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ABSTRACT

This report attempts to define those properties of organic polymers
that are critical to their use in current and advanced structural applications.
It discusses and evaluates the characterization methodology that is available
to measure and control those properties. [t suggests some specific areas
in which this technology can be employed to achieve improved performance
and reliability through its application to procurement and quality control
procedures. Case studies are presented to illustrate the vrtilization of
characterization. Conclusions and recommendations are presented. A list
of more than a hundred useful methods of characterization with Committee
commentary on use and limitations is given in an appendix.
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PREFACE

The National Materials Advisory Board of the Commission on
Sociotechnical Systems, National Research Council, was asked by the
Department of Defense Office of Research and Engineering and the National
Aeronautics and Space Administration to "initiate a study to update the
previous 1967 MAB study on the characterization of polymeric and organic
i materials. "

“ The Committee was established 22 April 1974.

Details of the initiation, scoping, and organization of the work of the
Committee are given in Chapter 1. A feature of the Committee's work is
b the use of outside information sources through invited tutorial lectures and
L questionnaires.
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CHAPTER 1

HOW TO USE THIS REPORT
(INTRODUCTION, METHODOLOGY, CAVEATS)

The existing basic National Materials Advisory Board program pro-
vides advisory services in materials research and development in re-
sponse to requests of the Department of Defense and the National Aeronau-
tics and Space Administration. A task was assigned to conduct a study to
update Chapter 6 of the 1967 Materials Advisory Board study of the
Characterization of Materials.* This chapter addressed polymeric and
organic materials.

The specific charge was as follows: 'Initiate a study to update the
previous 1967 MAB study of the characterization of polymeric and organic
materials* in order to define critical behavioral parameters and characteri-
zation methods, techniques and procedures, as a feasible basis for evolving
adequate, functional materials specifications and quality control procedures,
for certain types of materials of special interest. Since the class of ma-
terials to be covered here is large, a first step in the study perforce will
be the determination of a very limited number of specific materials of pri-
mary current and future importance to the Department of Defense/National
Aeronautics and Space Administration. With this determination the study
will concentrate on ways to best describe the materials in terms of atomic
structural and compositional character, as well as their behavioral or per-
formance properties, in order to help insure that such materials can be
made and reproduced uniformly and reliably. Because of the complexity,
significance and long-time neglect of this subject, it may be necessary to
conduct the total study in progressive phases.'

To interpret the needs of the Department of Defense and the National
Aeronautics and Space Administration, an advisory group was convened on
7 February 1976 with representatives of the Office of Defense Research and
Engineering, the National Aeronautics and Space Administration, the Army,
the Navy, the Air Force, the Advanced Research Projects Agency, the De-
fense Materiel Specifications and Standards Board, technical experts from
academia and industry, and NMAB members and staff. From the work of
this group came certain broad outlines which were to guide the study Com-
mittee in its work.

*MAB-229-M Characterization of Materials, Washington, D. C., 1967.
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It was recognized that the study should address several audiences.
These were identified as resource allocators, polymer scientists, those who
design with polymers, those who produce products containing polymers, and
end-users of products containing polymers.

Acknowledging the validity of the last statement of the Charge, the
Committee was advised to defer to another phase (and another Committee)
the characterization problems of composites, but as will be evident, the prob-
lem of characterizing the polymers used in composites could not be divorced
from the general problem of characterizing polymers since polymers are often
used in combination with other materials in engineering applications.

Further, the Committee was advised to direct its attention primarily
to engineering (high-performance) polymers, e.g., epoxy resins, polyimides.
polyheterocyclics, etc. It was suggested that the technical aspects of the
work should address: (a) the chemical and solid state structure of polymers:
(b) parametric values (mechanical, electrical, thermal--but emphasizing me-
chanical) in various environments, temperatures, pressures, solvent exposure,
etc., particularly in light of molecular structure and processing history of
the polymer; (c) properties of importance to end-users, e.g., wear rate,
erosion rate, etc. And particularly, the Committee was advised to look at
the interfaces of those areas including the application of the tools of polymer
characterization from a societal point of view.

Chapter 6 of the MAB Report 229-M was considered to be still valid
with regard to area (a) above; the other areas would require more intensive
study. Of particular concern to the Advisory Group was the limited distri-
bution of MAB 229-M; it was considered essential for the new report to have
much wider distribution, particularly in academia.

Accordingly, in May of 1974 the National Materials Advisory Roard
Committee on Organic Polymer Characterization was constituted. The gene-
ral modus operandi of the Committee was to identify and assess the state of
the art, identify missing areas of knowledge, identify and assess current
relevant work in progress, draw conclusions, make implementable recommenda-
tions, and estimate the benefits which might be expected if : ecommended
courses of action were pursued. Specifically, the Committee identified its
scope, the outline of its study, and its particular intent to use case studies
as a method of exemplifying its study, conclusions and recommendations.
The discussion in Chapter 3, 'Statement of the Problem', states the charge
adopted by the Committee, defines characterization as understood by the
Committee, and details succeeding chapters which embody this study.
Chapter 4 endeavors to give a summary of current information on the known
relationships between physical and mechanical properties of polymeric ma-
terials and their chemical constitution and morphology. Chapter 5 reviews
the critical needs of designers in order to exploit the special properties
of polymeric materials to their utmost potential. Chapter 6 discusses
polymer characterization in overall terms and presents an approach to the
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general problem. In addition, new characterization techniques are described
which are germane to the case studies in this report. Chapter 7 points out
and exemplifies through three case studies the relationship between characteri-
zation techniques and their utilization. The chapter opens with an analysis of
the case study method.

For the reader who wants only the conclusions and recommendations of
this Committee, Chapter 2 summarizes the findings of the Committee's studies
and deliberations.

A caveat should be noted: the Committee's attention was focused on
engineering (high-performance) polymers. A second caveat lies in the limi-
tations of the data used. It was not possible to identify the effects of small
changes in the environment, trace elements and compounds on the reported
properties of polymers. A third caveat lies in the commercial confidentiality
and proprietary nature claimed to exist in some of the cases studied.

Not all of the information furnished to the Committee will be found in
this report since a substantial amount was furnished for background and not
for citation or attribution. This is particularly true in the case study on
adhesives.

N
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CHAPTER 2

CONCLUSIONS AND RECOMMENDA TIONS

Chapter 3*

Conclusion: Optimum effectiveness in the utilization of organic polymer
materials in advanced applications is highly dependent on the establishment
of confidence in their reliability and reproducibility.

Recommendation: Learn to predict long-term performance from an ac-
cumulated data bank of information on well-characterized materials.
Recommendation: Develop meaningful structure/property/performance re-
lationships for polymeric materials. Include them in a referenced data
bank.

Recommendation: Strive for improved communication and mutual understanding
of the problems faced by polymer scientists, design and materials engineers,
manufacturers, fabricators, and users in the development and utilization of
organic polymeric materials.

Chapter 5*

Conclusion: A close analysis of the total materials requirement of a system,
subsystem, component, or part should be a prerequisite to establishing the
total design requirements.

Recommendation: Make materials choices for design based on a logical
process outlined in this chapter.

Conclusion: Irrespective of the design analysis technique employed to

select materials, part testing should be performed. This is a necessary
(but not sufficient) element of material selection and qualification.
Recommendation: Perform simulated tests under controlled conditions to
evaluate the performance of the part when used in a manner similar to

that for which it is intended under conditions subject to measurement and
recording, and with enough replication and variety to make statistical analy-
sis of the results valid.

Chapter 6*

Conclusions: Although many techniques for characterizing polymers are now

available, a large fraction are limited in application to ideally simple systems.

On the other hand, most polymer systems to be characterized are formidably
complex.

*Chapter from which the conclusion(s) and recommendation(s) were taken.
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Many so-called characterization tests are of the ''specification use"
type, in which a specification is set with the hope that it will insure a
certain end-use performance, but often, in fact, it does not.

There is too little basic understanding of the relations between polymer
structure and end-use performance.

Many of the manufacturers of equipment for poiymer characterization
know little about the manner in which their equipment is used, over and
above its application to standard tests.

The fact that there has been little advance in our knowledge and appli-
cation of polymer characterization over the last ten years is related to the
unusual complexity and large number and variety of polymers as compared
to other materials.

The best solution to the problem of adequate characterization of poly- s
mers is a compromise between complete detailed knowledge of structure
(unattainable) and total reliance on a battery of end-use tests (inadequate).

Lamentably, polymer characterization methods of fundamental signifi-
cance are being used less and less as time goes on.

More practice of basic characterization techniques in industry is needed.
Better instrumentation is required for many polymer characterization
methods.

More personnel skilled in polymer characterization are required.
Granting agencies should be encouraged to supply funds for their academic
training, and industry should be encouraged to hire and use them.
Recommendations: Skills must be developed to characterize complex,
rather than just simple, polymer systems, probably through application of
judicious combinations of techniques. Incentive should be provided to
academic efforts in this direction by appropriate granting agencies.

Research is needed to elucidate the relations between polymer struc-
ture and end-use performance. Cooperative academic-industry and academic-
governmental research, with appropriate support, is recommended.

Manufacturers of equipment for polymer characterization should work
more closely with users to develop better understanding of how their equip-
ment is used and thus be more responsive to users needs.

Programs are required to educate users of characterization techniques
b o on what they can and cannot do, especially in application to complex poly-

;- mer systems. Continuing education techniques are suggested.
i Government subsidy of instrumentation development costs should be
[ considered, where necessary, by granting agencies.




CHAPTER 3

STATEMENT OF THE PROBLEM

This ad hoc Committee of the National Materials Advisory Board was
convened to address the question of how, or whether, modern analytical
technology can contribute to the better characterization of organic polymeric
materials in order to permit their more efficient utilization by the Depart-
ment of Defense and other Federal Government agencies. The areas of
particular concern are those in which polymeric materials are stressed
near their ultimate limits, i.e., regions where small variances or deficiencies
in properties might override built-in safety factors and result in catastrophic
in-service failures of critical components. It was early recognized that the
resolution of these questions could involve a significant change in procurement
philosophy and, particularly, that it could logically lead to the Department
of Defense utilization of compositional specifications in lieu of, or super-
imposed on, performance specifications.

The Committee on Organic Polymer Characterization, consequently,
has taken as its charge the following activities which are of interest to the
government as well as the scientific and technical communities: (1) to
attempt to define those properties of polymeric materials that are critical
to their proper use in current and advanced structural applications; (2) to
discuss and evaluate the characterization methodology that is available to
measure and control those properties; (3) to suggest some specific areas in
which this technology can lead to improved performance and reliability
through its application to procurement and quality control procedures.

It is difficult to state which specific properties of a polymeric material
are critical, since this will depend ultimately on its end use. However, if
we can fully define the end-use conditions and requirements, we should be
able to specify in general terms some principal attributes that the polymeric
material must have. These are the parameters that the design engineer
requires--physical and mechanical properties and, in particular, how these
vary with time under service or operational conditions (humidity, tempera-
ture, stress, etc.). These are often the sum of semi-independent and often
opposed characteristics and normally are not the basic molecular parameters
determined in the initial characterization of a new polymeric material. That
is not to say that there is no relationship between the ultimate physical pro-
perties of a polymer and its molecular constitution; indeed some such relation-
ships are known and are useful; they do not necessarily provide a direct
guide to the properties of a final derived product.
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An early report of the National Academy of Sciences/National Academy
of Engineering, Characterization of Materials, (MAB 229-M) did discuss poly-
meric materials but addressed itself primarily to molecular characterization
parameters and the morphology of polymers. Clearly then, if the present
Committee is to address the larger problem and is to provide information
useful to designers and users, another approach must be sought.

The Committee therefore defines characterization in a very broad sense--
'! Characterization should describe those features of the chemical composition
i and molecular structure of a material that make it suitable for a particular
F end-use and that are necessary and sufficient for precise replication of the

material. To achieve this evaluation, appropriate methods of characteriza-

[ tion need to be identified and defined as specifically as possible: (a) to in-

; sure satisfaction of design requirements; (b) to assure reliability of in-
service performance; and (c) to provide guidance as to allowable limits of
variation of critical molecular or physical parameters. This report provides

i guidance to users to aid them in writing realistic specifications to assure
that they obtain suitable and reproducible products; to manufacturers so that

} they can institute reasonable, cost-effective quality control procedures; and
to engineers and scientists so that they can develop the data base of material
properties needed by designers.

The military services, as well as the civilian sector, have been in-
creasingly attracted to the use of polymers as engineering materials because
of their frequent cost, weight and performance advantages, and their appli-
cability in those areas where design and properties are more important than
composition of material. However, the average designer is not yet suf-
ficiently familiar with the subtle differences in behavior of polymers and
metals under similar stresses; this can lead to improper design with the
newer materials. It is hoped that this document will inspire technological
advances that will help dispel some of the mysticism associated with the
design and fabrication of polymer-containing products and give a metals-
oriented designer the confidence he needs to prescribe polymeric materials
for severe service applications.

Succeeding chapters in this report will deal more specifically with
the methodology by which the stated objectives are to be attained. These
chapters are summarized in Chapter 1, Introduction, Methodology, Caveats.

Es In summary, this report attempts to give a realistic appraisal of the

] state-of-the-art in polymer characterization as it can be applied to current

! and future materials development and procurement programs. It also pro-

vides useful guidance to government and industry on the research and de-

Fe velopment characterization programs required for the development and im-

) plementation of an improved characterization technology. The recommenda-
tions should lead, in the short-term, to a marked increase in reproducibility
and reliability of polymer performance; in the mid-term, to the increasing
specification of polymeric materials for critical applications and to the
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identification of equivalent alternative or substitute materials. The pre-
dictability of long-term performance from an accumulated data bank of
information on well-characterized materials, and the development of
meaningful structure/property/performance relationships will continue to be
a long term goal of polymer characterization.

