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Introduction to Polymeric
Structure and Properties

A. Keller

L1. Classification

Polymers are large molecules of a long sequence of units. The basic
units are the “monomers,” which are joined together by chemical bonds in
the course of the chemical reaction constituting the synthesis (polymeriza-
tion). The monomer itself can be anything from a simple molecule.
consisting of a few atoms, to a large and complex molecule. Its nature will
define the chemical identity of the polymer. In the simplest case it is one
single kind of unit repeating itself in the final chain — it can also be a
multiplicity of units forming more complicaled Tepeat sequences or no
repeating sequence at all (see later). The essential feature of the monomer
is that it must be multifunctional, i.c., it must contain more than one
potentially reactive chemical group, potential “hooks™ so to speak, by
which the monomer units can be joined up.

LLI. Linear Chains and Networks

~ A-LLL Linear Chains

-

If the monomer is bifunctional, the polymerization will lead to & linear

.’chain molecule. This is represented schematically in Figure 1a. Here
M= represents the monomer, where X stands for the functional
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Fi.gure .1. Polymerization scheme of (a) » bifunctional monomer leading to chains and (b) a
trifunctionsl monomer leading to branched chains and cventually networks.

group dre.awn at each end, and the rest of the monomer is represented by a
§t(a|ghl line. !n the course of the polymerization reaction the monomers
Join up at their functional groups, the sites of combination, i.c., the newly

!ormgd ch_emical bonds, indicated by the open circies representing the
junction sites.

1.1.1.2. Networks

The Polyrnerizalion of polyfunctional monomers {i.e., with more than
two reactive groups) leads to networks, such as that represented schemati-
cally by Figure 1.1(b) for a trifunctional monomer.

1.1.1.3. Intermediate Cases

a. Opﬂ_l :I'recs — Branched Molecules. Here, the branches have not
yel bc.come Joined up sufficiently to form a continuous network. The stage
at which the network becomes continuous is very distinct experimentally

T . network.
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_{the so-cailed “gel point” in the stage of polymerization) and represents
"mathematically a percolation problem handled by the appropriate
mathematical techniques.

s b. Limear Chains with Latent Functionalities. In this case, two func-

stional growps within a monomer arc more reactive than the rest. These can
“be made to react first, leading to lincar chains. Reacting some of the
" remaining functional groups will subsequently join these chains into a

Linear chain and network polymers display extremely diflerent prop-

* “erties. The former are soluble and fusible, the latter insoluble and infusible

_{the latter in the sensc that the polymer does not flow and is thus
¥ unmokdable). Lincar chain materials can thus be obtained in desired shapes
w molding and/or casting and can be reformed in other shapes subse-
yuendy if 30 desired. In the technological sphere these form the class of
th plastic materials. Materials of network chains set in a2 permanent,
“unalterable shape in the course of the polymerization reaction; hence once

. polymerized, they cannot be processed further. In the technological sphere

*. these form the class of thermoseiting materials. The intermediate class in
* ion b above clearly combines the characteristics of both, a saliemt
tlechnological examplc being the vulcanization of rubber, where the
Evulcanization corresponds to the formation of the network by linking the
*linear chains already present. ‘

. The present discussion, including the continuing classification below,
“will be canfined to the linear polymers mentioned above, as these lead
-~ themselves more to physical structure studies and application of physics in
general.

«{1.1.2. Perlodic and Aperiodic Polymers

’5«'11.21 . Periodic Polymers

< This category comprises polymers that consist of a single identical
“monomer unit repeating along the chain, or of a repcating patiern of
smonomer units. This class embraces the most important synthetic polymers
&nd such biopolymers as possess structural function in the organism {¢.g.,
seliulose, chitin, and other polysaccharides). For most people the repeating
=feature in question is the essence of a polymer, in fact synonymous with the
G t-of a polymer itself as reflected by conventional textbooks. It
be recognized nevertheless, that this is merely a limiting case of a
. ranging from a strict repetition (implicd by the present heading)
. ﬁuch an imperfect repeat patiern that for most purposes the molecule is
virtually aperiodic.




1.1.2.2. Aperiodic Polymers

In this case the monomer units along the chain are not identical
chemical entities. Such material comprises the functional biopolymers,
globular proteins in particular. Here, although the monomers all have the
same backbone (a-amino acids — sec later), they have disparate appen-
dages (side groups) so that the resulting chain is better described as an
aperiodic rather than a periodic system. In this case the determination of
the precise sequence of the monomers is a primary research task, cither by
methods of organic chemistry or crystallography. Here the exact sequence
and biological function are closely linked. Important as they are, such
materials will only concern us in passing.

1.1.2.3. Intermediate Cases between Periodic and Aperiodic Polymers

a. One case is a repeating paitern along the chain backbone but not
exact identity, such as coliagen where there is a repeating triplet of amino
acids: glycin, prolin, and X, where X can stand for a variety of amino acids.

b. Another case is regular repeat along the chain backbone but no
periodicity in the limited variety of side groups attached to the backbone.
There are many examples of this in synthetic polymers, but perhaps the
most important one is DNA in biology, where the aperiodic sequence of
four bases attached to the sugar-phosphate backbone contains the genetic
code.

€. A third case is exact repetition only along portions of the chain with
interruptions by different monomer species. This is the situation with
copolymers (see the next section), which can be both synthetic and natural.

The real significance of classification under Section 1.1.2 for our pur-
poses lies in its consequences for crystatlizability and for the nature of the
resulting crystal structure. A fully periodic chain, when stretched out,
represents a one-dimensional periodicity, which in the crystailine state will
be one, and for that matter the most important crystal axis in the
three-dimensional lattice. If the periodicity is imperfect for any of the
above reasons, this will be reflected in the final crystal. As long as there is a
strict periodicity along the chain direction (such as case b) there can be a
correspondingly weil-developed periodicity along one crystal direction
cven if along the other directions the exact order may be deficient, If there
is an interruption of the periodicity (such as in case c) this may become
incorporated in the laitice as a defect, provided this interruption is short. If
it is long (block copolymers), it may remain an uncrystallizable region or
form a crystal region of its own. 1t the chain is aperiodic (see Section
1.1.2.2) the monomer sequence along the chain cannot be the underlying
periodicity in the sense implied above. If, however, the chains within an
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assembly, although aperiodic, are exactly equal, then they may still form a
crystal but in a totally different manner, to be described later.

“1.1.3.1. Homopolymers
These arise from the polymerization of a single monomer species.
“Thus
A+A+A+A+A--- AAAAA---

where A stands for a particular species of monomer and AAA--- for the
‘resulting chain.

-

1.1.3.2. Copolymers

These arise from polymerization of a multiplicity of monomer species
that can link chemically with each other. There are three broad classes:

1. Random copolymers. Here, say for simplicity, two monomer
species A and B join up to form s chain in 2 random manner
. leading to a random distribution of A and B along the chain, such
? as
' ---AABABAABBBAABAB---
. Block copolymers. Consider again the two species A and B, and let
them form a short repeating sequence AAAAA and BBBBB
i scparately at first, and then join up the two, by subsequent
polymerization, into a sequence such as

---AAAAABBBBBAAAAA---

One can have two-block, triblock, or any desired multiple-block
chains.

. Graft copolymers. Here we start with a homopolymer ol, say,
species A and graft onto it polymers from a second species B. This
can be done, for instance, by inducing polymerization of species B
along the parent chain, usually at random positions, leading to a
branched chain such as

---AAAAAAAAAAAA.--

ek~ -R--N- -]
Eata--N--N--N--
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The general feature of copolymers is that they combine the properties
of those possessed by the homopolymers corresponding to the individual
monomer species. Exactly in what way will depend on which type (1), (2),
or (3) of copolymer is formed, and within each type on the gross ratio of the
species, and in cases (2) and (3) on the distribution of the blocks and grafts.
(The relevance of the block copolymeric nature on the crystallizability has
been mentioned in the previous section.) Copolymers therefore offer a
virtually limitless possibility of 1ailoring polymers to particular needs and
arc very widespread among industrial products. They are also frequent in
nature (e.g., structural polysaccharides).

1.1.4. Single-Component Polymers — Polymer Blends

1.1.4.1. General

Copolymerization (sece Section 1.1.3) is the chemist's method of
tailoring polymers. There is now a rapidly developing new trend of physical
tailoring, which consists of blending different polymer species that are
chemically unconnected. There is a broad analogy in this respect with
alloying in the metallurgical field. There is, however, a very basic difference
between alloying metals (or other simple matcrials) and the blencing of
polymess, in that polymers are largely incompatible even in the fiquid
(molten) state. Crystailization may accompany or follow the primary
liquid-liquid phase separation in cases where the components are crysial-
lizable under the given circumstances.

The origin of the intrinsic incompatibility of polymers rests in the very
small entropy of mixing, which in turn has its source in the large size of the
molecules. Hence compatibility will only be achieved when the affinity
between the different species is sufficiently large to provide the driving
force for mutual dissolution. (Beyond stating this generality the present
review will not develop the argument quanlitatively.) Thus, in generai, with
very few exceptions, chemically different polymers wiil not mix. The few
exceptions known 10 date have important applications.

Present trends in the polymer blend field can be summarized as
follows:

1. Search for compatible systems: the practical activity of fiading
compatibie systems more or less empirically; and the theoretical
attempts to understand the conditions of compatibility.

2. Understanding and optimization of the phase segregation within
incompatible systems: the achievement of desirable staies of dis-
persion of phases in a controlled manner; and the study of the
condition of segregation and of the patticulars of the paase-
segregated structures,

I * Introduction to Polymeric Structure and Properties . 4

Figure 1.2, Schematic ilusiration of microphase sgregation in the case of a triblock
copolymer. Here the AAA--- blucks comtitute the matrix and the BHB- - blucks the (in this
case) spherical dispersed phase.

1.1.4.2. Block Copolymers as Blends — A Special Case

The components of block copolymers {see Section 1.1.3.2 above) are

usually intrinsicatly incompatible even in the liquid state. Thus the
individual blocks will have the tendency to phase-segregate. However,
since the different phases in 3 given chain are molecularly limited, such
segregation can only occur on a microscale where the phases will remain
molecularly connccted. Let us consider the triblock system AAAA.--
ABBBBB---BAAAA---A. The resulting microphase s represented
schematically in Figure 1.2. Here A is the matrix and B the (in this case)
-spherical, dispersed phase, where the B units in the spheres come from the
B block components of a number of dificrent chains. Dependent on the
ratio of A and B in the system as a whole, the microphases will be spheres
(for the most disparate ratios). cylinders (less disparate ratios), or lamellae
-{comparable amounts of A and B). In the case of spheres and cylinders the
components in larger and smaller amounts will form the matrix and the
dispersed phase, respectively. Typica! dimensions of microphases are in the
range of a few hundred angstroms.

4.1.4.3. Phase ~Segregated Polymers as Composites

All phase-segregated systems, whether blends or block copolymers,
are essentially compasites. Their special properties arise from the nature of
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the individual components and from the way they are interconnected. As
polymers can be, mechanically spesking, solid (crystalline, or glassy) or
liquid {or rubbery, depending on the temperature — see later) the most
interesting and useful cases arc those where one of the composite
components is in a stiff state, the other in a compliant state (such as rubber)
at the temperatures of application, Some block copolymers are specifically
designed to serve this purpose (thermoclastomers: e.g., the triblock
polystyrene-polybutadiene).

Having stated the broader background, the discussion will be confined
to the simplest class of ail, namely the linear homopolymer: Its purpose will
be to provide an appreciation of the structural features within a polymeric
material when confined 1o the above class as a model for the more
complicated and specialized systems. “Structure™ is to be understood in the
widest generality, any discussion of which must start from the nature of the
individual molecule. The chain molecules are chemical compounds so a
certain amount of chemical background will therefore be invoked in what
follows.

1.2. Main Types of Polymerization Reaction

While chemisiry does not lie within the scope of this review, the
appreciation of an absolute minimum of the chemical reactions involved in
the synthesis is deemed necessary.

There are two main routes to the synthesis of a polymer chain
according to the nature of the monomer.

1.2.). Condensation Polymerization

Here the functional groups are COOH and OH leading to polyesters,
and COOH and NH, leading to polyamides with the splitting out of water.

As an example, let us consider the case of a technologically importam
polyamide, the most widely used nylon (nylon 66):

HOOH—CH,—CH,—CH,~CH,—COOH ’
dicarbonylic scid
+ HN~-CH,—CH—CH,—CH,—CH,—CH,—NH,—
domine
o]

I H
HOOC—CH,—CH,~-CH,~CH,—CO—N—CH,~-CH,—CH,—CH,~~CH,—CH,—NH, + H,0

Here, the functional group of the new entity remains, as before, capable of
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reacting with corresponding groups in other entitics leading to the polymef
0] 0

i I H H

+C—(CH,)—~C—N—(CH.x—N+;

where n is the number of repeats (monomer units in the molecule).

.- 1.2.2. Addition Polymerization

In this case the monomer units link up without any product splitting
off. This occurs by an initially unreactive electron pair becoming available
-for chemical bonding. For this to happen initial activation is necessary, a
;step termed “'initiation.” We illustrate this initiation and the polymeriza- °
tion to foliow by the example of a frec-radical-initiated unsaturated
monomer, propylene, leading to the technologically important polymer,
polypropylene: Propylene monomer,

CH=CH
I
CH,

Free radical, R', where R is a general symbol and the dot stands for an
unpaired electron.

