topcoats such as acrylics and polyvinyl difluoride
(PVDF) over a PVC substrate. Acrylic coatings are also used over PVC plastisol
impregnated polyester mesh in flexible signage backgrounds to provide improved
printability and resistance to plasticizer migration as well as light stability. In such
cases and in other clear and brightly colored products, organic ultraviolet (UV)
light absorbers are included. These function in an analogous manner to carbon
black and TiO,. A photon of light is absorbed, driving the UV light absorber into
an excited state. The latter is resonance-stabilized and persists long enough to dissi-
pate energy as (more or less) harmless heat. Additives that are strictly light absorbers,
such as hydroxybenzophenones and benzotriazoles, are not antioxidants—in fact,
they require antioxidant protection. A newer class of materials, hindered amine
light stabilizers (HALS), are not only antioxidants but participants in a chain-reaction
antioxidant action. The use of HALS in PVC is now in exploratory stages.

Weatherability of PVC compounds is studied in a variety of devices that simulate
sunlight. There is only relative correlation between these methods and actual outdoor
exposure. The effects of outdoor exposure itself vary from location to location. There
is even suspicion that accelerating outdoor aging using magnification of sunlight
introduces variability. Nevertheless, these methods are useful in comparing one com-
pound with another, and the results are often thought predictive of field service by