Optimum effectiveness in the utilization of organic polymeric ma-
terials in advanced applications is highly dependent on the establishment of
a feeling of confidence in their reliability and reproducibility. This confi-
dence can be developed, in part, by better communication among polymer
scientists, design and materials engineers, manufacturers, fabricators and
users, and by the growth of a mutual understanding of the problems others
face in the development and utilization of organic polymeric materials.
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CHAPTER 4

STRUCTURE-PROPERTY RELATIONS IN POLYMERS

INTRODUCTION

The common central structural feature of organic macromolecules is
the chain of covalently bonded atoms. Bond lengths and bond angles are
rather rigidly fixed, but restricted rotation about single bonds permits a
polymer chain to assume a wide range of three-dimensional conformations.
At elevated temperatures, bond rotation is frequent; the polymer chain
changes rapidly from one conformation to another. This micro-Brownian
motion confers flexibility upon a macroscopic specimen. At low tempera-
tures, the chains are immobilized, and the specimen hardened, by either
of two mechanisms: crystallization (packing into a crystal lattice) or vitri-
fication (forming a glassy amorphous solid). The crystalline melting point
Tm, and the glass transition temperature, Tg, are important characteristics
of a given polymer.

The molecular structure of a particular polymer has two aspects,
"chemical composition'' and '"molecular architecture'. The term ''chemical
composition'" refers to the local molecular structure--the nature of the
units that make up the chains (including the stereochemical structure of
these units). '"Molecular architecture" refers to molecular structure in the
large: average molecular weight, molecular weight distribution, branching,
crosslinking, etc. In the case of network polymers it refers to the average
molecular weight between crosslinks, the number and lengths of dangling
tails, and many subtle aspects of network topology.

In approaching the problem of structure -property relationships, the
first and simplest step is to examine the relationships between molecular
structure and the values of Tm, and Tg. Having done this, one is faced
with the difficult task of characterizing the quantitative mechanical be-
haviors of polymers (and relating them to structure) in each of various
regimes: high temperature viscoelastic fluids; glassy amorphous solids;
semi-crystalline solids containing flexible amorphous regions (between Tg
and Tm); semi-crystalline solids containing glassy amorphous regions;
highly crystalline solids; metastable, supercooled amorphous polymers;
rubbery elastic networks; etc. In some of these regimes 'structure" refers
simply to molecular structure; in others (notably glassy and crystalline states),
properties depend not only on molecular structure but also on supra-
molecular structure--molecular orientation, crystalline morphology, etc.

NOT.
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DEPENDENCE OF Ty, AND Tg ON MOLECULAR STRUCTURE

The crystalline melting point (Tm) and glass transition temperature
(Tg) of a polymer provide a rough characterization of the polymer proper-
ties; they also provide reference points for the various regimes within
which the quantitative evaluation of properties must be made. How do Ty
and Tg depend on molecular structure?

In addressing this question, attention will be initially confined to a
single molecular architecture--high molecular weight linear chains. Such
chains will be arbitrarily classified into five broad structural classes:

I - perfectly repeating '""matched pearl necklace'; II - random copolymers;
III - D-L and cis-trans '"copolymers'; IV - block copolymers; V - short-
‘ unit chains which assume helical conformations.

Class I chains, because of their structural regularity, usually pack
efficiently into a crystalline lattice. They generally exhibit well-defined
values of Tm and Tg. (However, the prototype linear polyethylene, crystal-
lizes so rapidly that it cannot easily be trapped in the glassy amorphous
state; consequently, the values of its Tg has been a matter of controversy.)

The crystalline melting point of linear polyethylene is approximately
140°C. If methylene groups of polyethylene are replaced regularly by other
moities in the chain backbone higher or lower values of Tm are observed.
Two factors govern the magnitude of Tp,: chain flexibility and inter-chain
forces. Flexible units (such as ether, ester, or sulfide) result in lowered
E melting points. Rigid units (such as p-phenylene) result in higher melting
‘ points. Stron% intermolecular forces (such as hydrogen bonds) yield high
melting points *.

Within Class I, the same structural features which promote high cry-
stalline melting points also yield high values of Tg. Consequently, there
exists a rough correlation between Ty and Tg for this class of polymers .
By controlling chain stiffness and intermolecular forces, polymers with high
values of Ty and Tg or low values of Ty and Tg can readily be designed;
but it is not possible to control independently these two characteristic tem-
peratures.

Class II polymers--random copolymers--fit less neatly into crystal
lattices. Melting points are depressed and the degree of crystallization is
reduced. (A few special exceptions exist, in which the two monomer units
“ A are sufficiently matched in geometry that they can interchangeably occupy

sites in a common lattice.) Since Vitrification does not involve fitting into
a crystal lattice, the glass temperatures of copolymers are not depressed by
the chain irregularity. Consequently, random copolymers do not follow the
Tm -Tg correlation characteristic of Class I polymers .
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Class III is primarily made up of vinyl and diene addition polymers.
When a vinyl monomer, CHg = CHX, is subjected to additional polymerization
a stereochemical problem is encountered at every second carbon atom of the
chain. The substituent X can extend above or below the plane of the extended
zigzag chain, corresponding to a D- or L- configuration of the chain carbon
atom in question?. When the addition polymerization is carried out with a
""stereo-specific'' catalyst, the polymer may be a regular structure:
""isotaatic'(repeating DDDDDD, etc.), or 'syndiotactic' (perfectly alternating
DLDLDLD, etc.)>. On the other hand, free radical addition polymerization
tends to produce a rather random ("atactic') copolymer of the D- and L- con-
figuration: DDLDLLDLDDLDLLD, etc. Consequently vinyl polymers produced
by free radical polymerization tend to be permanently amorphous or at most
to exhibit only a small amount of crystallinity. In the case of dienes a single
pure monomer can enter the polymer chain in several different manners., The
simplest example is butadiene, CHo=CH-CH=CH2, which upon polymerization
can convert to a 1, 2-chain unit (with a pendant vinyl group which can assume
atactic, Isotatic and syndiotactic configuration), or to a cis-1, 4- or trans-1,
4- chain unit:

H ~HoC CHo- -HoC
2 2 2
-CHy -C- N.i. B i
HC=CH i biim
- H H H \CH,-
1,2 unit cis-1, 4 unit trans-1, 4 unit

Polybutadiene formed by high temperature, free-radical addition polymeriza-
tion is a copolymer of these three kinds of structural units. With isoprene,
(2-methyl butadiene, the number of ways the unit can enter the polymer chain
is still larger; for example, the 1, 2- unit with a pendant vinyl group is
structurally different from the 3, 4- unit with a pendant isopropenyl group:

CHg H

g s gt
CH=CHj &ng *
1,2 unit 3,4- unit

Synthetic polisoprene, prepared by free radical polymerization of isoprene
monomer, is a copolymer of six structurally distinct kinds of isoprene chain
units. Unlike natural rubber, which is a regularly repeating Class [ struc-
ture (cis-1, 4) such synthetic polyisoprene does not crystallize. On the
other hand, by the use of the appropriate stereospecific catalyst, isoprene
monomer can be converted to a regular Class I polymer with the same
structure as natural rubberS.
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Block copolymers (Class IV) are made up of two (or more) different
monomer units, arranged in long blocks of each type of unit. For example,
a chain consisting of a block of 500 A units followed by a block of 500 B
units and another block of 500 A units is an ABA triblock copolymer. If an
A-block corresponds to a Class I chain structure, it can crystallize in the
pormal poly-A crystal lattice, and can exhibit a value of Tm which is only
slightly depressed compared to that of the poly-A homopolymer. Even if the
individual blocks are non-crystallizing atactic addition polymers, they are
ordinarily mutually immiscible (if long), and undergo a micro-segregation in-
to separate microphases, or ndomains". These domains may develop into
regular geometrical arrays, the for of which depends upon the relative vol-
ume fractions of the individual blocks. If the volume fractions are approxi-
mately equal, a laminar domain morphology emerges, with laminar thickness
depending upon block lengths. If B-blocks constitute the major part of the
copolymer, the B-phase tends to be continuous, with cylindrical or spherical
A-domains dispersed within it in a regular fashiow. The properties of such
a block copolymer depend upon the composition and length of each block, and
the domain morphology assumed by the chains. Because of micro-segregation,
the individual components exhibit their own characteristic Tm and Tg values
(slightly modified). Thus, a segregated block copolymer will normally exhibit
two distinct glass transitions, in contrast to the single intermediate glass tran-
gition commonly seen in random copolymers "-

Whereas polyethylene, polyamides, and polyesters assume an extended
planar zigzag conformation in the crystal lattice, many short* unit polymers
twist into some helical conformation (Class V). In isotactic polyolefins, the
extended planar conformation is sterically forbidden; by twisting into a regular
helix, the chain relieves the steric strain. If the angular twist of each unit
(relative to its predecessor) is a rationale fraction of one revolution, then
the spatial orientation of the alkyl groups will exhibit a definite repeat dis-
tance. If the individual twist angle is or/n, successive alkyl groups will be
oriented at the angles 2n/n, 4r/n, 6n/n, etc., and the orientation will repeat
with a periodicity of n groups. If the individual twist angle is 4r/n with n
odd, the chain will go through two helical turns before repeating. More
generally, if the twist angle per group (measured in revolutions) is given by
the irreducible fraction m/n, then the substituent group orientation will re-
peat after n units, with m complete turns appearing in the repeat sequence.
The helical conformation is effectively a rod, and packs parallel to neighbor-
ing rods in the crystal lattice8.

*1Short" is used here to mean a chemically repeating block of 2 or 3 back-
bone atoms.
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While the effects of chemical composition upon the crystallization and
vitrification processes have been emphasized, molecular architecture also in-
fluences these processes. Branching and crosslinking introduce points of
irregularity which cannot easily fit into a crystal lattice. This can reduce
the degree of crystallinity, the value of Ty, and the rate of crystallization.
Thus, branched polyethylene is considerably less crystalline than linear poly-
ethylene, and consequently softer and less dense. Vulcanized natural rubber
crystallizes much more slowly than unvulcanized; and a high degree of

vulcanization can completely prevent crystallization?. Introduction of cross-
links into a glassy amorphous polymer increases the value of Tg 10,

Brief comments regarding several specific polymer species are pre-
sented to illustrate the above general principles regarding qualitative polymer
structure-property relationships.

PP LR KT Ree———

POLYETHYLENE

Polyethylene falls into the ''matched pearl' structure category. It
consists of a chain of methylene (-CHy-) groups. It is probably the most
elementary of all polymers and even it shows wide variations in properties.
The property variations are for the most part a consequence of slight im-
perfections in the chains. An occasional branch in the chain can interfere
with packing and introduce a tertiary hydrogen which is prone to oxidative
attack. Slight branching leads to lower density, lower moduli and higher
solubility under milder conditions, and perhaps a predisposition to cross-
linking. More perfect chains of methylene groups prepared from methylene
radicals or by way of low pressure Ziegler-Natta catalysis tend to be more
dense, have higher moduli and are more brittle. In either case, the small
hydrogen substituents exercise very little restiction on the mobility of the
carbon-carbon backbone chains.

POLYPROPYLENE

If every other carbon in a polyethylene chain has a hydrogen substitu-
ent replaced by a methyl group, the resulting polymer is polypropylene. If
the arrangement is completely random, the polymer lacks crystallinity and
is readily soluble. If the methylene substituents occur in stereoregular
fashion on every other carbon, the polymer can crystallize.

The side chain (dangling) methyl groups tend to prevent extremely ef-
ficient packing of the polypropylene molecular chains so the resulting polymer
density is a little lower than that of polyethylene. There is a chain stiffening
effect which shows up in slightly higher moduli (flex, tensile, etc.).
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Polypropylene differs chemically from polyethylene in resistance to
oxidation. In polypropylene every other backbone carbon is attached to
three other carbon entities, and one hydrogen atom that is more suceptible
to oxidation (degradation) than the other hydrogen atoms. Consequently,
although polypropylene can maintain general physical properties at tempera-
tures higher than polyethylene (because of its higher melting point, Tm), it
must be protected by antioxidants or it will fail quicker than polyethylene
in use. Another useful and practical consequence of the slight oxidative in-
stability is that a little surface oxidation promotes ready adhesion and
causes the material to retain coatings more satisfactorily.

POLYSTYRENE

Commercial polystyrene is atactic, and therefore non-crystalline. (Iso-
tactic polystyrene can be synthesized but is not commercially produced.)

Polystyrene is a transparent, brittle, glassy polymer that withstands
deformation under load up to about 90°C. It is relatively soluble in a wide
variety of solvents at room temperature because it is not crystalline, It has
excellent electrical properties and poor to fair mechanical properties.
Utility would be severely limited if it were not possible to modify or design
around its brittle character. The key to wide use of polystyrene was the
discovery that if the right kind and right amount of rubber of the right parti-
cle size could be dispersed in it, then the composite became relatively tough.
The rubber particles tend to interrupt cracks and prevent their propagation
across the molded parts. Later developments included a grafting of styrene
onto rubber to effectively build in the toughening agent.

POLY(VINYL CHLORIDE) (PVC)

Poly(vinyl chloride) is a high melting (softening) glassy material which
has excellent resistance to burning. Its density is about 1.4. It is soluble
at room temperature in several solvents. PVC is glassy for the same
E reason as is polystyrene., It may be toughened by blending with a specific
: rubbery polymer (chlorinated polyethylene) or by plasticizing with high boil-
ing liquids.

POLYACRYLONITRILE

Polyacrylonitrile is essentially a polyethylene backbone with highly polar
nitrile (-CN) groups dangling on every other carbon (average). It has an

atactic structure, but it has a very high softening point due to intermolecular
attraction. It is soluble only in some polar solvents.

i DI j
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ALIPHATIC POLYESTERS

Polyesters derived from long chain diols and diacids have high ratios
of methylene to ester units:
_g_o_

The methylene units tend to dominate the property profile yielding poly-
ethylene-like properties. With shorter chain diols and diacids, the concen-
tration of ester groups is greater with increased polarity. The effect of
the polarity of the carbonyl units and increased flexibility of the carbon-
oxygen-carbon bonds beeomes apparent. Melting or softening ranges are
lowered, adhesion to polar surfaces increases, and the products are soluble
in a variety of oxygenated solvents. As a class, aliphatic polyesters have
found very little use in structural applications because of their low soften-
ing temperatures.