1.2.2.1. Initiation Step

H

|
R’ + CH=CH — R—CH,—C'

| |
CH, CH,

Here the radical becomes attached to the monomer by leaving one

_.ﬂnpa_ired clectron resulting from the opening of the double bond at the
“terminal carbon atom, which thereafter will be an active site. This can react

with A still uncreated monomer and thus propagate the polymerization
feaction.

1.2.2.2. Propagation Step

l'!l H H
I
R—CHpr~C + CHp=CH - R—CH,‘-C—CH,—(!"

I ! I |
CH,  CH, CH,  CH,
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This reaction can repeat itself many times and thus lead to the polymer,
The chain, however, will not grow indefinitely even in the presence of
unreacted monomer, but will become terminated in a variety of ways,

1.2.2.3, Terminasion Siep

Termination can occur by the reactive chain end combining with a free
radical, with an active monomer, with an active polymer, or with a reactive
impurity. In all these cases polymerization ceases and a reactive center is
removed from the system. In another method of termination the reactivity
of a center is not removed altogether but is transferred elsewhere. This
method of termination is named “chain transfer.” Here, c.g., a hydrogen
atom is extracted from another polymer chain, which will thus inactivate
the reactive carbon atom along the growing chain. At the same time this
process will activate one of the carbon atoms along another chain (or at 2
remote part of the same chain — termed “*backbiting™), which will lead 10
branched chain growth. An appropriate monovalent atom of the solvent
may also be extracied, thus leading to a reactive solvent atom that can then
act as a free radical and initiate polymerization in itsell.

For the present purposcs two consequences of the nature of the
polymerization reaction are noteworthy: first, it determines the nature of
the end group of the final polymer chain, and second, it determines the
length of the chain or, more precisely, the distribution of chain lengths in
the final assembly. Both of these features will be referred to again below.

1.3. Imperfection Types in a Linear Homopolymer Chain

As stated earlier we shall confine ourselves to linear homopalymers
for the rest of the review. It is important to realize, however, that a
material consisting even of this simplest type of polymer is still not
uniform. A given chain will contain various sources of imperfection and
nonuniformity; also, all the chains within an assembly will not be equat
with respect to these nonuniformities and imperfections, It is important to
bear this in mind, and to be aware of the imperfection types when
performing experiments and interpreting the resuits, in particular when
working toward some theoretical objective. I shall use this theme as a
vehicle for the introduction of some of the mos! important issues in
polymer science.

1.3.1. End Groupe

The ends of a chain are necessarily difterent from the rest, hence they
represent a source of nonuniformity in themselves. The preceding section
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ization rcactions has more or less set the scene. _Accordmgly.
::a?:::yn“‘;:’cl: be functionally active species as in condensation polymers
(e.g.. COOH, OH, or NH; groups), which given the chu,ce f:ould react
further; or the ends can be foreign groups, such as arise in a(_ldmon
polymers. In the lalter case, a3 we havc' seen, lhe‘y can be the constituents
of the initiator radicals (or ions in lom.cally initiated polymcnzauong
themselves, certainly at one end of the chanp, apd may'be the same at bot '
ends depending on the method of lermination. Dlﬁc'renl methods :c
termination will introduce different terminal entities, whu:h. could thus ;
impurity atoms, or in the case of chain transfer some constituent atom ;e
the solvent, or simply an additional hydrogen. Aliernatively it could also
- up. _
) do:t: I:I:?::‘::ch‘:if?hcpend group will only represent a very small fraction
of the total. For many purposes therefore its influence may be totau.y
negligible (¢.g., for mechanical behavior). Fo‘r some purposes, howe\ter, 1:
may be all-important, e.g., polar end groups in thg Fl_cclrlcal propv.;'mq oI
an otherwise insulating polymer, or if fhc ends initiate further ¢ ‘err;‘lcal
reactions (polymerization or degradation), say in the course of hea

trcatment.

1.3.2. Molecular Length (Weight) Distribution

A polymerization reaction as conducted in a Iaboralo'ry flask or wit‘hi‘n
an industrial reacior always leads to nonuniformity in chain length. (T h.Is is
in contrast to nature, which can produce biopolymers where each chain is

trictly of identical length.) _ .
e Fyin(illc and, as a rule, nonidentical chain lengths arise for the (ollowing

reasons:

1. A thermodynamic limit of the growing chain set by the law of mass
action, a limit which- however is seldom, il ever, rea_ched. ‘

2. Kinetic limitations. Even if the end groups remain funct:or:nl
{condensation polymers) the chain grqwth will slow down as lhc
chains get longer, and thus the reactive .end groups fcv{er.dTbe
chain length distribution at alny stahge 1sl. thleln determined by

istics and may be predictable mathematically. o

3 :;'m?o;wtingyeﬂcc?s of initiation, propagalion. and termination
rates in cases where such pertain. Again, knowlfdg.c o‘f the
individual rate constants may enable the final length distribution to
be predictable.

i ight distribution.

Ideally one would like to know the full molecular weig stributic
lndeedcthc,:e are methods for achieving this. Molecular \?clghl distribution
can be characterized by averages, which are often invoked both for
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theoretical and practical considerations. Often such averages can be
determined directly by experiment without knowledge of the actual
distribution. Two averages are particularly important:

.Number average: M= 2 nM,
> n

M,
Weight average: M= % ::M

where M, is the molecular weight of a molecule corresponding to a degree
of polymerization x (i.c., consisting of x monomer units of molecular
weight M,, thus M, = xM,) and n, is the number of such molecules.

For many purposes the width of the distribution is characterized by
M./M.. For a homopolymer this ratio is of course equal to unity. For a
random distribution resulting, ¢.g., from the statistically determined com.
bination of diacid and diamine, as in the above-quoted example of nylon
66, this ratio is ideally two. Many industrial processes (e.g., for
polycthylenc) result in distributions that are much broader and can have
M../M, values of approximately 15. In synthetic polymers M./M., values of
about 1.1 are usually considered as corresponding 1o very sharp distribu-
tions and are taken as a good approximation for a uniform (homodisperse)
polymer and, as a rule, are quite difficult to obtain.

1.3.3. [somerism

A chain, which is totally uniform as regards chemical constitution and
has a weli-defined molecular weight (or forms an assembly of uniform
chains all of the same molecular weight), is still not fully characterized in
view of the possibility of isomeric differences and isomeric imperfections.
Exactly which kind of isomerism needs to be taken into account will
depend on the polymer in question. In what follows some common and
important types of isomerism will be listed bricfly.

1.3.3.1. Branches

The possibility of branching has been raised previously as one
consequence of chain-transfer reactions. Thus, a chain of given molecular
weight can be straight or branched with a variety of branch distributions,
eg.

two short branches

lincar one long branch

B 4
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This form of isomerism is particularly importamt in the case of
polyethylene, where the different technological products differ with respect
to branching. ,

1.3.3.2. Isomerism of Unsaturated Polymers (Polyenes)

This important class of polymers comprises the conventional clasto-
mers (rubbers). Here, two kinds of isomerism are important and wide-

- 1. The monomer contains more than one double bond, where only
one is used for polymerization to form a linear molecule. Isomerism arises
according to which is used. An example is butadiene:

Butadicne monomer CHp=CH—CH==CH,
1 @ 3 @

where (1), (2), etc., number the C atoms.
Polymerization may occur either via (1), (4) or (1), (2) C atom:

1:4 polymer +CH—CH=CH—CHr};
CH,
i
1:2 polymer CH
!
+-CH,—CH-:

2. Cis-trans isomerism. This kind of isomerism based on the sbsence
of free rotation around double bonds, well known in basic organic
chemistry, has drastic consequences for poly(isoprene), the basic con-
stituent of two important natural compounds:

CH,
Isoprene monomer: |
CHmeCH—Cw=(CH,
] H CH,
cis polymer: ||
+CH~CmC—~CHe;
(iJH:
trans polymer: +4+CH—C=C—CHrk

|
H



16
I = |Polymers

' The cis polymer is natural rubber, the tran i
/ _ ) 5 polymer jis gutt :
‘ Scu::laPercha isa hard solnd.al roOm temperalure as opposecl:l léllhdqlgfmnrl;?:r-
avior of rubber. The difference rests in the better crystalbizing, dbility

|(higher melting point) of guttapercha, which (if the above formulas are

drawn out sterjcally) has the straighter chain conformatian.

11.3.3.3. Isomerism in Polyolefins

Polyolefins have the general formula

R

|
+CH,—CH+;

' where R can be a variety of chemical

: _ groups. (In the case of polypropyi
| guoted carhcf R is CH,.) Two kinds of isomerism will be l::ﬂTI‘:J‘::; :I::
+ second of which is of utmost importance. .

a. Head-19-Tail -lo- ] '
o ¢ and Head-10-Head Isomerism. Let us consider ithe

R

|
CH=CH
i @

'where (1) and {2) again label the C atoms. In the head-t

:carbon (I) links up with carbon (2) in the course of
110 a chain such as

to-1apl pollymier
polymgnzalinn.l lcading

R R R

I | I
---—CHy~CH—CH;~CH,~CH;~CH—--.

11n the head-to-head polymer th i
Teading o ch:lin su;:': );s r the carbons link as (1) to (1) and)(2) .t 2],

R R R R
| I
«--—CH;—CH~CH—CH,~—CH,—C H—(ITH--- --
' The hecad-to-tail sequence is the one which occurs far the mogr

’I’r';?‘t;temlz a:d is thus considered “*normai” for polyolefins. Neverthetess
Y mgher-epergy sequences can occur along a given, othcrwisc:Ihuauﬂ:
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to-tail chain with much lower frequency, more exactly dependent on the
type of substituent R and on the conditions of polymerization.

b. Stereoisomerism. This very important type of isomerism relies on
the presence of an asymmetric carbon atom (to be denoted C*). It is known
{rom basic chemistry that if alt the four carbon valences link up with
different groups (sterically the carbon is at the center of a tetrahedron,
where the four substituents are at thz vertices of the tetrahedron), two
stereochemically different conformations arise from the otherwise identical
constitucnts, which are sterically mirror images of each other. In simple
organic compounds the two correspond 1o the d- and I-configurations
rotating the plane of plane-polarized light in the right and left directions,

- pespectively.
In a polyolefin the tertiary carbon atom is asymmetric
R
I
+CHz-Cl‘-I=
H

because it links to R, H, and 10 the chain, portions on its right and left (as
drawn in the formula above), which in general are nonequivalent, hence
the tetrahedra of which C* is the center can be of two different kinds that
are mirror images of each other. The same applies to cach consecutive C*
atom along the chain. Which of the two configurations pertains is deter-
mined during the polymerization reactions, when the new monomer
attaches itself to the growing chain. ln general there is no contro} over
which of the two forms occurs, and hence the sequence of d- and
I-configurations will be mixed, determined by random chance.
However, special catalyst systems (Ziegler-Natta catalysts) enable the
controlicd formation of steric isomers. In this way it is possible to obtain
‘chains where each consecutive C* atom gives rise to identical (i.c., d- or [-)
conformation. The consequences of this can be most readily visualized as
follows. Consider the C—-C chain stretched out completely (disregarding
whether the substituents R sterically permit this or not). Then afl the C-C
atoms will lie in 2 planc forming a zigzag corresponding to the tetrahedral
angle. The substituents R and H will then lie above or below this plane as

‘determined by the tetrahedral geometry (Figure 1.3). The two conforma-

tions d and ! will then differ in as far as R lies above or below this planc. If
alf C* atoms are stercochemically equivalent the Rs wiil all be on the same
side. Such a polymer has been termed “isotactic” by Natta (see Figure
1:3a). In the random sequence the Rs will be above and below the C-C
plane in a haphazard fashion. Such a polymer is termed “atactic™ (se¢
Figure 1.3c).
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Figure 1.3. Representation of
(a) an isotactic, (b) a syndiotactic
and {c) sn atactic polyolefin (after
Nata®)).

Of course, other types of regularilies can also be envisaged; the next
simplest one is the did!--- alternating sequence. In the above representa-
tion the Rs will be alternately above and below the C-C plane (Figure
1.3b). Such a polymer is termed “syndiotactic.™

The kind and degree of stereochemical regularity is termed *“tacticity”
and is an important parameter in the characterization of the chain with
far-reaching technological consequences. The latter arises from the fact
that regular sequences (isotactic, syndiotactic) can crystaliize while the
atactic cannot. (Polypropylene owes its commercial usefulness to the fact
that it can be obtained in the isotactic form.)

Control of tacticity (by means of appropriate catalysts in the course of
polymerization) and the determination of the kind and degree of tacticity
that pertains to a particular product (carried out by NMR techniques) is a
most important activity both academically and technologically.

1.4. Formulas of Some Important Polymers
A minimum appreciation of what the real polymers actually are is

clearly required for any discussion of polymeric structure. The chemical
formulas of some important synthetic materials will be listed below.,
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141. Condensation Polymers

1.4.1.1. Polyesters

a. Polyethylene Terephthalate (Trade names: Terylene, Dacron (6i-
bers), Melinex, Mylar (films))

o C
I i .
+C ——@— C—O—CH—CH—0+%
arising from
(0] -0 .
1 |
HO—C— @— C—OH + OH - CH~CH,—OH
terephthalic acid ethylene glycol

b. Polycarbonate (Trade name: e.g., Lexan)
o CH,
oo @—c’—@ ~04:
&,
arising from
CH, OH
HO—@—A‘—@ —OH + CI:-O
&, on
1;4.1.2. Polyamides (Trade name: nylons)
a. From Diacid and Diamine

0 o
A i
+NH—(CH;),—NH~ C—(CH,),—C+-

-

o 0

| A
H:N—(CH),—NH; + HO— C—(CH,),— C—OH
diamine discid
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where p and r + 2 signify the total number of C atoms in the amine and
acid components, respectively. The most common nylons (trade name) of
this type are nylon 66 and 610.

b. From w-Amino Acids

0
J
+C—(CH;).—NH+};
arising from
o o

|
HO~—-C—(CH:),—NH; + HO—C—(CH,),—NH, + - - -
Al

c. From a-Amino Acids. These are the polypeptides and proteins, the
basic constituents of living matter
R
|
+C—C—NH-)
I

o

R

I
(a-amino acid is HO— (fi‘—C—-NH,).