AROMATIC POLYESTERS

Substitution of symmetrical aromatic dibasic acids for aliphatic acids
increases both the glass transition and crystal melting points. The product
from ethylene glycol and terephthalic acid provides the basis for polyester
textiles and oriented polyester film. The increased chain rigidity provided
by the p-phenylene unit in the chain is responsible for the higher melting
point and glass temperature of this polymer.

ALIPHATIC POLYAMIDES

The polar amide grouping:

H
1]
(e N =

provides strong electron donating and accepting capability. This promotes
extensive intermolecular hydrogen bonding and is a partial explanation of
why these polymers tend to crystallize readily, are soluble in highly polar
solvents, and have higher melting points than aliphatic polyesters. As in
the case of polyesters, long chain diamines and diacids combine to yield
methylene-rich polymers which become more like polyethylene as the methy-
lene ratio increases.

AROMATIC POLYAMIDES

Linear polyamides containing phenylene units in the chain, such as
poly (ethylene terephthalamide), exhibit both chain rigidity and strong hydro-
gen bonding, and consequently have extremely high melting points.
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Completely aromatic polyamides (aramids) have higher melting points and
lower solubilities than poly(ethylene terephthalamide).

LINEAR POLYURETHANES

Polyurethanes incorporate linkages of both polyamides and polyesters:

_N_g_o-

]

Lﬁ H

: and, as predicted, exhibit properties somewhat in between. Sulfur-contain-
ing analogs of the oxygen compounds are known and their properties are

predictable,

PHENOL-FORMALDEHYDE RESINS

- In the area of thermosetting polymers, phenol-formaldehyde resins
i were the first ones to be synthesized; they still represent a very large
] percentage of utilized polymers. Phenol can react with formaldehyde in |
the presence of acid or base to introduce methylol (-CHoOH) groups at the
positions ortho or para to the phenolic hydroxyl group. The methylol groups
can in turn react with more phenol to form methylene bridges with concurrent
elimination of water molecules. In practice, the reaction is advanced to a
F stage short of total crosslinkage and insolubilization and stopped (cool-cata-
lyst neutralization). The pre-polymer is then mixed with fillers, additional
r catalyst, and modifying agents to produce molding compounds. Fillers may :
' be eliminated for adhesive or coating usage. ;
Catalyzed phenolic pre-polymer (''B''-stage) is heated to effect final
cure to the ""C" stage. Additional methylene bridges are formed with the
elimination of water. The end product is very thermally stable, somewhat
hydrophilic due to residual phenolic groups, has excellent solvent resistance,
is usually black and tends to be on the brittle side, as are most polymers
which are highly crosslinked.

UNSATURATED POLYESTERS

This group was the next major family of thermoset polymers which
were developed. For all practical purposes they are relatively low mole-
cular weight polyesters derived from di- and trifunctional acids and polyols
k. with the added feature of unsaturation. The prepolymers are formed by a
typical polyester condensation route; conversion to an infinite network pro-
ceeds by way of a radical-induced vinyl polymerization. The principal
source of unsaturation is derived from maleic or fumaric acid precursors.
The unsaturated prepolymers (similar to prepolymer phenolics) are frequent-
ly blended with styrene or other unsaturated monomers, compounded with
fillers and catalyzed with peroxides, Curing can occur at room temperature
but it is frequently accelerated by heating.

s o
e

RIS




N

19

The products are insoluble and infusible, relatively colorless, chemi-
cally resistant, relatively thermally stable and brittle, Flexibility may be
modified slightly by design of the basic molecule or through the use of re-
active plasticizers, but one must usually trade dimensional stability or some
other property for a gain in flexibility. Polyesters, unlike phenolic resins,
do not split off small molecules (water) during cure so they may be pro-
cessed in thick sections without requiring pressure.

EPOXY RESINS

Epoxy resins represent the last major class of thermoset polymers
that we will consider in this section of the report. Their key feature is
the 1, 2-epoxide group:

-[-cn\(—{cnzl

that can react with acids, anhydrides, amines, or reactive hydrogen in
general to produce new chemical bonds. The most common epoxy resin
building block is the reaction product of bisphenol-A and epichlorohydrin.

I. HO-R-OH + 2 C1—CH2CH\-CH2 - CHg 9HCH2 O-R-OCHzCH\-(;Hz
\
o

II. HO -R-OH + CICHjy CH\-/CHz - HO - &ECHzCHOHCHzolﬂ-OCHZCH\—(/Eﬂz
n

A one-to-two combining ratio of these ingredients should lead to the
diglycidyl ether as shown in equation I. A one-to-one combining ratio can
lead to a high molecular weight linear thermoplastic poly-bisphenol-A (1,3-
glyceryl) ether as shown in equation II. The latter reaction proceeds by way
of an initial formation of the monoepoxide ether. This epoxide in turn
couples to the active hydrogen of phenolic hydroxyl group. As n in equation II
increases from zero to three or four, the epoxy prepolymer changes from a
light syrupy consistency to a low melting glassy resin. When n exceeds a
hundred the product is tough thermoplastic molding compound.

Other epoxy resins are made by reacting epichlorohydrin with low mo-
lecuiar weight phenol-formaldehyde resins. Still other versions are produced
by epoxidizing unsaturated linkages in low molecular weight compounds such
as fatty esters and polydines.

Multiple substituted epoxy compounds are combined with reactive species,
fillers, and catalyst and used for coating, impregnating, or molding purposes.
Cure can be effected at room temperature with appropriate catalysts.
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Thermal curing is preferred if the end product is expected to maintain pro-
perties and operate at elevated temperatures. Aliphatic polyamines are
frequently used as low temperature reactive catalysts. Aromatic acid an-
hydrates are commonly used for thermal curing systems. Actual curing,
chain extension and branching to form infinite networks occurs by a varia-
tion of the chemistry illustrated in equation II.

Epoxy resins find broad application in coatings, adhesives, composites,
and potting and molding compounds. General properties include chemical
and thermal-oxidative resistance, excellent adhesion to a variety of sub-
strates, and an excellent balance of mechanical properties over a wide
temperature range.

LINEAR VISCOELASTICITY

When one progresses from the foregoing qualitative discussion of
structure-property relationships to the quantitative specification of mechani-
cal properties, the most convenient point of departure into this large and
complex subject is provided by the topic of ''linear viscoelasticity''. Linear
viscoelasticity represents a relatively simple extension of classical (small
strain) theory of elasticity. In situations where linear viscoelasticity ap-
plies, the mechanical properties can be determined from a few_ experiments,
and can be specified in any of several equivalent formulations ’

The accurate applicability of linear viscoelasticity is limited to certain
restricted situaticns: amorphous polymers, temperatures near or above the
glass temperature, homogeneous, isotropic materials, small strains, and
absence of mechanical failure phenomena. Thus, the theory of linear vis-
coelasticity is of limited direct applicability to the problems encountered in
the fabrication and end-use of polymeric materials (since most of these
problems involve either large strains, or crystalline polymers, or amorphous
polymers in a glassy state, or failure phenomena, or some combination of
these disqualifying features). Even so, linear viscoelasticity is a most im-
portant subject in polymer materials science--directly applicable in a minority
of practical problems, but indirectly useful (as a point of reference) in a
much wider range of problems.

In an uncrosslinked amorphous polymer, above its glass temperature,
the molecular chains are continuously wriggling from one conformation to
another. If a mechanical stress is imposed on such a system of wriggling
chains, it can respond in three distinct ways: (1) instantaneous elastic re-
sponse; (2) retarded (conformational) elastic response; (3) viscous flow,
Actually, in order to fit experimental data adequately, the retarded elastic
element must be expanded into a whole series of such elements some with
shorter and some with longer response times. The local 'kinkiness' of the
chains can be straigntened out (by stress) more rapidly than can the larger
scale convolutions. The time scales of the various retarded elastic contri-
butions range over many orders of magnitude from the fastest to the slowest.

1
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In spite of these complications, the viscoelastic response of an amor-
phous polymer to small stresses turns out to be a relatively simple subject
because of two helpful features: (1) the behavior is linear in the stress,
which permits the application of the powerful superposition principle; (2) the
behavior often follows a time-temperature equivalence principle, which per-
mits the rapid viscoelastic response at high temperatures and the slow re-
sponse at low temperatures to be condensed in a single master curve,

The superposition principle makes it possible to calculate the mechani-
cal response of an amorphous polymer to a wide range of loading sequences
from a limited amount of experimental information. Thus, from a single
complete creep curve in pure shear or pure tension at a single load, it is
possible in principle to calculate the response to combined stresses and time-
dependent stresses (e.g., sinusoidal). Going still further, problems involving
non-homogeneous time-dependent stresses in viscoelastic objects can be
solved by means of the superposition principle. The two common types of
boundary-value problems in elasticity theory (surface forces or surface dis-
placements specified) generalize simply to the analogous viscoelastic problems
(surface forces or displacements specified as functions of both position and
time)12,

The time-temperature equivalence principle makes it possible to pre-
dict the viscoelastic properties of an amorphous polymer at one temperature
from measurements made at cther temperatures. The major effect of a tem-
perature increase is to increase the rates of the various modes of retarded
conformational elastic response. This appears as a shift of the creep func-
tion along the log t scale to shorter times. A secondary effect of increasing
temperature is to increase the elastic moduli slightly, since an equlibrium

conformational modulus tends to be proportional to the absolute temperature
By use of the time-temperature equivalence principle, the viscoelastic

response of a given polymeric material over a wide temperature range can
be accommodated in a single master curve. And by use of the superposition
principle, this master curve can be used to estimate the time-dependent re-
sponse to time-dependent stresses in simple tensile or shear specimens or
to non-homogeneous time-dependent stresses arising in stressed objects and
structures.

The relationship between molecular structure and viscoelastic proper-
ties involves both chemical composition and molecular architecture. The
short-time (low temperature) behavior is relatively insensitive to molecular
architecture, but master creep curves for different architectures diverge
strongly at long times (high temperatures). The curve for a network poly-
mer approaches a limiting asymptote, corresponding to equilibrium rubber
elasticity; that of a linear polymer increases to infinity in a limiting steady-
state viscous flow. The equilibrium rubber modulus is related to the density
of crosslinks., To a first approximation, G = K. T.v, where v designates
crosslink density. In the vicinity of the gel point, Flory showed that it was
necessary to correct for the wasted dangling tails which are attached to the
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network but cannot carry load at equilibrium14. Likewise, the melt vis-
cosity of a linear polymer is strongly dependent upon chain length. A log-
log plot of melt viscosity versus molecular weight commonly exhibits two
straight-line sections, with a slope of unity or somewhat higher in the low
molecular weight section and a slope of about 3.4 in the high molecular
weight section 5, The change in slope has been attributed to the onset of

molecular entanglementls-
At a given temperature, two polymers of similar architecture but dif-

ferent compositions exhibit creep curves of similar shape, but different lo-
cations along the log-t axis. When compared at "corresponding' temperatures,
relative to their respective glass temperatures, their behaviors are very
similar.

In a crude sense, the viscoelastic properties of a given polymer can
be correlated with two numbers--one which reflects its chemical composition
and one which characterizes its molecular architecture. The value of 'I‘g
conveniently serves the first role. The molecular architecture of a linear
polymer can be roughly specified by the average chain length; that of a net-
work polymer by the network density, or by the average molecular weight
between crosslinks. Precise correlation of properties with structure must,
of course, go deeper than this: molecular weight distribution must be con-
sidered; also, in a polymer such as poly(octyl methacrylate), the alkyl side
group not only influences Tg, it also occupies space, and reduces the number

of chains per unit volume. Ferry has considered such matters in detaill7.
Overall, the regime of linear viscoelasticity is characterized by reason-

able success in establishing structure-property relationships. The proper-
ties themselves are unambiguously and simply specifiable. The relevant
structural features are largely recognizable aspects of molecular structure.
Molecular theories exist which provide a bridge between the molecular struc-
ture and the macroscopic viscoelastic properties.

LARGE STRAIN RUBBER ELASTICITY

The equlibrium small-strain elastic behavior of an "incompressible'
rubbery network polymer can be specified by a single number--either the
shear modulus G or the Young's modulus E (which for an incompressible
elastomer is equal to 3G). This modulus being known, the stress-strain
behavior in uniaxial tension, biaxial tension, shear, or compression can be
calculated in a simple manner. (If compressibility is taken into account,
two moduli are required: G and the bulk modulus B.) The relation between
elastic properties and molecular architecture becomes a simple relation be-
tween two numbers: the shear modulus and the crosslink density (or the
crosslink density corrected for the dangling tails). There can be some
ambiguity as to how closely the "effective" crosslink density (caiculated
from the elastic modulus) approaches the ‘'chemical'" crosslink density
(estimated from some chemical measure of crosslinking); however,
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in many elastomers the ''chemical" crosslink density is not known with suf-
ficient accuracy to make this a major concern.

When one proceeds to large elastic strains, the problem becomes more
complex. The stress-strain relation in uniaxial tension becomes non-linear.
It could be linearized, by a proper choice of the measure of deformation and
the measure of stress, but a satisfactory treatment must also be consistent
with the multi-axial large strain elastic behavior. One general approach to
this problem has been through the use of a strain energy function wis,

This is a scalar function of the three extension ratios, A1, A2 and 3. If
W (A1, )2, \3) is known, the deviatoric stresses s1, s2 and s3 can be
calculated (as functions of A1, A2 and A3). The problem then becomes that
of finding the proper form of the scalar function W (11, A2, A3). Various

choices have been suggested and tested. One of the most popular is the
Mooney-Rivlin equation, which introduces a second elastic parameter. For

uniaxial tension, the Mooney-Rivlin equation can be written:
grie -
True Stress =2 C; (\* - ¥) - 2 C2 (X - 32,
corresponding to a strain-energy function of the form:
W= Gl ~ 3] ¥ €500~ 81,

where I; and I, are invariants of the strain tensor.

A multi-parameter property equation calls for a multi-parameter struc-
ture specification. As one attempts to go beyond the effective crosslink
density (corrected for dangling tails), it becomes difficult to identify the
precise structural features responsible for the observed elastic properties.
Some of these structural features are probably related to network topology.
When crosslinks are introduced into a strained polymer, or in a solvent-
swollen state, the resulting network has different properties from a network
formed in an unstrained, unswollen condition--even if average molecular
weight between crosslinks is the same 19, No structure specification, couched
only in terms of the connecting chains as network elements, is likely to
capture the significant differences among such networks. An adequate struc-
ture specification probably must involve the closed loops of the network and
their topological patterns; such aspects of structure are very difficult to
establish 20,

NON-NEWTONIAN F LUIDS

At sufficiently high temperatures, a linear polymer behaves as an
elastic fluid. At very low stress levels, the stady-state flow behavior is
Newtonian; shear rate is directly proportional to shear stress. At higher
stress levels, the elastic component of deformation contributes large
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process. Not only is there a transient elastic effect during the approach to
steady flow and following cessation of flow, in addition, the molecular orien-
tation strongly affects the steady-state relation between shear stress and
shear rate. In the low-shear region, this steady-state behavior can be
expressed by a constant-- the ''zero-shear" viscosity (or its reciprocal, the
fluidity). In the high-shear region, a non-linear function is required to
specify the relation between shear stress and shear rate. This can be
formulated in various ways*:

F elastic strains. The chain molecules are appreciably oriented by the flow
|
|

i e = fr) |
r = F (&) 1
or r = napp(é). :

with Mapp 2 non-linear function of é or r. By symmetry, f(r) must be an
odd function--i.e., f(-7) = -~f(+7).
I A power law expression provides a useful approximation to the flow

s curves for many molten polymers over a fairly wide range of shear rate?l,
& = k"
or T = K&

As written above, the power law does not satisfy the requirement of
being an odd function. If negative values of é and T are to be accommodated,
the expression should be written in terms of-absolute values:

lel=x[r|™?

R

The steady-state flow behavior is not only nonlinear, it also is charac- :
terized by the development of normal stresses which are completely absent
in a simple Newtonian fluid. Thus, a steady shear flow in the x-y plane,
not only leads to a (nonlinear) shearing stress, Txy, but also to normal
Associated with these normal stresses are many

éxy,
stresses Gyy, Oyy: Tyz°

: 2 |
| <3aF !
4 * ¢ = strain
! ¢ = strain rate
: r = shear stress
M = viscosity
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distinctive phenomena exhibited by polymeric fluids, such as the Weissenberg
effect, where a polymer being stirred by a turning shaft tends to climb up the

shaft instead of being thrown outwards by centrifugal action?2.
Thus, non-Newtonian polymeric fluids differ from simple Newtonian

liquids in several ways: they exhibit transient effects in approaching steady-

state flow; the steady state flow is nonlinear; and it is accompanied by normal

stress effects. Consequently, a number of parameters are needed to specify

the fluid properties. The relation of these parameters with molecular structure

is only partially understood; but it is clear that the form of the molecular ;
weight distribution and the degree of brancing of the chains, as well as the ]
average molecular weight, must be considered. The structure-property re- :
lationships in this melt-flow regime are most important with respect to the

efficient melt processing of thermoplastic polymers. This supplies a strong

incentive to the development of more complete understanding of melt proper-

ties, molecular structures, and their interrelationships. !

BEHAVIOR OF GLASSY AMORPHOUS POLYMERS

At very low strain levels, a glassy amorphous polymer behaves as a

simple linear elastic solid, with a high Young's modulus (e.g., 4 x 1010
dynes/cm2). When forced beyond this linear regime, a variety of non-linear,

irreversible responses can occur: macroscopically brittle fracture; shear

yielding (either uniform or localized); crazing; or some combination of these23.
The stress level at which onset of any of these modes of response occurs de-

pends upon many variables; the molecular structure (both composition and
arcitecture); temperature; geometrical character of the stress rate of loading;
contact with deleterious environmental agents; etc. Change in these variables
can result in a switch from one mechanism of response to another.

Consider first the geometrical character of the stress. A multi-axial
stress can be characterized by the three principal stresses S;, Sy, S3, listed
in descending value. Shear yielding depends primarily upon the difference
between S; and S3. The Tresca yield condition, S; -S3 = Y. (applicable to
metals), has been modified for polymers (for which the shear yield stress Y
increases with hydrostatic pressure*.

The onset of crazing follows a completely different stress criterion, l

v as reported by SternsteinZ°, Crazing is favored by high tensile stress, and }3
K a positive mean normal stress. Brittle fracture follows still another stress
criterion. The mode of response to a particular type of stress depends upon
3 which critical threshold is first crossed. ;
The shear yield stress depends upon temperature and strain-rate. So |
also do the stress levels for crazing and fracture but to different degrees. :
Thus, a change in temperature, or in strain-rate, can shift the mode of

responsezs.

¥
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The molecular mechanisms of these various responses, and their re-
lationships with structure, are only partially understood. One thing, how-
ever, is certain, that we must go beyond molecular structure and consider
supramolecular structure as well. The critical stress levels for yielding,
crazing, and fracture depend strongly (and differently) upon the molecular
orientation of a specimen. In the case of polystyrene at room temperature,
uniaxial orientation can provide a marked increase in tensile strength, tough-
ness, and craze resistance in the direction of orientation, and a marked
loss in these properties in the transverse direction2?. Biaxial orientation
can confer strength and toughness in all directions in the plane28.

BEHAVIOR OF CRYSTALLINE POLYMERS

Crystalline polymers, when forced beyond a limited linear regime,
can also exhibit a variety of irreversible nonlinear responses to stress.
Again, the mechanical behavior depends not only upon molecular structure,
but also upon supramolecular structure--morphology and orientation. A
given polymer can exhibit many different kinds of morphology, depending
upon the history of temperature and stress encountered in processing.
Among the recognized morphologies--each with its own distinctive pattern
of properties--are the following: (1) Spherulitic morphology (commonly de-
veloped when a polymer crystallized from an unstressed melt)29; (2) Drawn
fibrillar morphology (developed when a spherulitic polymer is stretched
below its melting point and the original lamellar crystallites are fragmented
and rearranged into an oriented fibrous structure)2 ; (3) "Shish-kebab'' mor-
phology (a different highly oriented morphology which develops when an orien-
tated melt is crystallized30; (4) Extended chain crystals, "ECC" (which can
be formed when polymer crystallizes under high hydrostatic pressure, or a
crystalline polymer is annealed under preSSure)31; (5) Oriented extended
chain crystals as in high modulus fibersS2; (6) '""Accordion" morphology or
"hard-elastic" fibers (formed by appropriate sequences of tensile stress and
temperature s (7) Various intermediate morphologies35.

For a given polymer, the mechanical properties--modulus, tensile
strength, yield stress, etc.--can show orders of magnitude differences in
these various morphologies. And molecular structur: influences properties--
both directly and also indirectly as it influences the development of a par-

ticular morphology36-

In spite of the above diversity of oriented crystalline morphologies,
Samuels has shown that the structural state can sometimes be adequately
characterized by the crystalline and amorphous orientation factorsS'. For
polypropylene samples prepared with different draw ratios, draw tempera-
tures, shrinkage temperatures, etc., simple property correlation with these
two orientation factors was observed. '... these recults suggest that dif-
ferent fabrication processes are simply different paths along which the

sample is moved to equivalent structural states. Thus, general structure-

\
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property correlations are achieved by concentrating on the final structural
states of the sample and not on the path by which that state was reached. "
Where applicable, this is a most useful approach; however, when radically
different frabrication processes and radically different morphologies are
compared, the definition of 'structural state' must include more shutle
features than the crystalline and amorphous orientation factors.

In addition to the degree of crystallinity and the orientation of crystal-
line and amorphous regions, the shapes and sizes of the regions can be sig-
nificant structural features, which can influence the way stress is distributed
between the various regions.

A number of models have been proposed to attempt to account for this

distribution of stress. TFor example, the model proposed by Reuss38 assumes
that each region sees the same stress while that proposed by Voight

assumes that each region sees the same strain. These two models repre-
sent the two extreme possibilities and it can be shown that while neither of
these can be strictly correct all possibilities lie between these two extremes.
An interesting model is that proposed by Tsai and Halpin which uses a
semi-empirical equation with a single parameter,5 , called the contiguity
parameter which determines the way stress is distributed0. When § = ¢
the equation reduces to the Reuss model and when § = o it yields to the
Voight model. For intermediate values of € it can reproduce all other models
which have been proposed (e.g., Takayanagi4l, Kerner%2, etc.). The Tsai-
Halpin equation originated in the theory of composites where € could be quanti-
tatively related to the length to diameter ratio of a fiber-reinforced composite.
Halpin and Kardos have extended the concept to semi-crystalline polymers

where £ becomes a measure of the morphology of the crystalline regions™<.
In order to characterize completely the mechanical properties of a semi-

crystalline polymer (or any two-phase system) one needs to know, in addition
to the properties of each phase, the following three factors: (1) crystallinity;
(2) orientation (of any anisotropic region); and (3) contiguity (how stress is
distributed). Numerous methods are available for measuring or estimating
the first two of these factors, but contiguity is a relatively new concept and
as yet there exist no methods for directly measuring the contiguity factor, &
Although the contiguity concept is relatively new, the fact that the dis-
tribution of stress depends upon the size and shape (i.e., morphology) of the
various regions has long been recognized. However, to relate morphology
quantitatively to the distribution of stress has required the assumption of a
model. The most common model is probably that of Takza,yanagi4 . Using
this model one can calculate a value for the contiguity, 5, from the ayerage
dimensions of the crystalline regions. To gain some feeling for how * varies
with morphology one notes that long fibrous crystals have a high value of &,
while lamellar crystals have § <1, A & - would correspond to crystals with
small noncrystalline regions completely embedded within them while 5 =0
corresponds to lamella-shaped crystals completely surrounded by noncrystalline
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regions 32 1t is also apparent that size and shape alone cannot completely
determine the contiguity sinco the distribution of stress will also be affected
by the way the regiouc are connected to each other.

The contiguity concept provides a new look into the potential proper-
ties of polymeric materials. In the case of polyethylene, for example, the
elastic moduli of the crystalline regions can be calculated from first princi-
ples43, and those of the noncrystalline regions estimated experlmentally4
Thus, it becomes possible to calculate average moduli as a function of
crystallinity, orientation, and contiguity and to compare these calculated
values with experimentally measured results*®. With but a few notable
exceptions all observed values correspond to a contiguity of zero. The
exceptions are those few cases where polyetheylene has been processed
into filaments with what are believed to be extended chain crystals
Thus, it would appear that for the most part one can use the Reuss model

with ¢ = 0 for the distribution of stress. However, it is also clear that
the mechanical properties of all polymers can be significantly improved if
they can be obtained in a morphology with £ > 0. The extent of improve-
ment available is one to two orders of magnitude in elastic modulus. That
this is not an unreasonable estimate can be seen if one considers that in an
amorphous or semi-crystalline polymer, the initial deformation (which
determines the modulus) is accomplished by bond rotation. If the contiguity
of the specimen can be increased so that deformation requires bond bending
or bond stretching, then the modulus can be increased one to two orders of
magnitude.

An extreme example of oriented crystalline morphology and consequent
tensile properties is provided by the aromatic polyamides The polymer
molecules are highly rigid extended chains. In solution, they can sponta-
neously assume parallel orientation to form a "liquid crystal" or mesophase.
When such liquid-crystal solutions are spun into fibers, the resulting fiber
morphology leads to extremely high modulus and strength

INTERACTION MATRICES

M. L. Williams and F. N. Kelley have introduced the concept of an
interaction matrix to summarize the relationship between polymer structure
and engineering properties5°

In such a matrix, molecular parameters are represented by the rows,
and engineering parameters by the columns. The matrix elements are
labeled S, M, N, or U, to indicate interactions which are "strong",
"moderate', negligible', or "unknown''; alternatively, when possible,
quantitative evaluations may be employed.