O

Here R is one of the 21 different organic groups defining the naturalty
occurring o amino acids. In the so-calied sequential polypeptides the Rs
are all alike. With a few exceptions these are synthetic laboratory products.
In the naturally occurring proteins the Rs along a given molecule are
different, and in general do not form a repeating sequence. The enormous
potential number of combinations of Rs is the source of the very large
variety of proteins and of their specificity,

1.4.2. Addition Polymers

1.4.2.1. Polyethylene {Trade name: Polythene)
+CHr:
arising from

CHr"'_-CHz

cthylene

n
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1:4.2.2. Polyolefins

R
I
General formula: +4CH~CH-
Important representatives:
mpoPolypmpylenc (PP)
CH»
: |
+CH—CH}

The technological product is in the isotactic form.
Polysinylchloride (PVC)
Cl
|
+CH—CH+:

. - ‘
The technological product has some preponderance of syndiotacticity bu
is otherwise atactic.

Polystyrene (PS) @

|
+CH—CH+:

logical product is atactic.
e ;’e:ll;:zrylgoni:rii (PAN; trade names: Orlon, Acrylan)

N

W
C

|
+CH~CH+

argely atactic.

The technological product is | MMA ; trade name: Perspex)

‘Polymethylmethacrylate (P

CH,

I
-[-CHr*(i‘h

COOCH,

fhe technological product is atactic.



1.4.2.3. Polyethers
Polyoxymethylene (Trade name: Delrin)
+CH—O-h
Polyoxyethylene (Trade name: Polyox)
+CH—CH—~0-k

Polyphenylene Oxide
CH,
o Q i
CH, |
This is compatible with polystyrene and is being used as a blend compo-

1.4.2.4. Fluoropolymers
Tetrafluoroethyiene (Trade names: Teflon, Fluon)

+CFrE

Trichlorofluoroethylene

1.4.2.5. Inorganic Polymers
The silicon-based ones are the most important: General formula:

l}.
'{-Sli-o'}‘
R.

Here R, R;: can be a varicty of organic groups.
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1.5. Melting Range of Polymers; Specialty Materials

For structural purposes a polymeric material needs 1o retain its shape
and support load. This it can only do in the solid state, the upper
‘temperature limit of which is determined by the melting point. The melting
range has been one of the principal considerations in the design of
polymeric materials, its rise to increasingly higher temperatures being one
of the main objectives. When listing polymers in order of melting points 7.,
we shail not only provide additionsl information, but shall also add to our
list new polymeric materials, and through them introduce new polymeric

© properties associated with these materials, which are in the (orefront of
" current research interests.

First, it must be stated that as polymers do not melt sharply (more
-about this later) but over a temperature range, it is more appropriate to
‘refer to a melting range rather than a melting point, at least for practical
characterization. The T, values to be quoted are representative tempers-
ture figures within this melting range.

“1.5.1. Coaventional Polymers

1.5.1.1. Polyethylene
There are two classes: low density and high density:

1. Low-density polyethylene (LDP). T ~ 100 °C. An important tech-
nical drawback is that it becomes unusable at the temperature of
boiling water. It is very tough and pliable and has the familiar waxy
feel.

2. High-density polyethylene (HDP). T.~ 135 *C. It clearly over-
comes the handicap of LDP. Also it is much more rigid.

A few words on the origin of the differences between LDP and HDP
-are in order. LDP, historically the first, is obtained by polymerization at
-aigh semperature and pressure where frequent internal chain transfer takes
Place (“backbiting™) within the same chain. The result is branching within
Jhe chain. The branches reduce the crystallizability of the molecule leading

“Josmaller and less perfect crystals, which are responsibie for the propertics

Jisted under (1). In contrast, HDP consists of completely linear chains that
éll crystatlize with greater facility, and hence gives rise to larger and more
crystals, and more of them, accounting for the increase in T and
dity. The absence of branches arises from the fact that, thanks to the use
E*Ziegler-Natta catalysts (mentioned carlier), polymerization can be
i ed at low (room) tempersture and pressure when side reactions
wluring chain growth are minimized. It is noteworthy that here, these being
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no asymmetric carbon atom, the question of tacticity does not arise;
nevertheless the Ziegler-Naita catalyst has a profound effect for the
reasons just stated.

1.5.1.2. Others

Polypropylene (isotactic): T.~ 170 °C.
Technological polyesters and polyamides: T. ~ 220-280 °C.
Polytetrafiuorocthylene: T. ~ 320 °C.

The last entry represents the upper limit for common polymers.
Clearly many users require the withstanding of higher temperatures. This
prompted the current research toward high-temperature polymers.

1.5.2. Specialty Materials

1.5.2.1. High-Temperature Polymers

The common underlying principle is that the chains have to be nigid,
which is best obtained through the linking-up of aromatic monomers.
A chemically simple example is the unfusible polyphenylene

+(O)+

which degrades above S3) °C without melting. A compound of the kind
949 |
s \N \N \N e

with T..> 900 *C is obtained by heating polyacrylonitrite which, drawn out
with appropriate valence angles, is

H H H
SC~\_H_~C H_~C~ H ...
HOC H\(IZ e
C o c
Y
Sy Y Sy

On further graphitization this gives rise to the much-publicized carbon
fiber, which is essentially a *polycrystalline” form of one-dimensional
graphite, an important specialty product of exceptional properties.
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The aromatic analogue of nylons of types 66 and 610 is the recent
Kevlar (trade name).

O O
| i
@ @)
(note the aromatic rings instead of (CH.), sequences), which is an excep-
tionally strong and siiff fiber. In common with many other polyaromatic
chains of its class it is 1otaliy unfusible and can only be dissolved (which is

necessary for processing) in very special and corrosive solvents. The
solutions thus formed can be liquid crystals.

1.5.2.2. Liquid-Crystal Polymers

Kevlar is one example of a new class of polymeric materials thal can
be obtained as liquid crystals. The underlying science is still in its infancy.
Here only a few comments will be made as regards classification.

The liquid crystals are usually the results of rigid chains or chain
portions, a properly assured by the multiple aromalic grouping. If the full
main chain is liquid-crystal forming, the chain is usually so stiff that it wiil
not fuse in any sense and, as Kevlar, becomes a liquid crystal through
appropriate solvents (lyotropic). If the chain is a copolymer with both
flexible and rigid groupings, the corresponding material may tuse and pass
into the liquid-crystal state in that way (thermotropic). In another class of
compounds the main chain may be totally flexible so thai it can exist
normally in the isotropic molten phase, but it is the appropriate side groups
that form liquid crystals.

1.5.2.3. Conducting Polymers

Although conducting polymers deserve a chapter of their own, they
will only be mentioned here because polymers in this class usually have
very stiff chains and thus also possess high-temperature stability; in fact,
they do not melt. It is owing to this last fact that they are mostly
-unprocessable, a deficiency that obstructs practical utilization. For in-
$tance, the totally untractable polyparaphenylene becomes conducting on
-Aappropriate doping, say with AsF;.

Currently, the fuily conjugated polyacetylene

+CH=CH+

has attracted much attention, becoming again conducting on suitable
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doping with donor molecules. Again unfusible and insoluble, it is only
available as formed during the polymerization itself, which is = rather
ill-defined fibrous web. While an obvious candidate for technological
exploitation (10 replace metals!) and for fundamental studies of one-
dimensional conductivity, this unfavorable texture and its untractability
presently bar progress. '

As a quite recent announcement the compound

+s—©-i-

may overcome some of the difficulties. It is processable and is said to
become conducting after oxidizing in the presence of As,Fi.
The inorganic polymer referred to as (SN)., probably with the formula

F5=N-h

is highly conducting along the chain direction. (It clearly does not satisfy
the norma! rules of valency and is thus supposed to have delocalized
clectrons along the chain.) Quite exceptionally for polymers, it can be
obtained as macroscopic single crystals in the form of needles in the course
of polymerization itself, and is thus eminently suitable for structure and
conductivity studies. It is a truly one-dimensional pscudometal. Again,
quite exceptionally and extraordinarily, it is superconducting below 0.3 K.
The discussion of the conductivity itself is beyond the scope of this

review,

1.6. The Physical State

Beyond the classification according to chemical constitution adopted
so far, polymers can be classified and/or characterized according to their
physical state. The two broadest categories are: “‘amorphous” and *crystal-
line.” We shall see that this classification is not hard and fast, as most
“crystalline” polymers siso contain an amorphous component, and also
there are gradations of order within the crystalline component. Neverthe-
less, as a broadly adopted criterion a polymer is termed “crystalline” when
recognizable Bragg reflection can be identified in its X-ray diffraction
patterns, otherwise it is classified as amorphous. At this stage it is
important to recognize that a given polymeric sample may be amorphous
cither because aithough intrinsically crystallizable, it was not given the
chance to crystallize, or because it is intrinsically uncrysiallizable per se.
The former will, of course, be the case with alt polymers above their
crystalline melting point, and in such crystallizable polymers that have

(] -|m|..urdymrk3mnmadhmﬂh n

been quenched from the melt into the glass izati
Yy state where crystallization ;
:unmusunlfly slow (see .Ialcr). Amorphous polymers of thisy::lls;z:n:;“bl:
converted into crystalline polymers by appropriate heat treatment
J_\l‘norphou's polymers, termed above “intrinsically uncrystallizable ™ can.
-exist only in the am_orphous state, fluid or rigid (glassy, sce belo;v), b
“virtue of. their chemically (inctuding stereochemically) irregular constitu,-'
tion, (;vbl‘t’t;h |:Im:vcms them from forming a crystal lattice.
usly, structural features are expected mainly i i
polymfn. For this reason the latter will be treated eomprejl’le:‘sivcg;‘i:i“:hn:
following cha.pters devoted essentially 1o structural aspects. However, as
most f:tysullme po_lymcn also possess a certain amount of amorph;:m
m,b;nveo;ywl;.n:l surv:y"o[ the amorphous state is required for an
] at 13 to follow. This will be
“wm hoading i accommodated under the

14.1. Resumé of the Amorphous State

1.6.].1. The Random Coil — A Reminder

A bricf mention will be made of the random coil €0 ich i
known 10 be the abstraction of a flexible molecule ndo':::gt;: : T!:'o:: ‘:::
_ml(frql.nolocular physics. A given flexible macromolecular chain owes its
ﬂe_!lblllty. to !he fact that there is rotation around the main chain bonds, If
!h:s_ rotation is -suﬂ'lcicmly free and the chain is sufficiently long, the plth.ol
an isolated chain can be described by a three-dimensional rand'om walk. A

random walk is known to be characterized
Sstance given by by the mean-square ¢nd-to-end

P e (.1

;::::d n denotes the number of links of length [ and the links are frecly
The “links" are neither the main chain bonds nor t i
sl;t the minimum length of chain in terms of which a cha:: cl:: mm
- r;q::t‘l?n (!.l_) on the basis f!ut they are totally freely jointed. They are
h— o:la‘:n:l:ul segments,” and the corresponding » value is the
e O such segments. Of course the chain cannot cross its own path
- this “excluded volume™ problem can be ignored for the present lt.
suﬂi_ee to say that an isolated flexible chain can be regarded l; a
hndom ::i'll i:r:dhecan be readily defined mathematicaily as such, This
— most probable state to which the system will tend to
it perturbed externally (entropy elasticity).
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1.6.1.2. Structure of Amorphous Polymeric Matier

By definition, there should be no structure in the amorphous state
other than the statistical short-range ordering required by local packing
considerations. This situation is (amiliar from simple liquids and glasses.
The analogous situation in polymers corresponds to amorphous material
consisting of chains in their random configuration, as defined above for an
isolated chain, with the addition that in the condensed state the chains are
freely interpenetrating. The consequence of the latter will be that the
expansion due to self-exclusion in the case of the isolated chain is
compensated by the effect of mutual exclusion between different chains,
the nct result being for each chain an ideal random configuration as if
excluded volume cfiects were absent. This is the so-called @-condition,
commonly realizable in dilute solutions and postulated by Fiory to pertain
also 1o the amorphous state. Short-range order in the sense pertaining to a
liquid should still exist, and is in principle describable and experimentally
accessible by radial distribution functions derived from diffraction patterns.

However, as in simple liquids and glasses, the possibility of|larger
structural units (supermolecular structures, crystal precursors, ¢ic.) has
arisen also in polymers and the existence or otherwise of such ordering has
been subject to much debate. Experimental evidence quoted in favor of the
latter includes nodular structures seen in the electron microscope, X-ray
scattering effects at small angles and, most undeniably, changes .in the
properties of amorphous materials (glasses) on heat treatment. (If the
structure is ideally random, clearly there should be nothing to chinge.)