One example of an interaction matrix presented by Williams and
Kelley deals with the relaxation modulus, which can be approximated by
the five-parameter equation:
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where E, and Eg are the equilibrium rubbery modulus and the glassy modu-
lus; 7, is the characteristic time, and t, is the temperature-reduced time
(tr = t/at), and aT is a temperature dependent shift factor. The matrix
which shows how these mechanical deformation parameters are related to
~ polymer structure is presented as Table I.
Williams and Kelley also presented an interaction matrix for visco-
elastic fracture. They used the modified Griffith critical stress criterion:

) %r VErel (t/aT) s ¢/a :1‘) /a

where Erel (the relaxation modulus) and 'yc (the cohesive fracture energy)

are both functions of temperature and time, and a is the initial flaw size.
They represent the time-temperature dependence of Y, by a five-parameter
equation: i

v_ -y
3 t = E_°
©) s, /aT) e 1+ t/a'-ro]n

The dependence of the fracture parameters of equation 3 on molecular struc- .
ture is presented in the interaction matrix of Table II. E

= fracture energy - equilibrium

s
e
'yg = fracture energy - glassy
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TABLE I

Interaction Matrix for Relaxation Modulus

Modified Power Law Parameters
T

t=i

Molecular Characteristics
Crosslink Density
Chain Stiffness

o

Monomeric Friction Coefficient

Solubility Parameter

Molecular Weight

Heterogeneity Index

Molecular Weight Between Entanglements
Degree of Crystallinity

Volume Fraction of Filler

7 24 2 2 2 2 =2sa= zl,nt!l
®m MW Wz n Z 2z Z ml

n 2 » 2 2 Z ca nu Z|°*
R S - R - A
w2 Z Z2 0 n e n 2

Volume Fraction of Plasticizer
U = Unknown, N = Negligible, M = Moderate, S = Strong

TABLE II
Relaxation Modulus for Viscoelastic Fracture

Modified Power Law Parameters ;
Molecular/Microstructural Characteristics

‘ Crosslink Density
i Chain Stiffness

 —

Monomeric Friction Coefficient

- % Solubility Parameter

F- Molecular Weight

t_ Heterogeneity Index

F‘, Molecular Weight Between Entanglements
[ ‘ Degree of Crystallinity

v

Volume Fraction of Filler

w w2z ZZ Bz B
mmmmzmgcgm|m<
w g w2z Zc@nd Z
ZzZ  n oz Z 2 d g gl

E 1 Volume Fraction of Plasticizer
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SUMMARY

The structure-property relations of polymers include the dependence
of Tm and Tg on molecular structure, and the quantitative stress-strain-
temperature-time behaviors exhibited in the various regimes relative to Tm
and Tg. These quantiative behaviors, and their dependence on structure,
are most completely developed in the regime of linear viscoelasticity (in-
cluding the special cases of small strain rubber elasticity and low-shear-
rate viscous flow). Large-strain elasticity and high shear-rate flow are
somewhat more complicated, but are still correlated with molecular struc-
ture. In glassy amorphous polymers and crystalline polymers, supra-
molecular structure (e.g., orientation) as well as molecular structure must
be considered in developing structure-property relationships. Since molecu-
lar structure is primarily established during polymerization, and supramolecu-
lar structure is established during subsequent fabrication operations, the
mechanical performance of such polymers depends upon the conditions of
fabrication as well as of polymerization.
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CHAPTER 5

STRUCTURAL DESIGN CONSIDERATIONS FOR POLYMERIC MATERIALS

INTRODUCTION

Conventional structural materials (metals, concrete, stone, glass and
wood) are familiar to everyone, because of their widespread use and because
they have been available for long periods of time. Their advantages and limi-
tations are well known, information about them is easily obtained, and rarely
are they misapplied or used in fashions which are inherently inappropriate.
Although service failures of these materials do occur, usually they are caused
by exposure to unforseen conditions (excessive loads, for example) by manu-
facturing errors or defects or by inadequate maintenance of parts made of

theml.
The situation with plastics is different in several ways. As a class of

materials they are comparatively new. The first synthetic high polymer was
prepared about one hundred years ago and became commercially available
thirty years later; it was not until the period from 1930 to 1940 that an in-
dustry began to emerge. Only within the past fifteen years has the plastics
industry become mature in a substantive sense. Most of the plastics in
volume use today are less than thirty years old and since their inception
many have undergone frequent enough and significant enough modifications to
render them even "younger'" than that. There is considerable complexity in
the spectrum of available plastic materials: homopolymers of many different
types, copolymers, blends, mixtures, variously reinforced systems, com-
posites, etc.* Hundreds of different formulations are produced commercially;
it is not surprising that the non-specialist invokes the term 'plastics" for
all, and lets it go at that.

Despite this confusing complexity, it is possible to state some general
principles about the structural use of plastics and then use these principles
in the design of functional parts and systems. This is the purpose of this
chapter. While this chapter will be confined to generalities, enough actual
examples of structural plastics exist to make credible their capability in this
respect. The Boeing 747 airplane contains nearly two acres of polymeric
adhesive joint area, much of it located in structurally critical regions in the
fuselage and aerodynamic control surfaces. Tens of millions of cars, trucks,

..
1 g

*It will be noted that the large class of synthetic fibers is not discussed in
this chapter. This is because for structural design, as understood herein,
fibers are used to distribute stress, reinforce a plastic, or be a part of a

laminate. Hence, fibers are taken for granted and are not specifically
considered.
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and buses are braked by linings adhered to the metallic shoes with polymeric
glues; in a very real sense, the lives of most of us depend upon the perfor-
mance of those bonds. Plastics are structural materials in every sense of |
the term, if they are used correctly. :

WHY PLASTICS?

Confronted with a structural need, whether it is demanding or almost
trivial, e.g., an air-to-air missile or a hair comb, the materials selection
process begins in the designer's mind. At this point it is helpful to have a
realistic perception of the characteristics of plastics, their attributes and
their limitations.

Generally plastics are light with specific gravity not much different
from 1.0. Most plastics are good to excellent thermal and electrical in-
sulators. Many are transparent or translucent to visible light. They
generally do not corrode or oxidize as do metals. Most are resistant to
that ubiquitous solvent, water; but, virtually every plastic can be attacked
by some agent, e.g., solvents, oils, greases, soaps, etc. It follows that
care and selectivity must be used if such environments will be encountered
by the part. Plastics usually perform better at the low end of the tempera-
ture scale than at the high. Embrittlement and glassiness occur somewhere
in the range of -70°C to 95°C but because of softening it is not easy to ob-
tain satisfactory long term performance above about 205°C with a low cost
polymer.

For reasons directly related to their nature, it is attractive to use
plastics if only a few or few hundred parts are needed or if hundreds of
thousands or more are sought. This is because easy liquid-to-solid con-
versions are available for small quantities and quick, low cost, low energy
consumption solid-to-melt-to-solid ones exist when large runs are planned.
The importance of this fabricating flexibility cannot be over-emphasized
since time and again this flexibility is the compelling rationale for using a
polymeric material to make a part. It also facilitates the incorporation of
reinforcing fibers or particles, the use of plastics as films, coatings and
adhesives and the mixing of different kinds of plastics for unusual combi-
nations of properties,

Except in the drawn fiber form, most plastics are low modulus ma-
terials; values range from 0,25 to 1.5 x 106 psi. Frequently this contribu-
tes to superior shock resistance and impact energy absorption; it also causes
large deflections under moderate stresses. Strengths are not high (3-15, 000
psi ultimate tensile strength) and are time and temperature sensitive with a
few exceptions; indentation hardness and wear resistance also are low, un-
less intrinsic luberication films or similar mechanisms are present. Most
plastics will burn. A variety of fire retarding or inhibiting methods are
available to reduce this sensitivity to burning and some highly fire-resistant

vy N
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specialized polymers do exist; but, compared to metals or ceramics, it must

be recognized that many plastics are flammable and may produce smoke and
toxic products when they burn2l. On a weight basis plastics are comparatively
expensive materials; their use as a direct weight to weight replacement for
metals, glasses, or wood can rarely be justified by lower costs. If the com-
parison is made on a volume basis, the situation may become more favorable

to plastics, especially if finished parts with complicated geometries or shapes
can be melt formed or cast directly with plastics instead of machined and/or
assembled with metals. Usually, however, a plastics application must be
justified by the need for some inherent property or combination of properties--
light weight, visible light control, fabricability, low conductivity, chemical re~
sistance, etc.--instead of by lower costs. That such justifications are numerous
is attested to by the 1975 sales of plastics in the U.S.: 10.3 million metric
tons, with the major uses being appliances, building and construction, electrical-

electronics, furniture, housewares, packaging, toys, and passenger cars®.
(On a volume basis this would be equivalent to about 70 million tons of steel or

25 million tons of aluminum alloy.)

WHICH PLASTICS?

With literally hundreds of commercial formulations available, any at-
tempt to identify a single one in the absence of a particular performance
specification appears futile; no such attempt will be made here. Instead,
general classes and characteristics will be presented toward the purpose of
clarifying some guidelines which may be helpful in the selection process.
For this, an arbitrary division into three broad categories: (1) elastomers;
(2) glasses; and (3) crystalline polymers are used.

ELASTOMERS

By this category is meant polymeric materials which show elastic be-
havior in the ''normal" temperature range of -45°C to 95°C. They are soft,
have a very low modulus, stretch hundreds of percent before they break,
and recover with more or less hysteresis from the deformation once the
load is removed3,

Polyisoprene, that was once available only from rubber trees, is now
synthesized in commercial quantities and finds its greatest use in vehicle
tires. Its tear or crack propagation resistance is raised to high levels by
heavy loading of carbon black filler, its abrasion resistance is good, the
wet-skid characteristics are superior and it shows the least temperature in-
crease or heat build-up from hysteresis under cyclic loading. The presence
of unsaturated double bonds makes it susceptible to ozone attack which cause
surface embrittlement and leads to crack initiation; many common solvents
attack and swell it but once molded into shape it cannot easily be reformed
or reused.
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Polybutadiene has many characteristics similar to those of polyisoprene
but most of its properties do not reach quite the same desirable levels. In
one respect it is very attractive, however, it can be copolymerized with
styrene, a glassy plastic, to yield a variety of products which can range from
very soft to very hard. They give a wide spectrum of physical properties at
low costs. !

Both polychloroprene (neoprene) and the acrylate rubbers have superior
chemical resistance, especially to hydrocarbons and organic solvents, though
neither is as strong or abrasion resistant as polyisoprene. The polyurethanes
excel in abrasion resistance--with good solvent resistance; they too can be
formulated to range from a glassy state to an elastomeric state, though pro-
cessing them involves exothermic liquid reactions that are often difficult to
control.

Butyl rubber is 'lossy', i.e., absorbent of mechanical energy until heat-
ed well above room temperature; but its barrier properties to air are out-
standing. Like the polysulfide rubbers it can be formulated into sticky but
stable compositions that are useful as sealants and gaskets for outdoor use.

Silicone-based elastomers exhibit great chemical resistance and have a
wide useful temperature range. Unfortunately they are expensive and not
very rubbery.

Recently, injection-moldable or thermoplastic rubbers of several dif-
ferent types have been developed; these promise to become more popular
because of their greater fabricating speed and flexibility. They can also be
recycled.

All the rubbers can be foamed or rendered cellular quite easily, for
use in cushioning and furniture, and this use consumes large amounts of
butadiene and urethanes every year.

GLASSES

Around room temperature polymeric glasses are stiff, hard and usually
brittlet. Frequently transparent, they are often used for glazing or in ap-
plications where integral coloration by dyes or pigments enhances their shiny
surfaces.

The thermoplastic glasses, i.e., acrylics, styrenics, cellulosics,
polycarbonates, vinyls, and polyesters can be softened and melted repeatedly.
This is advantageous since they mold well and easily, reproducing complicated
shapes and patterns satisfactorily. Their inherent brittleness can be over-
come by including rubber particles in the glassy matrix which cause it to
craze, yield and flow appreciably before breaking; the impact resistance can

be increased by orders of magnitude in this way®. If greater stiffness,
strength and resistance to elevated temperature are desired reinforcing

fibers may be mixed with the thermoplastics in ratios as high as 35% by
weight, without destroying their moldability. Chopped, inorganic glass fiber
is frequently used for this purpose.
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The thermoset glassy plastics, i.e., epoxies, polyesters, phenolics,
alkyds and silicones undergo but one molding experience in their history. ‘
Crosslinks are formed between proximate chain molecules; these inhibit any
subsequent thermal flow of the materials. The thermosets can be generally
used at higher temperatures than the thermoplastics but the dimensional
changes accompanying final solidification are great enough to require filling
them with inert particles or reinforcing fibers to prevent cracking during
molding. The hardening and strengthening effects are beneficial in themselves :
as is the improvement in resistance to elevated temperatures. Usually these
materials show superior resistance to water and chemical attack because of
their crosslinked structure though solvents or softening agents can be found :
for virtually all of them®. 3

CRYSTALLINE POLYMERS

In several important respects, crystalline polymers are unusual. They
can be mixtures of ordered and disordered material, crystalline and amor-
phous, or of highly and poorly ordered phases. In many systems the extent
of crystallinity can be controlled by changes in molecular architecture and,
to a lesser degree,by processing conditions. Since the crystallites act like
physical crosslinks, this enables variations in macroscopic properties (stiff-
ness, yield strength, ductility, toughness, permeability, etc.) over wide
limits, especially above the glassy brittleness temperature. Because the
crystallites possess many possible slip mechanisms, such polymers usually
are tough, impact resistant, submissive to cold drawing and orientation, and
resistant to cyclic mechanical fatigue damage. Normally their chemical
resistance is superior, with certain notable exceptions, but the crystallinity
prevents optical clarity except in relatively thin films".

By far the most common crystalline synthetic polymers are the poly-
olefins. These are principally polyethylene and polypropylene, comprising
about 40% of the plastics produced annually. Polyethylene becomes brittle at
about 120°C (polypropylene at -20°C) and the crystallites melt around 130°C
(polypropylene about 175°C). Thus, over a broad range, including room
temperature, the materials are leathery, tough, flexible, and strong.
Coupled with ease of melt processing, these attributes make the polyolefins
useful for films, coating, extrusions and moldings. Their inherently low
coefficient of friction and resistance to wear add further to their versatility.

Perhaps one of the most provocative developments in polymer tech-
nology at the present time involves crystalline plastics. By artful extrusion
followed by further drawing attenuation of such polymers, or by other schemes,
it has been possible to obtain fibers containing significant fractions of ex-
tended -chain crystallites in which the backbones of the molecules are com-
paratively straight and parallel to the fiber axis. Theoretical calculations,
predict, and experimental observations support, that great stiffness and
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strength can be obtained in such microstructures. This results in properties
directly competitive with or superior to our highest performance metal alloys.
As controls on such processes improve and as their ramifications are explored,
it sesensm certain that the next decade will produce exciting advances in this
area®’

THE DESIGN PROCESS

The task of the designer is to bring forth a part or system that will i
perform the specified functions and which can be produced in the required ;
quantities at acceptable costs. Often this requires judgment, estimates, or
guesses in many areas, particularly with respect to service loads and con-
ditions throughout the entire life of the part. Failure to foresee all of the i
significant service loads and conditions can produce unpleasant consequences.

In this section primary attention will be given to structural design of plastic
parts. Since such matters must be considered for almost all plastics pro-
ducts, the consideration will not be confined or constrained.