The decisive evidence, however, in favor of Flory's totally random
model is claimed to have emerged from recent neutron scattering experi-
ments. The essentials of the method, to be referred to again in connection

with crystalline material, are as follows. The aim is to characterize the

configuration of a chain in an environment of chains ol its own kind. This is
achieved by neutron scattering with the aid of labeled probe molecules,
which are distinct as regards scattering of neutrons. Such suitable|probe
molecules are polymers containing deuterium as opposed to hydrogen. If
these are mixed in small quantities with the main mass of amorphous
material, the latter will be like a dilute solution of the deuterium containing
polymer as solute within a proton containing polymer as solvent. Hére the
necutrons will “see,” so to speak, the solute molecules. Then the size (radius
of gyration) and finer details, depending on the angular range bf the
scattering explored, can be obtained from low-angle neutron scattering
patierns. The general result that has emerged from studies on PMMA and
PS-is that the molecule in the molten and glassy state (see below) islin the
random configuration corresponding to the ©-state. This fully agrees with
Flory's predictions and scems 10 disclaim the existence of larger-scale
organizations. For most people this is where the subject stands.
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~ Nevertheless, all the claims for larger-scale structures cannot be
ignored even if some are undoubtedly influenced by artefacts. We have 10
distinguish between the ideal amorphous state undoubtedly realized by
suitably chosen materials and samples, and materials and samples that are
conventionally regarded as amorphous, but where the amorphous state is
not fully achieved. The latter may arise in materials that are intrinsically
crystallizable, in contrast to matcrials that are not (atactic PS and PMMA
are of the latter kind). In the former, experiment may detect residual or
incipicat crystallinity, which can be important (or the sample in question
but is irrelevant or even misleading when relating (o the true nature of the
amorphous state. Some of the arguments in the literature may arise from a
failure to recognize this distinction.

1.6.1.3. The Five States of Amorphous Matter

The consistency of amorphous polymers is greatly affected by temper-
ature. This is most readily expressible in terms of a mechanical property.
Following Tobolsky we shall take the modulus of atactic polystyrene (a
typical amorphous polymer) as measured after 10 s loading (as polymers
are viscoclastic materials, the modulus is time-dependent), and examine its
behavior as a function of temperature {Figure 1.4).
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Figure |.4. Five regions of viscoctastic behavior of an amorphous polymer alter 10 loading
showing modulus (E,(10)) vs temperatute in the case of polystyrene (after Tobolsky™').
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We identity the foliowing five regimes with increasing temperature:

I. Modulus ~ 10" dyn cm™. The material here is a glass, rigid, and
stiff,

Il. The modulus drops sharply from 10’ dyn cm™ to about 10
dyn cm™. This is in the range of the “glass transition” usually
characterized by a single temperature, the glass transition temper-
ature T,.

III. Modulus ~ 10* dyn cm™ varying only little with temperature.
This low-modulus region is associated with very high and (on an
appropriate time scale) recoverable extensibility. This regime
corresponds to the “rubbery” state.

IV. The modulus drops again significantly with temperature from 10~
dyn cm™ to about 10’ dyn cm”. Here we have a combination of
rubbery behavior with viscous flow.

V. Modulus less than 10* dyn cm™, becoming increasingly undefin-
able on the time scale of the measurement. Here we proceed to s
viscous liquid, the truly molten polymer.

Regimes 1-V are readily interpreted in molecular terms. Little need be
said about the glass. Here the main chains are rigid, their motion frozen in;
the modulus measures the extension and deformation of covalent bonds in
common with glasses from simpler substances. Regime 11l is unique to
polymers. In this regime rotational motion around the main chain bonds is
taking place and the chain is thus capable of changing its conformation by
thermal motion without, however, any noticeable displacement (on an
appropriate time scale) of its center of gravity (micro-Brownian motion).
On external loading this micro-Brownian motion is biased and the chain
will stretch out without net displacement of the center of gravity. On
removal of the load the chain will retract to its random configuration, the
restoring force thus being entropic (the basis of rubber clasticity), hence
the high elastic extensibility coupled with low modulus, which is the
characteristic of rubbers. In Regime V the center of gravity of the whole
molecule is shifting in the course of thermal motion (macro-Brownian
mation). On external loading this motion is biased resulting in true flow,
the property of polymer melts. Regimes 11 and IV are the appropriate
transition regions, where Regime II (T,) is the most dramatic, correspond-
ing to the onset of rotation around the valence bonds of the main chain.

1.6.2. The Usetulness of Polymers In Terms of Their Physical State

For structural purposes a polymér needs to retain its shape and
support the load required. In the light of the foregoing we can now broadly
identify the circumstances when this pertains and aiso classify the polymers
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in daily use (and thus most readily available also for scientific investigation
and conversely, most in demand for such investigations) accordingly. '

It follows that a noncrystalline polymer satisfies the above criterion
only up to and including Regime 111 and, if rigidity is required, only in
Regime 1, ie., in the form of a glass. This means that if glassy properties
are reqmed T, must be above the temperature of intended application.
Where T, is much above, say, room temperature, intrinsically uncrystaltiz-
able atactic polymers will be glassy over a temperature range relevant to
everyday use and can thus be useful commercial products, important
examples being PMMA and PS. Being glasses they are also transparent
but at the same time, while rigid, they are brittle to varying extents. '

if the temperature of application is above T, or, conversely, T, s
below, say, room temperature, amorpbous polymers can be useful as
elm like.the familiar rubbers (Regime III). Unsaturated polymers
possessing the highest chain flexibility are the most suitable in this mode of
application (cis polyisoprene, polybutadiene, see Section 1.3.3.2),
Nevertheless, even such materials are not suitable as technological rubbers
because on protracted loading bodily displacement of chains will occur and
the extension will not be fully recoverable (they will “creep™). This is
prevented by permanently linking the individual chains with chemical
bonds, thus forming a loose network, where the individual network
elements still display the entropy elastic properties characteristic of
fubben. The above unsaturated polymers provide opportunities for the
introduction of such chemical cross-links by activating very few of the
double bonds along a given chain (vulcanization).

If the chain is not to be cross-linked, then for use above T, the
polymer must be crystalline 10 serve as a viable structural material. This
applies to all those polymers, excluding those used as rubbers, where T, is
below the ambient temperature, ‘

l§ is & fact that a common polymer is only semicrystalline, i.e., it will
contain both- amorphous and crystalline regions (more of this later). As
such it combines the characteristics of crystalline and amorphous matter.
As lmorphom polymeric matter can exist in the form of cither s glassora
ru_hbcr, this distinction will also apply to cases where it is in combination
with crystals. Above 7, the amorphous component is, of course, in a

- rubbery comistepcy and the corresponding scmicrystailine solid will dis-
play lhe_p!openles of a stiff and strong crystaliine material coupled with
- the elasticity and toughness of rubbers, more precisely dependent on the

:nﬁonndonthemtuuofoonueﬂednmonhemmmnu.nisis

lhe consistency in which most crystalline polymers find practical applica-

“tion. Such a material can be considered as s rubber reinforced with
) crystals
(in fact, the crystais also act as the (physical) cross-links preventing creep),
of as a crystalline solid plasticized with a rubbery component. Polyethylene
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is a widespread example of this class as a whole, LPE being more like the
former and HDP like the latier. Nevertheless, even when the amorphous
component is in the glassy state crysuallinity still adds to stiffness and
strength, but aow the material, while stiff and strong, will be more brittle,
i.e., it will support little strain.

In the case of crystalline materials the ultimate limit of applicability is
determined by the melting point of the crystals Ta. The melting ranges of
crystalline polymers have already been Iisted and discussed earlier. More
on the physics of melting will be presented later.

It will be apparent that T and T, are the most important characteris-
tics of polymers determining their use. It is noteworthy that when a
polymer can exist cither in the crystalline state, or in the amorphous state,
or in both states, T, is always significantly higher than T,.



Crystallinity and Kinetics

“of Crystallization

A. Keller

2.1. Basic Classifications

21.1. Generalities

Crystallinity implics three-dimensional periodicity. In this respect we
have to distinguish between crystallinity of periodic and aperiodic
polymeric molecules. This distinction has already been implied in the
introductory sections above; it is fundamental and seill-evident yet, surpris-
ingly, not usually pointed out even in basic texts.

2.1“ Periodic Molecules

7" In the case of periodic molecules the inherent periodicity of the
fiolecule itself represcats one direction in the crystal lattice. As stated
"u_rher. this direction is a particulsrly important one because it corresponds
w the direction of the covalently bonded chain. It is implicit that in order
- this intrinsic periodicity to be utilized for the building up of & lattice, the
dlun direction must be uniquely defined (whether the chain is straight or
is then a further question; sce later). The paralicl association of an
mbly of chains with. well-defined registry along their length then
the full three-dimensional lattice (Figure 2.1a). The chains them-

B
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Figure 2.1. Concept of a lattice from paraiici periodic chains, dots rcprescating geomeiric
repeating units. (a) Schematic illustration of the meaning of the unit ceil (one drawn boldly).
{b) Chain folding 10 form the lattice. In both cases the representation is two-dimensional.

selves need not be of uniform length provided they contain a sufficient
number of repeats.

2.1.1.2. Aperiodic Molecules

For aperiodic molecules to form a crystal lattice the molecules must be
strictly equal, both as regards sequence of monomeric constituents and
chain length. This is satisfied by the all-important globular proteins. These
molecules assume a complex convoluted configuration so as to satisfy the
requirements of delicate interactions between different monomeric units
along the same chain. (Much of the biological function is related to these
interactions.) The overall configuration will therefore be a globular cail of
specific internal structure, all exactly the same for each molecule. It is these
coils themselves which pack in a regularly repeating fashion to form the
crystal lattice (Figure 2.2). It is noteworthy that this lattice bears no relation
10 the chain direction. The momentous achievements of crystal structure
analysis of globular proteins (hemoglobin, enzymes, eic.) consist of the
determination of the internal structure of the globule, not of the determi-
nation of the arrangement of the globuies, i.c., the lattice, which in fact is
usually trivial.
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Figure 2.2. Schematic representation of a latiice from globular (protein} molecules. Here
cach molecule, although apcriodic, is strictly identical. The convoluted chain path is the

“protein folding.”

2.1.1.3. Chain Folding: An Aside

The folding of chains features frequently in the subject of crystallinity
of chain molecules. It is important to realize (it is in fact seif-evident,
although nowhere explicitly stated) that it has a different meaning in the
fields of periodic and aperiodic molecules.

In the case of periodic molecules folding is one way in which
the one-dimensional periodicity of the chains achieves a periodicity in a
second dimension, thus leading to a sheet. Consequently, as sketched
in Figure 2.1b, the folding itself contributes to the building up of a
lattice.

" In the case of aperiodic molecules, globular proteins in particular, the
tesm “folding” refers to the establishment of the convoluted globular
structure of the coil. Here the fold is at some specified localities of the
chain, 50 as to satisfy some specific intramolecular interaction. This is the
“protein folding,” which accordingly does not contribute to the building up
'of the lattice per se.

In what foilows we shall confine oursclves to the crystalline state
associated with periodic molecules.
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2.1.2. Sources of Lattice Imperfections in Polymers

Crystal imperfections represent a major facet of the physics of the
solid state, Lattices are Rot, as & rule, ideally perfect but contain imperfec.
tions such as point defects and dislocations, This is also true for polymer
crystal lattices. However, the lattices of polymer crystals contain defects
over and above the conventional delects of the solid state in simpler

a. End groups. As noted already all chains have ends, The chain
lengths are nonuniform, so these ends cannot be in register
throughout the lattice and hence cannot be part of the lattice
periodicity. .

b. Chemical irregularities along the main chain, These irregularities
are cither accidental, due to a “wrong" step in the polymerization
reaction (e.g., a double bond in polyethylene), or deliberate, as in
the case of a random copolymer.

¢. Stercochemical irregularity, i.c., nonuniform tacticity,

d. Irregularly placed side groups — branches. As in category (b),
these can be either accidental (c.g., branches in low-density
polyethylene), or deliberate, as achieved by copolymerization (such
as in the case of curreatly frequently used ethylene-propylene, or
ethylene-butylene copolymers).

The above chajn imperfections will impair crystal perfection in two
ways: (1) they may become incorporated into the lattice, formed by the
dominant periodic component of the chain, giving rise to lattice defects of
various kinds, and (2) they may become e jected from the crystals into the
amorphous regions, which will limit the size of the Crystals that can
develop. Whether (1) or (2) occurs is the subject of long-standing debates.
There is not likely to be a unique answer as this will depend on the system
in question and on the mode of crystallization. In the latter respect, in
Particular, it will depend on whether the crystallization is slow enough for
the imperfect chain portion to become cjected from the growing crystal, i
indeed this is lhcrmodymmically favored.

In “real life" there arc always some unavoidable chain imperfections
of the kind listed above under (a)-{d). Such imperfections are often
deliberately created in attempts to chemically tailor molecules, a trend of
ever-increasing topicality,

If there is an excessive number of irregularities along the chain, the
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i tailinity proper (as evidenced by well-recognizable X-ray
:enn’e‘:t';:ens‘)’fbfgmes q:egliori:blc and we enter the. gray arca of when a
polymer is to be regarded as still crystaliine or as being aq:orphou{s. ‘.n!ere
are two categorics of such a high level of erystal lmperfe.ctlons. or incipient
states of ordering (depending on the end of the ordering spectrum from

which the issue is approached):

i The Iattice is in principle more or less perfect, but the crystals are
so small that they do not give rise to sharp diffraction eflects, _PVC
of normal commercial use, while largely atactic yet possessing a
certain amount of crystal-forming syndiotacticity, may well be an
example. .

ii. The lattice itself is not a completely regularly repeating usembl_y
of the basic motive but incorporates systematic departures. jn'ns
inctudes the much quoted and argued concept of parau::tysia!hmly
[R. Hosemann and §. N. Bagchi, Direct Analysis of Diffraction by
Marter, North-Holland PublL Co., Amsterdam (1962)], where the
mean position of one motive with respect to the next does not
correspond to that of an exact lattice repeat. A possible example is
commercial PAN,

Finally, if chain irregularities exceed a oerlai.n propor'tion.. the
molecule becomes uncrystallizable and the corresponding material will be
amorphous on any standard, .

rlgaving introduced all the above imperfecno:? types, we shall now
confine ourseives 10 the ideal lattice of ideally periodic molecules,

2.1.3. Modes of Crystallization _

There are essentially three basic modes by which crystallinity can

develop in a polymer.