First comes identification of the essential function of the part. What
must it do? A standoff insulator must separate the wire from the polc
electrically; therefore the standoff cannot be conductive. A tank of drinking
water must contain the water and be proof against corrosion. A giazing
unit must transmit visible light. Protective cushion packaging must absorb
mechanical shocks. Pistons in an automobile engine must transmit forces
at temperatures near the combustion point of the fuel-air mixture. If the
"must function" is not met, the whole exercise is without meaning.

Next comes the question, how many? If only a few parts are needed,
relatively cumbersome and inefficient methods of fabrication and assembly
may be tolerable. If hundreds of thousands or millions of units of an article
are sought, however, automated fabrication and assembly becomes imperative
and economical., Few people care what a milk container looks like or is
made of, as long as it holds the contents, is inexpensive, can be sterilized
and is readily disposable. Involved directly in the question of quantity, how-
ever, is the material selection. Obviously automation and processing speed
are not applicable to all materials to the same degree.

At this point, just on the basis of the essential function and the number
of items required, the list of candidate materials already has been narrowed
considerably. When the anticipated service requirements are factored in loads,
environments, range of temperatures encountered, desired life, etc., and
coupled with the consequences of failure, normally just a few candidates
survive. Failures must be considered explicitly. If human life or safety are
threatened, more stringent measures must be taken than if the milk container |
simply leaks. If a container is pressurized, one containing a carbonated i)
beverage, for example, then an explosive failure can take place and people |
can be injured. The detailed design of the container and the material of which
it is made become much more critical, as do inspection and surveillance
procedures,
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For the purpose of this discussion, let us assume that the foregoing
factors combine to lead to the choice of a specific plastic for the part.
Another series of questions must be answered as fully as possible:

(1) What forces and deformations will be imposed upon the part in
normal use? What kind and degree of abnormal use must also be sustained?
Are the forces (or deformations) invariant with time or will their characteris-
tics change periodically ? If they change periodically do they do so in a
repetitive or random manner ? Are the forces uniquely directed such that
material anisotropy would be advantageous or would it be detriment if it
arises from the fabrication process ?

(2) Is the part's function stiffness or strength controlled? In other
words, must it simply sustain the imposed loads without breaking, as an
automobile tire, or must it not deflect too far in a fashion similar to a
floor or a bridge which should not sway too much as one walks on it?

(3) What is the range of temperatures over which the part must per-
form? Are temperature variations likely in service and will they be such
as to induce additional stresses or deformations in the part? How often
and how rapidly will they occur ?

(4) What environments will the part encounter in normal service?
Will reactive liquids or vapors contact it continually, intermittently, rarely,
never? Will it be exposed to water, either fresh, salt or brackish? Will
variations in the concentration of such agents occur in the service environ-
ment, such as wetting and drying? How often?

(5) Is the appearance of the part important to its satisfactory function?
Must the surface remain unchanged and the color fixed? Is renewal of the
surface permissible and anticipated? How much degradation due to weather-
ing or sun exposure can be tolerated?

(6) If mechanical failure occurs, if the part breaks, should it do so
slowly and provide some warning, by slow growth of a visible crack, or is
rapid, brittle fracture acceptable? Is high fracture toughness, insensitivity
to local damage such as scratches, notches and holes, required for satis-
factory performance ?

(7) How will the part be fabricated? Will the method produce signifi-
cant effects such as orientation, residual stresses, voids, shrinkage marks,
surface roughness or others which may affect the strength of the material?
Can these effects be put to advantage? Is the part designed to optimize its
production by the method chosen, utilizing the simplest tooling and the
shortest cycle times possible ?

(8) What happens to the part after it is made but before it is put into
service? How is it handled, stored, shipped, assembled? Often this stage
is found to be the most severe which is encountered by many parts and
systems; the service requirements are moderate compared to the abuses of
storage and/or assembly.
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Structural design considers the forces (and deformations) imposed on
the part and sections it or dimensions it such that excessive stresses znd
strains do not occur. Initially, linear elastic behavior of the material is
assumed. Classical elasticity methods of axl%lysis are used if the geometry
is simple enough to make them appropriate ~~. If not, computerized finite
element techniques are employed because of their versatility and powerll.

If neither is completely satisfactory, a model of the part must be construc-
ted and measurement of the strains made in regions where analytical methods

are not effectivel2.
Once the stresses and strains have been determined, the viscoelastic

behavior of the plastic must be recognized. There are two principal ways
to do so. In the first, an experimentally established time-dependent modulus
is used to account for delay effects, and successive solutions are found, as
before, using the time-changed value of the modulus to monitor the behavior
of the part. (If loads and stresses are the independent variables, the creep
modulus is used; if imposed deformations and strains are independent, then
the relaxation modulus is appropriate. They are not the same for any single
material.) By this procedure a series of successive 'pictures' of the part
may be obtained, showing its gradual change of size and shape as time passes.
The modulus values used should be for the temperature of service. If the
temperature changes, a different modulus-time curve may be required; to a
first approximation, the effects are simply additive so they can be estimated
quite readily. If the stress field is complex and multidiamensional, the usual
case in reality, it is assumed that uniaxial behaviors are valid, that no
i interactions occur, and that the effects are superposable. Experience shows
these assumptions to be true in general except for compositesl3,x

The second technique is more complicated but more precise. It re-
quires an analytical characterization of the viscoelastic behavior of the ma-
terial, usually in the form of a constitutive equation which relates stress,
strain, time and temperature. The part is analyzed as if it were composed
of a linearly elastic material. Then by the so-called correspondence method,
the elastic constants in the solution are replaced by viscoelastic operators

R o L T T T

y and the resultant transformed equations are solved to provide a time-depend-

| ent analysis of the part. When applied carefully, this technique is powerful

. and accurate unless non-linear viscoelastic behavior occurs. However, this

;Z,‘ is usually deduced from the size of the strains or deformations encountered!4.
Between these two methods, which might be viewed as the extremes,

E 4 a number of other analytical procedures are available. Many of them use
relatively simple analytical expressions for the time-~dependent modulus or
b, incorporate the concepts of a rate process into the calculation of deforma-
tions and strains. When restricted to a particular material-product combi-
nation, e.g., pressurized poly(vinyl chloride) pipe, they can be refined em-
pirically to a high degree of accuracy and usefulnessld
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Another concept of great utility in the structural design and analysis of
plastic parts is the time-temperature superposition principle. Stated simply,
this postulates that long time behavior at one temperature can be observed
in shorter times at a higher temperature and that predictions in the time-tem-
perature domain can be made by suitable extrapolative methods, Initially
conceived for deformation phenomena, it also applies to the strength behavior

of many plastics and is a very useful tool for designersl?.
The strength of all plastics is time sensitive. Under a steady tensile

load the breaking stress decreases as the loaded time increases. This
characteristic, known as ''static fatigue'' is exhibited by many other materials
and is not peculiar to polymers. However, the sensitivity of the effect to en-
vironmental agents is very marked with plastics, apparently because many liquids
and vapors can plasticize the materials and facilitate chain-chain slippage
which leads to crazing or cracking., Many of the ''stress cracking agents"
occur commonly., Alcohol, water gasoline, soaps and detergents, vegetable
oils, animal fats, milk, butter, perspiration and organic cleaning fluids are
among the agents known to moderately or greatly reduce the stress-rupture
resistance of numerous frequently used plastics. Usually, if it occurs, the
effect is serious enough for a given polymer to require an explicit remedy.
Among the possibilities are; to provide a barrier to the agent, reduce the
stress in the part, remove the offending agent from the environment or
change the composition of the plastic to lessen the solubility of the agent in
it. Sometimes orientation of the molecular structure also improves its en-
vironmental stress cracking resistance, but this must not be merely a skin
effect or no benefit is gained. The producers of plastic materials have col-
lected a great amount of data on the general cracking phenomenon, as related
to their own products. Good information generally is available from them or

from the technical literaturel8.
Alternating stresses and deformations also produce damage and loss of

strength; however, the severity of the reduction varies greatly with the plastic.
For example, polypropylene is so resistant to cyclic fatigue that "infinite
life'" hinges are fabricated of it while glass fiber reinforced polyesters or
epoxies can lose half their strength after a few hundred thousand cycles be-
cause of brittle matrix cracking and damage to the fibers. As with the
static case, environmental effects operate here also, though not always to
the same degree. A reasonable data base exists for the static case. The
amount of available information on cyclic fatigue is not great and basic under-
standing of the mechanisms involved is less than complete. Much remains
to be accomplished 19,

To recapitulate, the initial step in the structural design and analysis
of a plastic part is to treat it as ideally elastic. Then concepts of a time-
dependent modulus can be introduced or the correspondence principal utilizing
viscoelastic operators can be employed. Other methods of intermediate com-
plexity are available. A powerful tool for predictions of longtime creep and
stress rupture behaviors is the time-temperature superposition principle.
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Environmental factors must be considered, usually on the basis of empirical
test data, to ensure that accelerated effects either do not occur or are ac-

counted for in the design and dimensioning of the part. Finally, the conse-
quences of failure must be evaluated just as comprehensively as possible.

If life or safety is threatened, gross overdesign may be required, principles
of redundancy may be invoked, one hundred percent inspection of parts could
be required, and surveillance of the part in service might be specified.

PROTOTYPE DEVELOPMENT AND TESTING

Often much of the foregoing design and analysis process is condensed
and replaced by prototype development and testing, either in hope of saving
time and money or because the part is so complicated that the analytical
process would not be rewarding. An empirical series of successive approxi-
mations is followed, starting from simplified calculations frequently influenced
strongly by the fabricating capability available to the producer. Both the
efficiency and effectiveness of the empirical approach depends heavily on the
experience and judgment of the persons involved and the scope of the testing
which is done. If both of these are of high quality, the process can produce
good results, fast and cheaply.

Irrespective of the naturc of the design process which is used, the

part testing phase should be performed22, The ideal test is real life ser-
vice since this encounters all the elements of use, and abuse, unforseen by

the designer, but real life testing is difficult to monitor, expensive to con-
trol, and may be hazardous, either literally or commercially, if failures
occur. For these reasons, simulated service tests under controlled condi-
tions in the laboratory are usually preferred. Temperature cycling, load
cycling, environmental exposures, creep tests, creep-rupture tests, static
and impact strength measurements, exposure to simulated weathering, elec-
trical performance--the variety of such tests is almost endless--but the
basic idea is to evaluate the behavior of the part when used in a manner
similar to that for which it is intended, under conditions subject to measure-
ment and recording. Such tests often are ingenious in their simulation of
service conditions, though this may be offset by the typical tendency toward
order and programming characteristic of the technical person's approach.
Despite this, simulated use tests are necessary and should be performed
with enough replication and variety to make statistical analysis of the re-
sults valid. They also provide another useful function, that is to monitor
the quality of the material used in the part and the consistency of the pro-
cessing it undergoes in conversion to the final product2o.
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CHAPTER 6
POLYMER CHARACTERIZATION
HISTORICAL INTRODUC ’I‘ION1

The characterization of polymers may be said in a sense to have be-
gun with the recognition and demonstration of the high molecular weight and
long-chain nature of these substances. There were a few even earlier char-
acterization measurements on what is now recognized to be polymers, such
as van't Hoff's early studies of osmotic pressure, but it was not until the
work of Staudinger in the 1920's and 1930's that the nature of the polymer
molecule was elucidated by a brilliant series of characterization studies.
Staudinger recognized and studied the major molecular characteristics of
polymers: their long-chain nature, their high molecular weight, and their
molecular-weight distribution, as well as the physical nature of their partial
ordering in the solid state.

‘Since Staudinger's time, the development of polymer characterization
methods has advanced alongside the development of the synthesis and indus-
trial use of polymers. As often happens, this development has occurred in
a series of forward steps, each followed by a period of refinement, consoli-
dation, and application. Using molecular-weight characterization as an ex-
ample, the colligative methods and the chemical methods of end-group analy-
sis for the determination of the number-average molecular weight were ap-
plied to polymers immediately after Staudinger's time. The next stage of de-
velopment included light scattering and ultracentrifugation in the late 1930's
and early 1940's, leading primarily to the determination of the weight-average
molecular weight. At the same time x-ray diffraction was applied to the
characterization of the crystal structure, degree of order, and orientation of
semi-crystalline polymers.

What is now considered by many to be the most practical approach to
the characterization of molecular-weight distribution came much later with
the development in the 1960s of gel permeation chromatography (GPC), also
known as liquid exclusion chromatography. At this time, also, the application
of electron microscopy led to the current understanding of the morphology of
semi-crystalline polymers. In addition, through these years techniques for
the characterization of the physical properties of polymers were being develop-
ed, usually as the result of some industrial need.




48

APPLICABILITY OF CHARACTERIZATION METHODS

PITFALLS IN APPLYING CHARACTERIZATION TECHNIQUES

As a result of the development of many special characterization tech-
niques for polymers and of the application to these materials of a large
number of standard analytical methods, there is a wide selection of charac-

terization methods from which to select those suitable for a particular system.

But unfortunately, many available techniques are not applicable to all polymer
systems., Again it is instructive to use molecular-weight characterization
as an example.

All of the molecular characterization methods work rather well when
applied to relatively simple cases, such as linear holopolymers readily
soluble in relatively non-polar solvents at room temperature, and with
moderate values of molecular weight and the breadth of its distribution.
Likewise the physical characterization techniques can usually be understood

as long as model systems are used.
However, in the real world the industrial use of polymers has led to

interest in materials with higher and higher levels of performance. Such
materials usually have more and more complicated moleculer and supra-
molecular structures and, in direct consequence, less and less tractable
properties for the application of characterization methods. The greatest
challenges to the practitioners of polymer characterization today come from
the need to understand these complications of structure associated with
polymers of greatest current interest.