1. Concurrent with polymerization. Here the crystallinity dev.elops in
the course of the polymerization reaction itself. As the chains grow
in the course of the reaction, under appropriate circumsla_nfus tl‘_lc
system becomes supercooled and the growing chains prectpnat? in
the form of crysials (taking the frequent example that po{ymenn-
tion starts in solution) while the chains continue growing. The
resulting product is the so-called “nascent pqumer:" Mapy wide-
spread technological polymers are obt.am?d in this form
(polyethylene, polypropylenc). In very specu! instances a macro-
scopic monomer crystal can be oonverted_mto & macroscopic
polymer crystal by polymerization in the solid state (see fater).

2. Orientation-induced crystallization. In this case, if long _chams are
aligned first while in the amorphous state they can be induced to
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crystallize under conditions (temperature) where normaily they
would not. This includes the historically most important case of
stretching-induced crystallization of rubber (detected by X-ray
diffraction in 1925).

3. Crystallization from the completely random state. Here a random
system, stationary melt or solution, is being supercooled sufficiently
for it to pass into the crystalline state.

1t is to be noted that (1) and (2) are 1ypically *‘polymeric” phenomena
without counterparts in the crystallization of simple substances. Case (3) is
the equivalent of the normal supercooling-induced crystallization in simple
atomic or low-molecular-weight materials. However, even here the long-
chain nature of the molecule gives rise to many intriguing and novel eflects.
While some of them are necessarily much more complicated than in
simpler substances, this need not always be the case: namely the one-
dimensional periodicity intrinsic to the basic building units can represent a
simplification when compared 10 the truly three-dimensional processes in
simpler materials. Some references to this point will be made later.

In what follows we shall be largely concerned with case (3). Case (2)
will have a smaller, but nevertheless decisive part to play, while only briel
reference will be made to case (1) in the rest of this review.

2.2. Crystal Structure

Traditionally, the principal purpose of crystallographic research is the
determination of the crystal structure. Knowledge of the crystal structure
requires identification of the repeating entity, the uait cell, which is
traditionally followed by determination of the cell content in atomic detail.
Even if in later trends of macromolecular crystallography this sequence is
often reversed (sce further below), we shall proceed with the unit celi first.

2.2.1. The Unit Cell

The essentials have already been implied by the foregoing and are
illustrated in Figure 2.1. Accordingly, the repeating unit does not involve
the molecule as a whole but merely its repeating constituents. Thus one of
the unit cell dimensions (usually denoted by ¢ ) corresponds to the repeat
unit along the chain, while the other two cell edges (a and b) correspond
to lateral repeat distances between different chains in equivalent positions
(see Figure 2.3 for PE). Thus along one direction the lattice periodicity is
defined by valence bonds in contrast to that along the other directions,
where it correponds to distances between otherwise unconnected atoms.
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i) if)
Figure 2.3. The unit cell of polyethylene. (i) Perspective view. (ii) View along the chain
direction (¢ axis) (after Bunn™).

In view of this last emphasized feature the issue of crystal-structure
determination is subdivided into two facets:

1. Chain conformation, corresponding to the shape and path taken up
by the individual chain directly responsible for the geometric
periodicity.

2. Chain packing, corresponding to the mode of packing of the
different, but parallel, chains which is related to their lateral
separation.

Clearly chain conformation is the more important of the two as it is an
intrinsic property of the chain molecule. The above subdivision makes the
crystal-structure issue of a long-chain molecule distinct from that of simple
substances, say metals or small molecules, where the different directions
are not as fundamentally different physically because they all correspond to
distances between unconnected entities.

In what follows we shall treat (1) and (2) in turn.

2.2.2. Chain Conformations

The determination of chain conformations is one of the principal
activities in structural polymer science. It can be done in two ways: (1) by
anmalysis of diffraction -patterns (X-ray or electron), and {2) by a priori
predictions from the chemical formula, or most productively by a combina-
tion of (1) and (2). Mecthod (2) in pasticular can again be pursued in two
ways: (a) by building space-filling models with which the sterically impossi-
ble or unfavorable clashes can usually be spotted, and (b) by calculation,
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the so-called conformational analysis, by which the encrgeticaily most
favorable conformation can be determined, provided sufficiently realistic
parameters (bond lengths, bond angles, atomic radii) and potential func-
tions are used. In what follows some basic resuits will be quoted using the
example of the simplest of all carbon chains.

Let us consider the simplest hydrocarbon chain, i.e., that correspond-
ing to polyethylene:

HHHH
---C—C—C~—C---
HHHH

where each C atom is at the center of a tetrahedron with its four valences
leading 1o the four vertexes. Suppose full rotation around each C—C bond
is possible and we wish to find the energetically most favorable configura-
tion arising from these rotations.

Let us select any one C—C bond and regard it as vertical to the plane
of the paper, so that we are looking along the bond. For any one of the two
overlapping carbon atoms we shall then see the three remaining valences
{lines connecting the center of the tetrahedron to the three apexes of one of
its faces) at 120° 10 each other. Figure 2.4 shows an arrangement for the
c¢thane molecule, where the three valences that belong to the upper carbon
are denoted by solid lines, those that belong to the lower carbon are
denoted by dashed lines, and the bold central circle corresponds to the two
overlapping carbon atoms. Al rotation angles are possible, so the three
solid and dashed lines in Figure 2.4 could assume any rotational relation
with respect 10 each other. It turns out that the particular arrangement in
Figure 2.4 where the solid and dashed lines are at maximum angular
separation in the presented projection is energetically the most favorable.
This result is the principle of “staggered bonds,” which expresses the fact
that substituents, of adjacent carbon atoms are trying to avoid each other
as much as possible.

] .
i
(W) i XH)
: Figure 2.4. llustration of the staggered bond principle
@ in the case of an ethane molecule. View along the CC
bond,
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In alkanes there are three possible such staggered positions, as is
apparent from Figure 2.5. One of them is termed trans (T) and, as will be
apparent, ensures that the main-chain carbon atoms all lie in one plane
within which the C—C bonds form a zigzag line. The other two confonm.-
tions in Figure 2.5 are termed gauche (G), distinguished by G* and G°.
Here the C—C bonds will not lie in a single plane but will describe a
convoluted path. Calculation reveals that for a simple CH, chain (hy-

 drocarbons, polyethylene) the T conformation is energetically the most

favorable. There are energy minima also for the other two staggered
positions G* and G, as shown by the function of potential energy V vs

* angle of rotation ¢, but these are not as deep as for the trans state (Figure

26). , o
When replacing the H atoms by other constituents, which will

necessarily all be bulkicr than H, these may clash to varying extents. In
order 10 minimize this clash there will be rotation around the C—C bonds
away [rom the trans position which, if always in the same sense in a given
chain, will transform the planar zigzag into a helical path. This can occur to
different degrees according to the substituents,

®

‘Pigure 25. Three staggered bond configurations in the case of an alkane chain: T i the
all-planas trans configuration, G* snd G~ are the two gauche configurations.
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Figure 2.6. Potential energy as a function of rotation around a C—C bond. The deepest
central minimum corresponds to the T state and the two smaller minima at — 120" and +120°
comespond 10 the two G states in Figure 2.5.

In PTFE each H atom is replaced by an F (fluorine) atom causing a
rotation around the C—C bonds. This rotation is only slight, yet essentially
within the tcans trough of the potential surface, even if displaced from
¢ =0° (or 180°). The result will be a slowly winding helix, which at room
temperature is a 13, helix (13 repeat units in 1 turn of the helix; sce Figure
2.7).

tHEPEAT DISTANCE = 18.5 A'
Figure 2.7. Space-filling models showing {a) the planar zigzag of polyethylene, and (b). (c)
two slowly winding helical conformatiom of polytetrafiuorocthylene. Dark balls represent
carbon atoms and white balls the hydrogens in (a) and the Auorines in (b) and (¢) (after Geil™").
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In an isotactic polyolefin every second C atom will possess a more or
less bulky constituent other than H, and when considering the chain
stretched out in a planar zigzag (T configuration) they will all lic on the
same side with respect o the plane of the zigzag, as shown in Figure 1.3, If
these substituents are CH, {polypropylene) or larger, they will clash in this
all-T configuration, consecutive bonds requiring a rotation around every
second bond by 120°, i.e., into one of the G troughs. The most favorabie
conformation along a given chain will therefore be TG'TG'--- or
TG TG™. This will define a 3, helix {3 monomer repeats in 1 turn of the
helix). This 3, helix with near variants (such as the 7; helix) is the standard
chain formation for polyolefin (Figure 2.8), first predicted from models by
Bunn [C. W. Bunn, Proc. R. Soc. London, Ser. A 180, 67 (1942)} before
isotactic polymers were available, later abundantly verified on the actual
systems by Natta and Corradini [G. Natta and P. Corradini, Nuovo
Cimento 18, Suppl. No. 1, 68 (1960)]. (It should be stated that while the
above comments appear in all textbooks and are essentially correct, latest
experimental findings and subsequent calculations reveal also conforma-
tions other than the 3, helix as being of low energy, which under certain
circumstances can delermine the behavior of the system. The causes and
consequences of these alternatives have not yet been fully evaluated. Even
so they poini to the extreme caution required as regards the uniqueness of
the predicting power of conformational analysis.)

2.2.3. Chain Packing

2.2.3.1. Geometric Considerations

Provided there are no specific interactions between chains but only
van der Waals forces, the packing of long-chain molecules is most readily
envisaged with reference to the packing of cylinders. Circular cylinders, of
course, pack in regular hexagonal arrays. Chains with helical conforma-
tions are in fact close approximations to circularly cylindrical rods and
many of them indeed pack hexagonally (e.g., isotactic polystyrene).
Packing other than regular hexagonal can still be profitably considered in
the same terms because even here the packing can be usually recognized as
pseudohexagonal,

As an example let us consider polyethylene. The unit cell projection
along the chain directly reveals the pseudohexagonal nature of the chain
Ppacking (Figure 2.3). The cross-sectional view of the all-T planar zigzag is
spproximately an ellipse, and the particular packing in Figures 2.3 and 2.9
orresponds to the optimum packing of ellipses [A. 1. Kitaigorodsky,

.Organic Chemical Crystallography, Consultants Bureau, New York

(1961)).



chain conformations besed on TG sequences. Lets: 3, helix {an

B poly-4-methyl-pentane). Top and
paralle! 1o the helical ases, respectively

Looking at the packing problem in the above way ; i
Y is not only simple,
but can be helpful when considering cha in packing ca ysica
and/or chemical circumstances. "8 hanges " PCTIon caused by ph I
Let us examine thermal expansion. It is generai knowledge with ali
paraffinoid substances (paraffins, fatty acids, polyethylene) that on increas-
tng the temperature the orthorhombic lattice of Figure 2.3 will change
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toward becoming truly hexagonal, a state that, depending on the materials
or other circumstances, may only be approximately or actually attained
(rotary phase in paraffins). The reasons for this will be evident if we
remember that the chain, or segments of it, will perform increasing thermal
vibrations around the chain sxis and will lead to an overall circular
envelope, the packing of which will approach that of hexagonal rods
(Figure 2.9).

The same happens under the influence of chemical imperfections such
a3 side branches (copolymers, low-density polyethylene) and occasional
cross-links (e.g., those that can be introduced by irradiation). Whatever the
description in detailed molecular and atomic terms, such imperfections
reduce the overall ellipticity of the chain cross-section in the sense
of Figure 2.9 with the result that the system will approach hexagonal

packing.

' b

' a

- =

i)
Figure 2.9. Schematic illustration of pecking of chain molecules with
elipdulem-nﬂioa(i),whichdnm toward re;uh:hxmulp.ckiag(ii).oninaeuiu
wmwMemliham.mmhnmm
hnbywldﬂm.ﬂhehniaﬂmlheﬁmdﬁumhudoumwmb-ny
sarticuler polymer.)
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2.23.2. A Note on Crystal Polymorphism in Polymers

Polymorphism is a widespread occurrence among crystalline poly-
mers. With very few exceptions the polymorphic structures differ as
regards mode of chain packing but not chain conformation. This follows
from the fact that chain packing is determined by interchain forces, which
in general are not only much weaker than the intrachain forces but also
much less specific. As a resuit there will be a number of ways in which
chains can pack with only comparatively small differences in stability, i.c.,
corresponding to only comparatively shallow potential wells with only
slight difterences between them, leading to the possibility of several crystal
structures. In simple substances differences in crystal structure usually have
a profound eflect on the material. ‘This is generally not so with polymers.
Although possibly interesting for the crystallographer, the unspecific
nature of chain packing and the small energetic differences associaled with
the different polymorphs, as well as differences in crystal structure are
usually not of primary significance for polymeric behavior. (This assertion
may need to be qualified when specific foroes between chains are operating
(sce below), especially when the effect of polarity on electric properties is
involved as, ¢.g., in the case of the piezoelectric polyvynylidene Ruaride.)