PERFORMANCE SPECIFICATION TESTING

As a result of these complications, those concerned with the use of
polymers have most frequently had to resort to what are called performance
specification tests. That is if a polymer performed satisfactorily for a
given use or met presumed relevant, specifications based on the characteris-
tics of a material known to perform satisfactorily, then it was acceptable.
Although obviously many of the characteristics tested are relevant to the
end use, the result has been the development of hundreds of such tests with
little or no basic understanding of the type needed for design criteria.
These tests, as described in the standards literature of all of the major
industrial countries, are easily accessible to polymer specialists and per-
form well for the use intended. The difficulty comes in extrapolating them
beyond the limited use for which they are intended; i.e., one can determine
if a polymer meets a certain specification, but not if it will perform ade-
quately in a given end use. Examples of the application of these standard
tests are discussed in the case studies in Chapter 7.
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SUMMARY OF CHARACTERIZATION TECHNIQUES

LISTING OF EXAMPLES

Early in the Committee's deliberations, it was recognized that a
critical evaluation of existing characterization techniques would be desirable.
Despite the usefulness of such a report, this was impossible within the
time limitations, finances, and manpower available. The evaluation of even
a single ASTM method or specification frequently takes years. Rather, it
was felt that it would be appropriate to discuss, in this chapter, the Com-
mittee's view of the current state of characterization methodology and to
gather examples of many of the newer techniques. Accordingly a request
for brief descriptions of non-ASTM techniques was sent to: (1) all manu-
facturers of polymer testing equipment listed in the 1975 Modern Plastics
Encyclopedia; (2) an appropriate person at each of twenty primary polymer
manufacturers; and (3) ca. 4500 members of the American Chemical Society,
Polymer Division and 600 members of the American Physical Society,

High Polymer Division (appreciation is expressed to the latter two organiza-
tions for permission to use their membership lists).

Usable characterization technique descriptions were received from three
of the equipment manufacturers, several of the polymer manufacturers, and
ca. 75 American Chemical Society and American Physical Society members.
These are listed by title and contributor in Appendix 6A, which is subdivided
into the sections described in Table 1.

The full collection of complete descriptions is on file with the National
Materials Advisory Board*. Several of the polymer characterization tech-
niques listed in Appendix 6A have particular relevance to one or another of
the case studies presented in Chapter 7, and these are reproduced in
Appendix 6B.

*National Materials Advisory Board, Commission on Sociotechnical Systems,
National Research Council, 2101 Constitution Avenue, N. W., Washington,
D. C., 20418 should be approached if it is desired to have access to the
file. Under ordinary circumstances access will be granted by prior ap-
pointment on business days during regular working hours.
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TABLE 1

SUMMARY OF POLYMER CHARACTERIZATION TECHNIQUES LISTED

Technique Category
Chemical

Electrical
Mechanical
Molecular

Physical
Rheological
Spectroscopic
Thermal Property
Thermal Transition

Viscoelasticity

IN APPENDIX 6A

Number Listed
11
4
19
14
12
4 :
10
11
10
12

Total 107
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OTHER NEW CHARACTERIZATION TECHNIQUES

Along with the advances in science, during the last several decades,
there has been a corresponding increase in the development and application
of new analytical techniques and equipment. Many of these are summarized
in the annual review of Mitchell and Chiu2 and include Auger electron spec-
troscopy, molecular-beam interactions, optical rotary dispersion and cir-
cular dichroism, spin-echo NMR, nuclear quadrupole resonance M&ssbauer
scattering, ESCA, acoustic spectroscopy and thermoacoustic analysis. In
addition, even in such an old technique as light scattering there are numerous
new techniques made possible by the use of a laser as a source. Summarized
recently by Kinsinger3, these included Rayleigh-Brillouin and light beating
spectroscopy. Thus, light scattering can now be used to characterize, in
addition to molecular weight and size, concentration fluctuations, translational,
rotational, self and mutual diffusion constants, critical phenomena, hypersonic
velocity and sonic attenuation, diffusional processes, jump versus segmental
motion, and rotational relaxations.

Appended to this chapter (Appendix 6-C) is a discussion in some depth
of measurements of chain scission and the atomic and/or molecular occur-
rences associated with fracture.

PHILOSOPHY OF CHARACTERIZATION

DEFINITION

It is well documented in this report and elsewhere, and in fact it was
the cause of the request for this report, that existing characterization methods
are not meeting the needs of those concerned with the ultimate performance
of polymer materials. The definition of characterization as given by the
earlier Committee on Characterization of Materials in its 1967 report is
here repeated: ''Characterization describes those features of the composi-
tion and structure (including defects) of a material that are significant for
a particular preparation, study of properties, or use, and suffice for repro-
duction of the material".

According to the 1967 report one neither knew how to characterize
polymers uniquely nor fully appreciated the lack of this ability. Almost
ten years later, despite the increase in number of techniques, there has
been little progress in most areas. The practical problem, however, is
not so much the availability of characterization techniques but their applica-
tion in an economically feasible, scientifically sound manner to the situation
at hand.
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SPECIAL DIFFICULTIES IN CHARACTERIZING POLYMERS

The reason for this lack of advance is that the characterization of

polymers is inherently more difficult than that of other materials%. Poly-
mers are at least as complex, if not more so, than other materials at

every physical level of organization, from the helical conformation in chain

folded single crystals to spherulite morphology. At the molecular level the

complexities in configuration and sequence have no counterpart in the rela-

tively simple groups of atoms forming the structural elements of metals or

ceramics. Time dependent elastic and viscoelastic properties are especially
important to polymers.

NEEDS AND ALTERNATIVES

One faces the horns~of a dilemma. On the one hand, the need for
better characterization is well demonstrated. Not only is much of the
scientific literature in polymers based on inadequately characterized samples,
hut the procurement and utilization of a polymer material (by the Armed
Forces, for example) with the assurance it will perform as expected cannot
be insured if its basic characteristics are unknown or inadequately under-
stood. Ideally it would be desirable to characterize all aspects of polymer
structure in enough detail to predict its performance from first principles.

It is doubted that this will be possible; and even if it were, it would not be
economically feasible.

On the other hand, the current method of finding a satisfactory material
for a given use and then expecting the supplier to always furnish the same
material is equally unrealistic. Not only is it by no means certain that he
will be able to do so, but apparently trivial changes in composition or the
manufacturing process may lead to unexpected changes in properties. Re-
lated problems arise in obtaining a second source if the initial source ceases
production (e.g., most polymer single crystal studies have been based on
"Marlex' 6050, a resin that is no longer manufactured).

A COMPROMISE SOLUTION: SOME CONCLUSIONS AND RECOMMENDATIONS

The best solution calls for meaningful characterization, based on the
selection, from all possible molecular and physical parameters, of those
whose determination will insure the desired performance within the limits
of current knowledge. The hope is that by appropriate compromise, ade-
quate information can be obtained with an economically feasible amount of
testing.
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The success of this approach requires depth in knowledge of polymer
science and of the characterization that serves as a base. Regrettably it is
believed that this base does not now exist nor is it likely to develop unless
the importance of this objective is recognized and steps taken to implement
it. What is seen instead is that fundamental characterization is going out
of style. Fewer laboratories (industrial, government, or academic) are
practicing, developing or teaching the techniques of basic characterization
or extending them to the more complicated cases which are becoming of
greater interest. In molecular characterization, for instance, fewer labora-
tories are maintaining their skill in light scattering techniques, membrane
osmometry, equilibrium ultracentrifugation, and others that are based sound-
ly on thermodynamic principles. Even the instrumentation for these tech-
niques is in some cases off the market or outmoded. The primary excep-
tion appears to be gel permeation chromatography. Even here it is fre-
quently not realized that careful calibration is required if meaningful re-
sults are to be obtained, and that calibration samples require the application
of fundamental thermodynamic methods for their characterization. Although
obviously needed, modern equipment is not enough. Infinitely more needed
are skilled persons capable of choosing the appropriate techniques, knowing
both their limitations and applicability. The problem of finding support for
appropriate educational programs to interest qualified trainees is the shared
responsibility of industry, academia, and government granting agencies.
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APPENDIX 6A

EXAMPLES OF POLYMER CHARACTERIZATION TECHNIQUES

(The original methods have been filed and are available for consultation in the
office of the National Materials Advisory Board.)
TITLES AND CONTRIBUTORS

6A. 1 Chemical Techniques

6A.1.1 Pyrolysis Gas Chromatography Method of Analyzing Polymers,
H. N. Ramaswamy, AZS Chemical Company

6A.1.2 Polymer-Solvent Interaction Parameters from Phase Equlib-
rium Data, R. L. Kruse, Monsanto Company

6A.1.3 Determination of Unreacted Monomers In Aqueous Emulsons of

Interpolymers (by gas chromatography), P. Shapras and
G. C. Claver, Monsanto Company

6A.1.4 Determination of Residual Monomers and Other Volatile Com-
ponents in Styrene Based Polymers by Gas Chromatography,
P. Shapras and G. C. Claver, Monsanto Company

6A.1.5 Density Gradient Centrifugation to obtain Information Regarding
Compositional Distribution in Polymers, J. J. Hermans,
University of North Carolina

6A.1.6 Diffusive Transport Through Membranes, E. Klein, Gulf South
Research Institute

6A.1.7 Water Vapor Transmission Through Elastomers (Molecular
Transport), Robert L. Buchanan, Tompkins Rubber Company

6A.1.8 Substrate Wetting Behavior of PTFE Resin Particles by a Com-

bination of Scanning Electron Microscopy and Chemical Etching,
N. E. Weeks and E. P. Otocka, Pratt & Whitney Aircraft

6A.1.9 Embrittlement of Externally-Stressed Polymers in an Active
Environment, W. H. Haslett, Monsanto Company

6A.1.10 An Improved Variable Strain Bending Form for Determining the
Environmental Craze Resistance of Polymers, W. H. Haslett,
Monsanto Company

6A.1.11 Critical Strain for Environmental Stress Crazing or Cracking,
Roger P. Kambour, General Electric Company

6A. 2 Electrical Techniques

6A.2.1 Electrostatic Charge Characteristics of Polymer Powders,
Southeng Wu, E. I. duPont de Nemours & Co. (Inc.)
6A.2,2 Tribocharging Characteristics of Polymer Powders,

Southeng Wu, E. I. duPont de Nemours & Co. (Inc.)
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Dynamic Dielectric Analysis of Polymers, Stanley A. Yalof,
Continuous Titration of Ionisable Acids With a Differential Con-

ductimetric Method. Its Application to Thermal Degradation of
Halogenated Polymers and Copolymers, M.J.C. Beneugo and
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Mechanical Properties in Polymers, Eloisa B. Mano and
Teresa Keiko N. Fujiii, Universidade Federal do Rio de

Mechanical Properties of Asphalt Materials, K. L. Jenua,
Mechanical Properties of Elastomer Materials, K. L. Jenua,

Rate Dependent Stress-Strain Properties of Polymeric Materials,
K. L. Jenua, MTS Systems Corporation

Fracture Mechanics Properties of Polymeric Materials, K. I.
Jenua, MTS Systems Corporation

Fatigue Properties of Polymeric Materials, K. L. Jenua,

Mechanical Properties of Polymeric Materials Under Combined
Mechanical Excitations, K. L. Jenua, MTS Systems Corporation
Impact Strength of Polymers by Ball Impact Tester, T. M.

The Driven Dart Impact Tester for Plastics, Victor A. Matonis,
Autographic Falling-Weight Impact Test, Henry Gonzalez, Jr.,

Determination of Abrasion Resistance From the Time Depend-
ence of Abrasion, Jan Bares, Xerox Corporation

In-Plane Shear Strength and Modulus of Thin Polymeric Films,
Wendell T. Jackson, Hexcel Corporation

Polymer Deformation in Multi-Axial Field by Laboratory Film
Stretcher, T. M. Long Company

Mechancial Properties of Multi-Axially Stressed Film,

High-Speed Tensile Behavior of Polymers, Albert F. Yee,

Electrothermal Mechanical Analysis (ETMA) Stan Yalof,

6A.2.3

Tetrahedron Associates
6A.2.4

M. Bert
6A. 3 Mechanical Techniques
6A.3.1

Janeiro, Brazil
6A.3.2

MTS Systems Corporation
6A.3.3

MTS Systems Corporation
6A.3.4
6A.3.5
6A.3.6

MTS Systems Corporation
6A.3.7
6A.3.8

Long Company
6A.3.9

Monsanto Company
6A.3.10

Tennessee Eastman Company
6A.3.11
6A.3.12
6A.3.13
6A.3.14

T. M. Long Company
6A.3.15

General Electric Company
6A.3.16

Tetrahedron Associates
6A.3.17

-

The Use of E, Young's Modulus, to Determine N, the Number
of Hydrogen Bonds per cm3, Effective in Carrying Stress in a
Hydrogen~Bond Dominated Polymer Undergoing Unidirectional
Tensile Strain, Alfred H. Nissau, Westvaco
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6A.3.18

6A 3.19

6A. 4 Molecular Techniques

57

Sensitivity of the Temperature Dependence of Polymer Mechanical
Properties to the Presence of Water, John F. Walters, Phillips
Fibers Corporation

Design Life Predictions Based on Combined Static and Dynamic
Loading Strains, J. Nelson Knight, William R. Schlich, and
Donald T. Willian, General Electric Company

1 6A.4.1

i 6A.4.2

6A.4.3

6A.4.4

6A.4.5

6A.4.6

6A.4.7
% 6A.4.8

6A.4.9

6A.4.10

6A.4.11

l e

6A.4.12

6A.4.13

6A.4.14

Determination of Molecular Weight, Shape, and Deformability of _
Macromolecules by Means of Flow Light Scattering, W. Heller, i 4
Wayne State University i
Number-Average Molecular Weight by Elasto-Osmometry, J. J.
Hermans, University of North Carolina

Characterization of the Polydispersity of Polymers by Sedimen-
tation Veloecity Molecular Weight, Yvon Sicotte, University of
Montreal -

Density Gradient Centerfugation to Obtain Information Regarding
Molecular Weight Distribution, J. J. Hermans, University of
North Carolina

Molecular Weight Distribution and Branching in Polymers by 4
GPC Viscometry and Low-Angle Laser Light-Scattering Photo- |1
metry, A. C. Ouano, IBM Research 1
Determination of Low-Molecular-Weight Polymers by the GPC-
Universal Calibration Curve, J. B-son Bredenberg, Neste Oy, &
Finland