2.2.3.3. Specific Interchain Interactions

In the above discussion on chain packing only geometric packing
factors were considered without the specific forces between the chains, for
which polyethylene and the most common polyolefins are appropriate
examples. In polymers containing polar groups the interchain interactions
can be more specific. Such groups could be ions (in polyelectrolytes they
form ion bridges between chains), dipoles, and whatever are capable of
forming hydrogen bonds. Below we shall consider examples from the
last-mentioned category.

Important examples of hydrogen bonding are found in polyamides.
Here hydrogen bonds form between the carbonyl and the amine groups
beleonging to adjacent chains

\ /
C=0---HN
y, ~

where --- denotes the hydrogen bond. In such polymers the adjacent
chains will occupy positions so as to satisfy these interactions. In favorable
instances hydrogen bonding between all groups capable of such bonding
can be achieved, in which case the mutual arrangement of the chains can be
obtained virtually by inspection. This will be illustrated by two examples;
nylon 66 and nylon 6.
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. The arrangement in nylon 66 is shown by Figure 2.10, where all
‘hydrogen bonds are seen to be formed. As the T and | directions are
{equivalent, any parallel chain can hydrogen-bond with its neighbors. This is
. Dot 80 with nylon 6 where the chain direction has polarity, hence directions
"t # | . Nevertheless, it is seen from Figure 2.10(b) that hydrogen bonding
“can be fully satisfied if and only if alternate chains point up and down, i.c.,

the srrangement is 1 | 1t |---.
As in both cases the chains are planar zigzags, the hydrogen-bonded
structures are sheets. The rest of the chain-packing problem will then be
- confined to the mode of packing of these sheets. As there are no specific

- forces between the hydrogen-bonded sheets the optimum sheet packing is

“mot very distinct from other packing possibilities. It follows that the
different, energetically very similar modes of sheet packing form a source
of polymorphism in polyamides. This again exemplifies the theme already
stated in connection with the packing of individual chains and polymorph-
ism, namely the less specific the interactions, the more difficult it is
to predict or to determine the corresponding packing geometry. On the
other hand, the distinction between the various possibilities {polymor-
) plll'i:m) is correspondingly less significant for the behavior of the system as a
whole.

We wish to mention that the presence of strongly interacting groups, if
closcly spaced along the chain, can affect not only the chain packing but
-even the configuration of a given chain itself. This is the situation with
‘polypeptides, where hydrogen bonds can form internally within a chain
leading to the famous Pauling a-helix, one of the starting points of modern
structural molecular biology.

2.24. Crystal Structure Determination

.. -For the kind of chain molecules under discussion, crystal structures are
Asually determined from X-ray fiber diffraction patterns. These correspond
# single-crystal rotation patterns with the chain (fiber) axis as axis of
‘Totation. These diffraction patterns display layer lines perpendicular to the
Bber axis, The layer-line periodicity, directly read off the patterns, corre-
;Sponds to the geometric periodicity along the chain. In a straight zigzag
hain this will be the monomer periodicity (or a higher order of it in the
ase of systematic absences). If the chain is helical or has some convoluted
ptformation the geometric repeat will be correspondingly different, but as
‘ s the staggered-bond principle holds (i.e., only T and G configura--
8 apply) the conformational possibilitics will be finite. Hence the actual
Fos co_nformation, the most important structure feature, is usually
‘directly identified (by model building, simple geometric calculations, or
wren by inspection) from the layer-line periodicity.
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For more complicated chains, as in the case of many biopolymers, the
Fourier transform method is particularly useful, namely the chain itself
‘olten has a readily recognizable, highly structured transform (the diffirac-
ﬁon, which would be produced by a single chain, or & paralle!l array of
uncorrelated chains) and the reflections actually correspond to the sam-
‘pling of this transform by the interference function due to the full
-three-dimensional crystal lattice. The Fourier transform of some conjec-
tured chain conformation can be readily calculated and then, after cylindri-
-cal averaging in the case of fibers, compared with the diffraction pattern; or
,mmuly, certain typical chain conformations have readily recognizable
-fingerprints (arrangements of strong reflections or absences) in the diffrac-
tion patterns.

The trend toward hexagonal packing can be s useful guide for the
detcrmination of chain packing. Regular hexagonal packing is readily
recognized where the strongest reflections on the equator (0 layer line)
'oorrelpond to that of the hexagonally close-packed planes. If the structure
.8 pseudohexagonal there will be two or three such strong reflections
instead of one (c.g., 110 and 200 in polyethylene). This is the orgm of the
_characteristic prominent single ring (hexagonal) or doublet ring (or-
-thorhombic, etc.) in the unoriented (i.e., powder-type) diffraction patterns

~-of most simple synthetic polymers.

2.3, Degree of Crystallinity

As stated carlier, materials consisting of long-chain molecules are in
geaeral not fully crystalline and contain a not-inappreciable amount of
amorphous constituent. A most self-cvident manifestation of this is the fact
that, say, a piece of plastic such as polycthylene, while displaying clearly
Mned X-ray reflections, does not have properties like that of 3 conven-
; | crystalline solid but behaves to some extent like an amorphous
lbber or glass. If crystallinity is only partial, then clearly knowledge of the
; _]me ol crystallinity” is required.

'i-‘lol The Principle of the Determination

& For a quantitative determination of the degree of crystallinity, often

Jéferred to as the “amorphous—crystalline ratio,” the following gencral

fthod is usually adopted. A property that is crystallinity-sensitive is

e, If jts dependence on crystallinity is known for a polymer, it can

Glserve as an indicator of the degree of crystallinity for any given sample

édm polymer. Such properties fall broadly within three classes: .ther-
'dena:mc. diffraction-based, and spectroscopic.
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2.3.2. Methods ol Determination

2.3.2.1. Thermodynamic

a. Specific Volume v or Density p. If the degree of crystallinity is
denoted by x., then

WU PTO @1

x'-”a-'”c P P

where v and p refer to the relevant property of the sample under
examination, v, and p, to that of the purely crystalline state, and v, and p,
to that of the purely amorphous state. If the crystal structure (i.c., at least
the unit cell dimensions and the number of chains within this cell) is known,
ve OT p. are also known quantities. The determination of v, or p. can
present a problem if the polymer is unobtainable in a fully amorphous state
at the temperature at which x. is required (usually ambicnt temperature),
which is frequently the case. In this situation v, must be extrapoldted from
its value in the melt assuming knowledge of its thermal expansion
cocflicient in the molten state. This is a long extrapolation with all the
related uncertaintics, not to speak of the inherent assumption that v,(T) is
a linear function over the temperature range concerned. Hence: for this
method, v, is the limiting factor to the accuracy that can be attained, in
addition to such apparently trivial, but by no means casily avoidable
problems as the influence of voids (which can be submicroscopic} on the
measurements.

b. Heat of Fusion (AH). Here x. = AH/AH., where AH is the heat of
fusion of the sample under consideration and AH. that of the tully
crystalline material; AH, is the basic limitation in view of the fact that a
fully crystalline material is not generally available. Therefore in this case
AH, has to be obtained theoretically and/or by extrapolation from the
behavior of shorter chain oligomers {e.g., paraffins as oligomers for
polyethylene).

2.3.2.2. Diffraction Methods

These essentially rely on the assessment of the ratio of the amorphous
to the crystalline scattering intensities in the X-ray diffraction patterns of
random specimens. The technical problems encountered mainly pertain to
the separation of crystailine refiections from amorphous halos in the usual
casc where they overlap to some extent. Problems of principle comprise
the issues of how far out one needs to 80 in reciprocal space (scattering
angle) for the information to be meaningful and of how small a crystal is
still a crystal (i.e., how broad a reflection still counts as a Bragg reflection).
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2.3.2.3. Spectroscopic Methods

a. Infrared Spectroscopy. Certain features in the infrared specirum are
sensitive to the configuration and/or packing of the chains in the crystal and
can thus serve for the assessment of crystallinity. These features fall into
two categories.

The first kind relies on the observations that certain adsorption bands

" appear in the crystalline state and disappear on melting, and are accord-
ingly then classificd as “crystalline” bands. Similarly, “amorphous™ bands
can also be identified by their disappearance, or at least reduction, on
crystallization. The intensity of such bands can then be used as a measure

- of the degree of crystallinity. In the first place this may only be a purely

-empirical exercise, which at a later stage may or may not acquire

“theoretical foundation,

The second class of spectral features relies on the fact that in a crystal
structure containing symmetrywise nonequivalent neighbor chains, such
chains can vibrate inphase or antiphase while in the crystalline state
corresponding to two adsorption bands at slightly different frequencies,
The result will be doublets in the spectrum. This distinction disappears in
the amorphous phase where only a singlet will be seen. The evaluation of
‘such doublets, where they exist, provides a theoretically well-founded
‘method for the measurement of amorphous—crystalline ratios.

b. NMR Spectroscopy (Broad Line). This method does not measure
crystallinity but mobility, and can be used for crystallinity determinations
only as far as mobility can be equated with the amorphous phase and
immobility with the crystalline phase. It relies on the fact that in the
immobile (crystal) phase the externat magnetic field will be locally modified
by the magnetic moments of the neighboring nuclei (protons), and differ-
«ently so by the diflerent neighbors, with the result that the resonance
/nvelope wilt be broad. In the mobile (amorphous) regions there will be an
averaging out of the effect of neighboring nuclei and the resonance peak
will be sharp. The method then consists of measuring the ratios of the sharp

20 broad resonance peaks. It should be noted that this method is sensitive

“ta:small amounts of mobile material.

3.3, An Appreciation of the Different Methods

. "There exists much literature concerned with the correct absotute value
L crystallinity and with the comparison of results obtained by different
bods, including claims for agreement and disagreement. The first point
¢ appreciated is that the different methods are measuring different
i rties, and therefore even if correctly measured and interpreted (some
of the potential uncertainties have already been noted), they need not
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necessarily give exactly identical numerical results. It therefore follows that
the measurement and definition of any absolute vajue of the crystzilinity is
problematic, Even if it were possible 10 obiain a reliable unique absolute
value this would still be of questionable significance per se because, as will
be apparent below, materials possessing the same degree of crystailinity as
determined by one particular method can still have grossly different
properties depending on the route along which the particular degree of
crystallinity was attained. This is because this route affects the crystalline
fine structure, i.c., the morphology, of which much more wiil be szid below.

More meaningful than the absolute values themselves are the com-
parative differences between diflerent samples as regards degree of crystal-
linity and, in particular, changes within the same sample produced by, say,
certain treatments. In this respect the different methods should at least
indicate the same trends, which they generally do.

One of the most straightforward applications of comparative crystal-
linity measurements on a given sample is that which records the develop-
ment of crystallinity as a function of time, This serves 1o determine the
rates of crystallization, and in 8eneral represents the basis for the study of
crystallization kinetics.

2.4, Kinetics of Crystallization

2.4.1. Rates of Crystallization

The kinetics of crystallization is important in technological applica-
tions as it determines, €.g.. the rate of solidification of a molded object
during cooling or that of a thread emerging {rom a spinarette. It is also
important, of course, for the fundamental understanding of crystallization.

The basic investigations consist of measuring x, as a function of time
at preseiected constant temperatures. In what follows we shalj take the
specific volume as an indicator of crystailinity. This can be most readily
measured with a dilatometer. We express the results in terms of o, - p m
4v as a function of time at 3 given temperature T, These lead to sigmoidal
curves, such as that drawn schematically in Figure 2.11. The rate R can
then be defined either as the steepest slope at the inflection point, or as the
half-time of the fuli volume change 4v..,.

In general, the curve of R vs T will be bell-shaped, such as that in
Figure 2.12, because the rate will be zero at the melting point T, (in fact, it
will not Assume & measurable value until well below Ta, i.e., polymer
crystallization only starts a1 considerable supercooling) and will become
vanishingly slow again at the glass transition T,. In between Taand T,
there will necessarily be a maximum at some temperature T,... This

—— — — ey v wme mE e
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time
Figure 2.11. A schematic crystallization isotherm obtained in the study of crystallization
kinetics. In this instance volume change 4o is plotied against time.

R
Figure 2.12 A typical curve represent- )
ing rate of crystallization R as » func- + + $ 4 4
‘o of crystallization temperature T, g N Taax Ty Tm T

maximum is due to two opposing effects: the increasing thermodynamic
driving force with increasing supercooling AT (AT = T.-T) and the
decreasing mobility at the correspondingly lower temperature., _

. The diffesent crystaliizable polymers differ as regards the magnitude
of the maximum in the R vs T curve. In practice one may place them in
l'l'o groups: those where R.., is sufficiently low so that a normal sample
gan: be cooled through T,.. without crystallization setting in, and those
Which cannor. The former group can be obtained in an amorphous state,
bence in the glassy state, and if s0 required can be crystallized at
rielilpentllres below Tew.. PET, polycarbonates, and isotactic polystyrene
arcexamples. In fact crystallization rates in the latter two cases are 30 slow
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that prolonged hoiding at T.... is required to achieve any crystallization at
all. This is why polycarbonates, though crystailizable, are or can be used in
the glassy amorphous state and are mostly used as glasses by virtue of being
transparent in this state, while owing to their particular chemical constitu-

tion they possess a high T, (180 *C).

24.2. The x. va t Curves

It is most important to realize that Ava.. does not correspond to full
crystallinity, i.e., to x. = 1. It corresponds to the maximum x. achievable at
that particular temperature T, which is < 1. Thus the kinetically fully
crystallized material is not fully crystalline (which reflects the fact that
complete crystallinity is not normally achievable).

We shall therefore define the kinetic crystallinity y; in the form

X' Vo— U
¢ Vo~ Vs

where the subscripts of v refer to the time elapsed after the sample has
attained the intended crysiallization temperature. It follows that y. at
t =, denoted x.., is always less than unity.

Next we consider the Av vs t curves as a function of 7. When these
curves can be obtained over the full range of crystallization temperatures,
the resulting situation corresponds to that sketched diagrammatically in
Figure 2.13. Three T values are represented with T, > T; > T, where T
corresponds to T....It is noteworthy that y.. depends en T for valuesof T
below T... In particular yi. (the maximum value for Av) becomes

hoe

Figure 2.13. Crystallization isotherms comresponding to crystallization temperatures at the
high-temperature side T,, low-temperature side T,, and maximum region in Figure 2.12.
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increasingly smalier with decreasing temperature. This means that the
maximum achievable crystallinity at these temperatures will be lower even
-if, kinetically defined, the sample is fully crystallized.

2.4.3. Morphological vs True Crystaltinity

When a polymer melt crystallizes, spherical crystal aggregates nuc-
ieate and grow (so-calied spherulites; more about this later!). At each stage
of growth the sample volume will be partitioned between the spherulites
and the unaltered melt, the fraction of spherulite-filled volume becoming
increasingly larger with time. When all the spherulite-free amorphous
volume & consumed, the crystallization (primary, see later) comes to an
.end. At this stage Av,.. is attained, hence y! = yi = 1. Here the sample is
fully crystallized and in morphological terms fully spherulitic. We can say
that the sample is morphologically (but not truly) fully crystalline. Thus the
4v vs 1 curves record the development of morphological crystallinity.

It follows from the fact that y!. can be different for different
temperatures of crystallization (c.g., for T, and T; in Figure 2.13) that in
absoiute terms the degree of crystallinity of the spherulites themselves
must be different for the two different crystallization temperatures. (Thus
spherulites formed at the lower temperature T, arc less crystalline.)

Accordingly, the properties of polymers can show a twolold depen-
dence on crystallinity: a dependence on the degree of morphological
tystallinity and on the degree of true crystallinity. Conversely, it follows
that a single (true) crystallinity value does not fully characterize the
crystalline state of a sample.

:I‘he -ast statement will be illustrated schematically as follows. Let us
consider again Figure 2.13 and take the development of crystallinity
corresponding to Av®. We sce that along curve T, this corresponds to

P,:;_z_ln..... henace to x.., i.c., to the morphologically fully crystailized sample,
gﬂhlle along curve T, the crystallization is far from complete. If we compare
Jections of the two samples under the microscope we see images such as in
_g']gure _2.l4a and b corresponding to Av* along curves 7, and T,
Tespectively. Figurc 2.14a is meant to represent isolated spherulites within
‘an ‘amorphous matrix, while in Figure 2.14b the spherulites are all
Pinging and no untransformed material is left. Clearly, the two mor-
Phologies are very different, a difference reflected by the physical proper-
‘Yet the absolute crystallinity as defined by equation (2.1) will be
tlcll Conversely, identical morphological crystailinities (i.e., fractional
Eﬁ!‘ume occupancy) attained along the different isotherms will corre-
pond. Yo different true crystallinites; the properties here again will be
Argely c.bﬁeren_l. (The above significant exposition does not feature in the
%u:ll::\l)lonl literature; it is based on unpublished researches by the
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Figure 2.14. Schematic represeniation of two stages in the course of crystallization
Spherulites are largely isolated within an untranslormed amorphous matrix. (b) Samp;e(::
tully pcnmded by spherulites. Such a sample is fully crystallized and corresponds (o the siage
4o, in Figure 2.11, of 10 40° along curve T, in Figure 2.13.

2.4.4. Primary and Secondary Crystallization

The Av vs ¢ curves do not often level off smoothly but can take one of
the two courses shown in Figure 2.15. This behavior is the consequence of
secondary crystallization following the initial primary crystallization dis-
cussed. carlier. In Figure 2.15a the first plateau signifies the termination of
the primary crystallization, and the second plateau that of the secondary
ca:ystallizaiion. In this case the rates of the two processes are sufficiently
disparate for them to appear scparately in the Av vs 1 curve. If both
processes occur at comparable ratcs, i.c., the primary process is still in
progress when the eflect of the secondary process becomes significant, their

Av Av

time time
a) : b)

Figure 2.18. € Hization i i i : .
“;“m. rystallization isotherms with (wo different manifestations of sccondary crystal-
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resultant effect will merge and curves such as those in Figure 2.15b will

result.

Im structural terms, secondary crystallization represents the increase in

- the trae degree of crystallinity of the spherulites (which themselves are the
* products of the primary crystallization). Thus the spherulites improve their

crystailinity with time! If this improvement is slow compared to the growth
of the spherulites themselves, we have the behavior demonstrated in
Figure 2.15s, otherwise that in Figure 2.15b. This is an important illustra-.
tion of the many-stranded refation between crystallinity and crystalline
texture. Of the fine structural features underlying this effect more witl be
said later.

24.5. Textures

* The overall process of crystallization consists of two separate pro-
cesses: (1) nucleation of new crystals and (2) growth of crystals already
presemt. The overall crystallization rates, as in Figure 2,12, result from the
compcunding of these two separate processes. The rate of each of the
separate processes {1) and (2) has a maximum with temperature (the
maxima for the iwo do not coincide, that for (1) being at lower tempera-

" tures). For a given crystallization temperature, the comparative rates of the
. two peocesses and the number of nuclei present to begin with determine

the overall scale of the resulting crystal entitics within the final polycrystal-
.. line materisl. This feature is termed crystal texture as opposed to crystal

structure on the molccular level.
Nucleation itsell can be of two types: (1) predetermined and (2)
spontancously forming.

1. The predetermined nuclei are heterogeneities, the eflect often
being referred to as heterogencous nucleation. In polymers there
can be a further subdivision: extrancous heterogeneities {catalyst
residues, impurities, etc.) and residual crystal fragments of the
polymer itsell giving rise to so-called “seli-seeding.” This latter
mode of nucleation is unique to polymers and arises from the fact
that, for a variety of reasons (0 be dealt with later, polymers have a
broad melting range. The last crystal fragments to melt may be
present in such a small proportion that they are undetectable in
what otherwise appears to be a homogeneous melt, and may even
be in a superheated form above the conventionally identified

_melting range. These will serve as nuclei for crystallization on
oooling.

2. Spontaneously forming nuclei in principle result from spontancous
fluctuations that exceed the critical nucleus size. It is often termed
aporadic nucleation or homogeneous nucleation.



] 1 » Polymers

In general, targe numbers of nuclei lead to a fine-grained texture and
few nuclei to a coarse-grained texture. This is true for all polycrystaliine
materials. In addition, with polymers we have a two-tiered texture. The
texture as determined by primary nucleation in the above sense relates not
10 single-crystal grains (as in metals or rocks, etc.) but to the spherulites. As
we shall sce, these spherulites are not single crystals but are themselves
crystal aggregates, hence possess a texture. The fact that the spherulites
themselves can possess different degrees of crystallinity relates to differ-
ences in their texture; in particular, the increase in crystallinity on
secondary crystallization relates to the coarsening of this spherulite iex-
ture, more of which later.

It is a general feature of all polycrystalline materials that the macro-
scopic (¢.g., mechanical) properties are highly texture-dependent. Coarsely
textured materials are generally stiffer (high modulus) but more brittle
(support lower strain before fracture), and conversely for the finer-scale
texture. This is true also for polymers, with the important addition that it
applies to textures on both levels, the spherulitic and intraspherulitic. In
fact, we shall see that there can be more than two levels. The existence of
such texture hierarchies is a unique feature of macromolecular substances
and becomes extremely intricate with biological malterials.

In general, the crystallization of polymer melts is practically always
induced by predetermined nuciei. Extrancous heterogeneities (mostly
catalyst residues) can virtually never be avoided. For this reason the
temperature regime of homogencous nucleation (except lor some very
specialized experiments) cannot be reached because crystal (spherulite)
growth emanating from these predetermined centers pervades the whole
sample, hence completes the primary crystallization, before temperatures
low enough for homogeneous nucleation 10 occur at appreciable rates are
attained in the course of cooling. The predetermined nature of the
nucleation is usually apparent from the fact that the spherulites are all of
equal size, signifying that growth started from given centers simultane-
ously. This is not to say that sporadic nucleation cannot be observed, ic.,
spherulites continually appear in the still untransformed portion of the
material, giving rise to a final texture of widely differing spherulite sizes.
However, there is evidence that even in this fatter case nucleation starts
from predetermined centers where the nucleating efficiency of these
centers is different, resulting in a sporadic emergence of new spherulites.
The latter is to be envisaged as a reservoir of predetermined nuclei, the

nuclei having a range of incubation periods, the predetermined nature of
the centers only becoming apparent when the exhaustion of the reservoir
can be observed before the primary crystallization is complete. A more
rigorous understanding of all these nucleation phenomena has yet to be
achieved.
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4.4.6. Anatytical Treatment of Crystallization Kinetics

24.6.1. Anaglysis in Terms of Expanding Spheres (the Avrami Equation)

The recognition that crystallization of polymers is represented on a
macroscopic scale by nucleation and growth of spherulites leads to a simple
ma_lhematical description of isotherms, such as that in Figure 2.13. This
relies on the calculation of the volume fraction as yet uncovered (i.c., the
amo‘rpbous_fraction) by the newly forming and growing spherulites at any
particular time of crystallization. The information required initially is the
rate of volumetric spherulite growth (alternatively, this can be obtained
from the experimental isotherms using the theory to be outlined below),

l..?t us first consider the growth rates. An important basic fact is that
at a given temperature, spherulites are observed to grow at a constam'
!mear velocity, and are thus characterizable by a single radial growth rate ¢
in the mathematical treatment.

As regards the formation (nucleation) rate, the usual treatments
cmhod}_' the two alternatives discussed in the preceding section: (1) the
spherulite centers are predetermined (heterogeneous nucleation) and (2)
new spherulites form at a constant rate within the still untransformed
material (sporadic nucleation).

. In treating dimensionality and shape, the spherulites in three-
dm.lensional samples are regarded as spheres. Two-dimensional samples
(tl.nn films) can also be importani for basic laboratory studies under the
microscope, in which case the spherulites are considered as disks. Other
shap‘es and their combination with different dimensionalities also feature in
the literature. It will be shown that except for special, restricted conditions
of application, the formulas derived for these are erroncous.

The treatment of expanding spheres and circles 10 be outlined below is
‘usnally referred to as the Avrami treatment, although it has been applied in
neveral instances prior to Avrami, notably as far back as Poisson.

Consider spherical bodies 1,2, ..., n of volume Vi, V5,.... V. insome

State of expansion before they impinge, with total volume V. The proba-

bility p that a randomly chosen point P lies outside V, is given by
p=l-VJvV

‘The probability p that the point lies simultaneously outside bodies
1,2,...,n is expressed by

p=pprp=[[U-VIV) or  Inp =S ina-viv)
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Since V, < V, powers of V,/V higher than the first can be neglected in the
expansion of in p, hence

Inp= wg(MIV)-J\-/ or pme*®

were 8 = n/V, the number of entities per unit volume or the nucleus
density, and V = £ V,/n, the mean volume of entities present,

An expression for p is also given by the volume fraction of material
not engulfed by the “bodies,” namely the volume fraction of the remaining
nonspherulitic (hence totally amorphous) material. Thus

p=1-—yime™* 2.2)

The main problem beyond this simple geometric derivation is how to
treat the situation when different bodies abut. Avrami does it in a very
claborate way. However, this situation can be treated very simply (essen-
tially going back to Poisson, but revived by U.R. Evans [Trans. Faraday
Soc. 41, 365 (1945)] for the treatment of the spread of rust on a metal
surface) by considering two potentiaily overlapping spherical bodies, as
presented in Figure 2.16, where 1 and 2 refer to the unobstructed spheres.
I a point P is situated within cither of the unobstructed spheres, then it
will lie within the overlapping composite body as well. If it is outside the
unobstructed spheres (point P') it will also be outside them when they abut
(see Figure 2.16) as long as neither body outgrows the boundaries of the
other in the hypothetical absence of overlap. Thus we can assume that P’
lies in the nonspherulitic material irrespective of overlap. Accordingly,
cquation (2.2) will still hold.

i

Figure 2.16. Efiect of spherutite overlap a5 referved 10 in the derivation of the Avrami
cquation.

1 + Crysialinity snd Kinetics of Crystallization 9

The exponent in equation (2.2) can be expressed as a function of time ¢
(sec standard textbooks on polymers embracing crystallization) in the form

1-yeme™ @3)

where n and K are constants, n depending on the dimensionality (two- or
three-dimensional growth) and on the type of nucleation and K including
the parameters relevant to the rate of growth, rate of nucleation, and
number of nuclei. This is shown more explicitly in Tabie 2.1, ‘

Equation (2.3) usually provides a good description of the observed 4v,
or 1-yx:, the kinetic amorphous fraction into which 4dv is readily
canverted, as ¢ varies (Figures 2.11 and 2.13) with appropriate constants.
The constants can then be determined by plotting Inin(l — X< against In¢,
which usually yields a straight linc of slope n and intercep K. Hence the
nature of the nuclestion (predetermined or sporadic) and the growth and
nucleation sates, respectively, can be assessed. These quantitics can be
observed directly under the optical microscope in suitably prepared
spscimens, and agreement with those derived from the Av vs t curves via
equation (2.3) can be checked.