Characterization of Oligomers by GPC, Walter Heitz, Marberg
University, Germany

Branching in Polymers (by GPC), Michael R. Ambler, Goodyear
Tire and Rubber Company

Determination of Grafted Chain Lengths and Frequency of Grafting
In Grafted Polybutadiene Rubbers (by ozonclysis-GPC), Peter
Shapras and George C. Claver, Monsanto Company

Microgel and Macrogel Contents in Polymers (by filtration),
Michael R. Ambler, Goodyear Tire and Rubber Company
Chemical Composition Distribution of Copolymers by Cross
Fractionation, Shinya Teramachi, Kogakuin University, Japan
Heterogeneities of Copolymers and Homopolymers by Thin Layer
Chromatography, Tadao Kotaka, Kyoto University, Japan
Identification of Heterophase Components in Polymeric Materials
(by swelling), Max Kronstein, Manhatten College

""Iso-Ionic'" Dilution to Determine the Intrinsic Viscosity of a
Polyelectrolyte as a Function of the Concentration of Extraneous
Salt, J. J. Hermans, University of North Carolina
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6A. 5 Physical Methods

6A.5.1

6A.5.2

6A.5.3

6A.5.4

6A.5.5
E 6A.5.6
6A.5.7

6A.5.

co

6A.5.9

6A.5.10

6A.5.11

6A.5.12

Determination of Density of Solids by Density-Gradient Tube,

B. W. Oliver, Jr., Tennessee Eastman Company

Particle Size Analysis (by light scattering), R. J. Clark,
Monsanto Company

Structural Characteristics of Polymers Determined From Their
Light Scattering Properties, Richard A. Farrell and Russell L.
McCally, Johns Hopkins University

Determination of Particle Size Distribution, Number Concen-
tration, and Surface Area of Polymer Latex Suspensions by
Light Scattering, Robert L. Rowell, University of Massachusetts
Rapid Determination of Size Distributions in Colloidal Disper-
sions of Macromolecular Materials Having a Spherical Shape,
W. Bergman and W. Heller, Wayne State University
Determination of Polymer Particle Size Distribution in Latices
by an Analytical Ultracentrifuge, Odd Palmgren, Norsk Hydro,
Norway

Refractive Index and Birefringence in Copolymers and Semicrystal-
line Polymers by Polarized Refractometry, Donald G. LeGrand,
General Electric Company

Porosity of Solid Polymers (by memory porosimetry), R. G.
Quynn, FRL

Interfacial Tensions Between Polymers and Surface Tensions of
Molten Polymers by the Pendant Drop Method, Southeng Wu,

E. I. duPont deNemours & Company (Inc.)

Properties of Macromolecular Films of Polymers, Southeng Wu,
E. I. duPont deNemours & Company (Inc.)

Surface Tension (Surface Free Energy) and Polarity of Solid
Polymers, Southeng Wu, E. I. duPont deNemours & Company
(Inc.)

Method for Examination of Polyester Chip for Degradation (by
light microscopy), Paul J. Rau, Phillips Fiber Corporation

1 b

6A.6.1

6A.6.2

6A.6.3

6A.6.4

; 6A. 6 Rheological Techniques
P
]
|
I

Melt Viscosity by Capillary Rheometry, E. J. Tolle, Imass
Company

Time-Temperature-Viscosity Characterization of Curing Thermo-
set Resins, Mark B. Roller, Mobil Chemical Company
Prediction of Injection-Molding Behavior from Melt Rheology
Data, Douglas P. Thomas, General Electric Company

Rate of Gelation (Fusion) of PVC Samples by Analyzing the
Sections of Helical Ribbon From an Extruder, Erik Odgaard,
Norsk Hydro, Norway
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7 Spectroscopic Techniques
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6A.

6A.

6A.

6A.

6A.

6A.

6A.

6A.

6A.

6A.

6A.

7.1

7.2

7.3

7.4

7.5

7.6

7.7

7.8

7.9

7.10

Crystallite Orientation or Planar Orientation of Crystal Planes
in Crystalline Polymers by Wide-Angle X-ray Diffraction,

Ryozo Kitawaru

Elastic Modulus of Polymer Crystals by X-ray Diffraction,
Ichiro Sakurada, Kyoto University, Japan

Lamellar Orientation in Crystalline Polymers by Small-Angle
X-ray Diffraction (Photographic), Phillip H. Geil, Case Western
Reserve University

Lamellar Orientation in Crystalline Polymers by Small—Angle
X-ray Diffraction (Pole Figure), Phillip H. Geil, Case Western
Reserve University

Degree of Crystallite Orientation in Cellulose Fibers by X-ray
Diffractometer, Joseph J. Creely, U. S. Department of
Agriculture

Determination of Trace Elements in Polymers (by x-ray .
fluorescence), Robert F. Rosenthal, Phillips Fibers Corporation p
Interlamellar Phase Transitions in Crystalline Polymers by IR ]
Spectroscopy, John J. White, III, Battelle

Orientation Measurements by Infrared Dichroism, Stuart L.

Cooper, University of Wisconsin

Structural Determinations of Flouropolymers by Carbon-13 NMR
Spectroscopy, Madeline S. Toy and Roger S. Stringham, Science
Applications.

Determination of Tacticity in Polymeric Methacrylate Esters (by

NMR), L. Guy Donaruma, California State University, Fullerton

8 Thermal Property Techniques

6A.

6A.

6A.

6A.

6A.

6A.

8.1

8.2

8.3

8.4

8.5

8.6

Heat Capacities by Differential Thermal Analysis, Bernhard
Wunderlich, Rensselaer Polytechnic Institute

Heat Capacity of (Bio)Polymers at Low Temperatures (1-20°
Kelvin), L. X. Rinegold, Drexel University

Heats of Transition by Differential Thermal Analysis, Bernhard
Wunderlich, Rensselaer Polytechnic Institute

Thermal Expansion Coefficient, Robert A. Orwoll, College of
William and Mary

Thermogravimetric Analysis Connected to Gas Chromatography
Analysis. Application to Thermal Degradation of Copolymers,
J. Guillet and M. Bert

Thermal Stability of Fluid Polymers Used as Liquid Phase in
Gas Chromatography, Georges Guiochou, Ecole Polytechnique,
Paris
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Identification of Elastomers in Tire Sections by Total Thermal
Analysis, Anil K. Sircar and Trevor G. Lamond, J. M. Huber

Photopolymerization (or Photoreaction) Rate Studies by Differ-
ential Calorimetry, Allan R. Shultz, General Electric Company
Crystallinity of Polymers by Gas Chromatography, J. M. Braun

Molecular Orientation in Amorphous Polymers by Heat Shrink-
age, H. Heron, Technical University of Denmark
Determining Glowing Combustibility in Thin Polymer Samples,

Transition Temperatures in Crystalline or Semicrystalline
Samples by Differential Thermal Analysis, Bernhard Wunderlich,

Glass Transition Temperatures by Differential Thermal Analysis,
Bernhard Wunderlich, Rensselaer Polytechnic Institute

Modified Film Sample-Mounting Method for Thermo-Mechanical
Determinations of Glass Transition Temperature (Tg) , Harold

Estimate of the Glass-Transition Temperature of Polymer by
Gas-Liquid Chromatography, Pe-Hwa L. Hsiung, College Park,

Determination of T, by Depolarization Microscopy (Thermo-
Optical Analysis), S. Y. Hobbs, General Electric Company
Glass Transition Temperature of Polymers by Gas Chromatogra-
phy (Molecular Probe), J. M. Braun and J. E. Guillet,

Heat Distortion Point as Measured on Purified Polymer by a
Heat Distortion and Mechanical Properties of Polymers by
Thermal-Mechanical Analysis, Alan T. Riga, Luberizol Corp.

Torsional Pendulum and Torsional Braid Analyses of Polymers,

Transitions of Polymers by Positron Annihilation Lifetime
Measurement, S. J. Tao, The New England Institute

6A.8.7
Corporation
6A.8.8
6A.8.9
and J. E. Guillet, University of Tronto
6A.8.10
6A.8.11
A. Broido, U. S. Forest Service
6A. 9 Thermal Transition Techniques
6A.9.1
Rensselaer Polytechnic Institute
6A.9.2
6A.9.3
D. Burks, NASA-Langley
6A.9.4
Maryland
6A.9.5
6A.9.6
University of Toronto
6A.9.7
Compression Molded Sample, R. W. Raetz
6A.9.8
6A.9.9
John K. Gillham, Princeton University
6A.9.10
6A. 10 Viscoelasticity Techniques
6A.10.1

Molecular Motions in Polymeric Solids Through Dynamic Me-
chanical Measurements, E. J. Tolle, Imass Company
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6A.10.2

6A.10.3

6A.10.4

6A.10.5

6A.10.6

6A.10.7

6A.10.8

6A.10.9

6A.10.10

6A.10.11

6A.10.12
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Modulus-Temperature Behaviour of Polymers by Means of the
Automatic Measurement of the 10-Sec Relaxation Modulus as a
Function of Temperature, R. Caspary, Dunlop, Germany

A Dynamic Test Device for Vulcanized Rubber, W. G. Wanier,
General Tire and Rubber Co.

Use of a Supported Cantilever Vibration Mode for Determining/the
Elastic Constants and Viscous Modulus, C. D. Bopp, Oak

Ridge, Tennessee

Torsional Creep of Plastics, G. M. Armstrong, Tenessee Eastman
Company

Screening Test for Torsional (Shear) Creep of Plastics, Henry
Gonzales, Jr., Tenessee Eastman Company

Non-Linear Creep and Recovery on Viscoelastic Materials With
a Cone and Plate Rheometer, G. L. Berry, Carnegie-Mellon
University

Molecular Relaxation in Amorphous Glassy Polymers by Thermo-
mechanical Measurement of Thermal Shrinkage of Cold-Drawn
Films, Hirotaro Kambe, University of Tokyo, Japan

Nonlinear Viscoelasticity of Polymer Melts by Use of Large
Amplitude Oscillatory Shear, J. M. Dealy, McGill University
Uniaxial Extensional Viscosity of Polymer Melts, J. M. Dealy,
McGill University

Biaxial Extensional Viscosity of Polymer Melts, J. M. Dealy,
McGill University

A Rheometer for Measuring the Viscoelastic Response of Poly-
mer Melts in Planar and Biaxial Extensional Deformations,
Costel D. Denson, General Electric Company
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APPENDIX 6B

SELECTED POLYMER CHARACTERIZATION TECHNIQUES

Title

Embrittlement of Extrenally-Stressed Polymers in an Active Environment,
6A, 1. 9.

Purpose_

Method of determining the load limits of polymeric materials in certain en-
vironments, below which there is no apparent change in physical properties.

Contributor

W. H. Haslett, Monsanto Company, Bloomfield, Connecticut

Primary Reference

W. H. Haslett, Jr. and L. A. Cohen, SPE, Journal, p. 246, March, 1964.
Equipment

A flexural holding device for maintaining a three point load on a suitable
polymeric specimen. A special flex-fatigue fixture used with a universal
testing machine (Instron, or equivalent), capable of cyclic crosshead motion
between two deflection limits,

Sample Size

Ca 9.0 cm long, 1.27 cm wide and approximately 0.25 cm thick specimens
cut from extruded or compression molded sheet. Specimens could also be
injection molded.

Method

For a given material and environment a fail-stress in flexure vs. time-to-
fail curve is generated. The surviving specimens are further exposed to
flex-fatigue tests in air. By setting an arbitrary ductile/brittle point (sur-
vive or fail to survive a certain number of flexes at the same strains as in
the static experiments) one establishes the ductile/brittle stress vs. time
curve. From an engineering design standpoint this property is very impor-
tant in setting the upper stress limit for a plastic part used in a given
environment.
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Limitations

The technique is valid for predicting performance only under conditions of
the test for parts made by a particular process. Thus, testing of whole parts
is superior to testing of standard size beam specimens.

Text References

J. B. DeCoste, F. S, Malm, and V. T. Wallder, Ind. Eng. Chem., 43,
117 (1951).

R. H. Carey, Ind. Eng. Chem., 50, 1045 (1958).

L. L. Lander, SPE Journal, 16, 1329 (1960).

J. V. Schmitz, and R. S. Hagen, SPE 17th ANTCC, Vol VII, paper 17-2,
(Jan. 1961).

G. Salomon and F. van Bloomis, J. Appl. Polymer Sci., 7, 1117 (1963).
A. van Rossen and H. W. Talen, Kautschuk 7, 79 (1931).

General References

W. Weibull, Trans. Am. Sco. Mech. Engrs., J. Appl. Mech., 76, 293
(1951).

W. Weibull, Fatigue Testing and the Analysis of Results. Pergamon Press,
New York, N. Y. (1961).

L. E. Nielsen, Mechanical Properties of Polymers, Reinhold Publ. Corp.
132, (1962). 3

A. M. Freudenthal, Handbuch der Physik, Band 6, Elastizitat und
Plastizitat, 608 (1958).

N. E. Frost, Engineer, Vol. 200 (1955).

Committee Comments

This method should be broadly useful for parts subject to periodic stress
in unusual environments, including those made of structural foams, ad-
hesive-bonded composites and aircraft glazings.

Title

Dynamic Dielectric Analysis of Polymers, 6A. 2. 3.
Purpose

This technique is sensitive to changes in polymer molecular volume, weight,
shape and electrical characteristics and therefore may be used in process
control and materials science studies when investigating chemical kinetics,
compatibility effects with plasticizers, configuration effects, degradation
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and stamina effects (and additionally free radical reactions and radiation

E curing methods), solubility parameters (through the Hildebrand solubility

F parameters concepts), adhesion (because forces between atoms and mole-

cules are electrostatic in origin and are ultimately traceable to Coulomb's

Laws of attraction and to dipole interactions: adhesive bonding forces, sur-

face wetting and spreading, and diffusion); polymer morphology<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>