In a number of cases correspondence between the kinetic isotherms
and the measurements on the microscopic image was sufficiently encourag-
ing to provide confidence when employing the above method of kinetic
analysis, which is used extensively as a consequence. Neverthe-
less a few reservations, not to be found in textbooks, may be appropriate,

2.4.6.2. Limitations of the Avrami Analysis

Measurements giving x: as a function of 1 (particularly via v or p)can
be very simple and the result is always informative per se as regards the
ratz of crystallization. Possession of these isotherms then naturally invites
evaluation via equation (2.3), hence the widespread popularity and fre-
quent misuse of the Avrami analysis.

Table 1.1. Parameters in the Avrami Equation (2.3)°

Predetermined Sporadic
Dimensionality Constants nuciei nuclestion
Twa dimensional L] 2 3
(crcles) X wi'g Lorks?
Three dimensional n 3 4
{spheres) X i’y fwks®

. Tbu-budnddmuﬂm-uumhdemudby;hnudnﬂmﬂhkuﬂﬂnm
of sucleation by &
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Table 2.1 is confined to circles (disks in the case of two-dimensional,
i.¢., thin, samples) and spheres. Textbooks often give more extensive tables
for other geometries too. These can be misleading or outrighti errpneous.
The assumption underlying the derivation was that point P’ mernains
outside the body irrespective of whether the growth of body 1 (se«: Figure
2.16) is being obstructed or not. For spherical objects growing at a constant
rate, this is obviously true (sphere 1 in Figure 2.16 could never gulgrow
sphere 2). It will not, however, be generally truc for disks in any arbitrary
orientation within a threc-dimensional specimen or, as often quated, for
arbitrarily oriented rods growing longitudinally. For both these cases this
will only hold if they are all parallel (which is satisfied for the iwo-
dimensional case in Table 2.1) but not otherwise. For other, more edmplex
shapes (such as sheaves) sometimes quoted, the above condition refating to
P’ will never hold, hence the Avrami treatment for these situation: will be
invalid.

Even for spheres, the above treatment is confined to primary orystalli-
zation only, i.c., when the spherulites do not subsequently change their
crystallinity. Although a treatment for the inclusion of secondary arysialli-
zation exists, this is not normally noted in most published works anid vrould
in any case be very difficult to incorporate in actual practice, thus removing
much of the simplicity, and hence the attraction of the method. By the
simple considerations featuring in Table 2.1 integral n values arc expected.
Early works indeed have claimed such values, usually the value 3.
However, subsequent accumulated experience has shown that noriintegral
ns can be just as frequent. Lack of attention to secondary crystallization
may well be responsible for these departures.

Finally, whatever information may be correctly obtained by the
Avrami-type analysis it will leave unanswered the basic questions regard-
ing the intimate fine structure of the crystallization. For this a dirert atrack
on the structure is required.

2.5. Spberulites

Spherulites represent the highest level in the morphglogical hicrarchy
of a crystalline polymer. In the previous sections we treated crystallization
in terms of formation and growth of spherulites readily identifiabie in the
optical microscope, and defined the resulting texture in terms of :these
spherulites. In this respect, spherulites are analogous to the graiins in, say, a
polycrystalline metal with the fundamental difference, however, that they
themselves are not single crystals but a particular type of aggregite of
crystals. A spherulite is usually defined as a birefringent objecti with
spherical (circular in thin layers of material) symmetry (Figure 2.17). The
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acveioped objects themselves are spheres {or circles in thin layers) as long
as they arc isolated. When they abut, they acquire polygonal outlines (sce
the examples in Figure 2.17), the internal spherical symmetry nevertheless
being maintained.

In what follows we shall discuss the optical propertics, and following
this, the morphology.

2.5.1. Optical Properties of Spherulies

- The optical characteristics are the foremost features of spherulites via
which they are normally identified. Two principal features are usuaily
observed when viewed between crossed polaroids in parallel light, and are
readily visible in Figure 2.17: a dark Maltese cross and concentric dark
banding. The former is practically always present and in fact forms part of
the definition of spherulites, while the latter is usually, but not necessarily,
associated with it.

2.5.1.1. The Maliese Cross

The Maltese cross is parallel to the polarizer and analyzer directions,
as in Figure 2.18. It arises from the spherically (or circularly) symmetrical
arrangement of the index eilipsoid, which in tum corresponds to the
anisotropic entity (crystal) constituting the spherulite as shown by Figure
2.18. The origin of the cross should be apparent: it is due to extinction
arising wherever a transmission direction coincides with the direction of
the polarizer or analyzer. The transmission directions themselves corres-

A B
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pond to the long or short axes of the elliptical projections (in a plane
perpendicular to the direction of viewing) of the index ellipsoids (Figure
2.18). .

23.1.2. Concentric Banding

This banding represents a periodicity in the orientation of the index
ellipsoid (hence that of the underlying crystal) slong any given spherulite
radius, the periodically varying orientations tlong different radii being in
phasc at any given radial distance throughout the whole spherulite. The
black bands srise through an optic axis becoming periodicaily paralle! 1o
the direction of viewing, when the birefringence is zero, hence complete
uﬁnﬁonﬁﬂuﬁealthewndinglouﬁty.ﬁkimpﬁuthﬂthe
birefringent units are rotated around a radial direction (while being
simultaneously displaced radially) so that an optic axis is perpendicular 1o
this radial direction. (This is usually the case but not always. An optic axis
can also lie at an angle to the axis of rotation, in which case more complex
periodic extinction effects result in the microscopic image.) If the crystal is
uniaxial the dark bands will be equidistant (Figure 2.19). If the crystal is

 biaxial and the rotation axis (the spherulite radius) is normal to the optic

axiad plane, the banding will be constituted by two sets of nonequidistant

h:ao.mawmmm
@ue o bolicoidaily varying orientation of a wnlaxial
erystal with optic sxial direction perpendicuiar 1o the
- spnulite- radivg, which s the rotation axis.

m.suuaummumm
! helicoidally varying orientation of a biaxial

opt'cuinlphnenornallolhesphmlile
which i the rotation axis, Alternating band
reflect the incquality of optic axisl angles,
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rings, where the relative ring separations correspond to the ratiolof the
optic axizl angles (sec textbooks on crystal optics; Figure 2.17). The
micrograph in Figure 2.17 corresponds to such a situation.

The ultimate reason for the helicoidal arrangement of the index
cllipsoids and of the underlying crystals, giving ris¢ to the above concentric
bandings, is not known and represenis one of the major outstanding
problems in polymer crystallization and beyond that in crystal growth. In
the latter context it is most important to realize that the phenomenon is not
confined to polymers. Virtually any crystallizable substance can display the
effect. In fact, it was first identified in silicate minerals late in the 19th
century followed by extensive studies of the phenomena in a descriptive
manner, but virtually forgotien thereafter. While in small molecular
substances the eflect is regarded rather as a curiosity, in high polymers it is
typical. Impurities are believed to be a requirement for both spherulites
and the associated helicoidal crystal arrangements within them. As polym-
ers are never absolutely pure (e.g., distribution of molecular lengths, lack
of perfect tacticity, etc.) they are clearly candidates for this kind of icrystal
growth on that score. This is clearly a fruitful area for further research, bui
no clear direction of rescarch is evident.

2.5.2. Morphology of Spherulites

The crystal texture and the underlying growth of a spherulite are
always fibrous. Morphologically therefore they need 10 be visualized as a
radiating array of fibrous crysials, which through appropriate branching
will fill out spherical space. It follows that there must be a icentral
discontinuity. The center could be a heterogeneity that nucleales fibrous
crystals, which will thus grow out from it radially. Such uncoordinated
radial growth does occur under certain circumstances and the resulting
entity will display the Maltese cross, even if not the concentric bands. Such
objects (Figure 2.21) nevertheless are not typical spherulites.

Figure 2.21. Skeich of a spherulite nucieased by helero-
gencity. The radially growing fbrils are uncoordinated.
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m‘z.zz. [:e\relopclne:; of d: typical spherulite from a single-crystal nucleus: (a} branching
parent crystal; . ) . . ; L
recognizavie i e mur.) veloping sheaf; (c) final spherulite with sheaf-like origin

Typical spherulites develop through sheaving crystal growth of a single
ﬁb!'ous parent crystal, represented in two dimensions by Figure-2.22
(without any attempt to incorporate helicoidal winding in stages (a) and (b)
of lhc_skelch). When developed sufficiently, the sheaf will take on
appro‘xlmalely spherical (circular in two dimensions) outlines. The first
essem.ul point to note is that here each point within the spherulite is
gencricaliy related to the initial fiber situated in the center, hence also 10 all
other.ﬁbers in the spherulite. Such a spherulite could therefore be regarded
generically (even if not geometrically) as a single crystal, as opposed to the
type of growth in Figure 2.21 where the different fibers are uncoordinated.
The second point 1o note is the characteristic shape of the central

- discontinuity, namely double-leaf-shaped (or a corresponding three-

fiimensioml form), by which this type of spherulitic growth i i

ldentlﬁ_ed. If this doubie leaf is small oomparedpto the ﬁnllg::herul?leﬁ:‘:ill’;
hardly impair "Ee spherical symmetry of the latter. If it is large it may even
ml_kc gnreoognmble the spherical symmetry, as manifest by the Maltese
extinction cross. Whether the former or the latter applics, depends on the
scale of the fibrosity relative to the final spherulite size, where the latter in

. turn depends on the nucleation density.

The above distinction leads to two types of definition of spherulitic

* structure:

1. Polarizing optical definition: This is the historical definition quoted
at the commencement of this section and relies on an identifiable
Maltese cross.
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2. Morphological definition: This is based on the sheal development,
as in Figure 2.22.

It is noteworthy that a sample can be “spherulitic” by (2) without
displaying the optical effects in (1) (c.g., the sheaves have not been given
the chance to develop into spheres). This is often a source of confusion in
the literature as to whether a given sample crystallizes in a spherulitic or
some other mode. Definition (2) is more general and appropriate, even i
historically the subject owes its existence to definition (1) by which the
spherulitic crystallization was first identified.

If we superpose helicoidal windings onto the fibrils, as in Figure 2.22¢,
three-dimensional space filling creates additional topological problems so
tar unsolved. (One is tempted to compare this situation with droplets of
cholesteric liquid crystals formed by appropriate simpie substances, which
display both a Maltese cross and periodic banding, the origin of the latter
being fully understood. However, liquid crystal drops arc low-energy
cquilibrium shapes (without any internal fibrous texture) while crystailine
spherulites result from a particular mode of fibrous crystal growth, the
resulting entities being far from cquilibrium. Hence the topological argu-
ments for the liquid-crystal case cannot be simply transferred.)

As regards the origin of spherulitic growth a particular quantifiable
scheme is finding widespread acceptance, according to which fibrous
growth develops due to impurities causing constitutional supercooling,
analogous (o cellular growth in metals [H. D. Keith and F. J. Padden, J.
Appl. Phys. 34, 2406 (1963)). To this should be added a noncrystallographic
branching scheme (for which there is no a priori reason, even less so for the
helicoidal winding when the latter is present). One advantage of the
scheme, however, is that it defines the scale of the fibrosity in terms of
assessable parameters, namely the diffusion coefficient of the crystallizing
molecule D and the linear growth rate G. Accordingly, the scale of the
fibrosity should be defined by D/G. There are differing views and
experimental results regarding the appropriateness of the ratio DIG tor
characterizing the intrasphesulitic texture. The most recent fine structure
results [D, C. Bassett and A. M. Hodge, Proc. R. Soc. London, Ser. A .
25, 39, and 61 (1981)] in fact explicitly refute the expected correspondence
between D/G and the dimension of the relevant structure clement, with
corresponding implications for the underlying theoretical scheme.

2.53. The Fine Structure of Spherulites

Spherulites are highly organized crystal aggregates and are so compact
that they do not yield readily to a direct attack on their finer architecture.
In particular, questions as to both the basic crystal units constituting them

2. Crystallinity and Kinetics of Crystalitration N
-and their mode of space filling are not readily answered by their continued

direct examination. However, in polymers, we know through an indir.

approach (see later) that the basic crystalline entities co‘;tituting :l::
spherulite are ribbonlike lameliae (see, e.g., Figure 3.19 in the next
chapter). It is very plausible therefore to visualize a radial entity within a
spherulite as a continuous helicoidally twisting ribbon sprouting branches
50 a3 to occupy spherical space, as implied by Figure 2.22. However, such a
continuous helicoidal path along a given ribbon has not yet been followed
through morphologically (examinations are necessarily confined to fracture
surfaces, usuaily etched so as to provide a relief); this deficiency is to be

W!utever the explsnation for spherulites and the banding within
then!. it must have general validity for crystallization and cannot be
restricted to polymers alone. For polymers certainly, some specific features
need considering, such as the lamellar ribbon-shaped basic crystal entity,
and the fact that (as observed by micro-X-ray work not to be ¢laborated
here) the overall direction of the chain molecules is perpendicular to the
spherulite radius.

# Even though so many features about spherulites are unknown, their

M has served many useful purposes toward understanding and describ-
g polymer crystallization. Thus their number in a given sample is an

indicator of nucleation in polymer melts and their rate of radial growth {G,

which as noted carlier is a constant at & given temperature) provides a
measure .of crystal growth, both of these quantities having served a usefui
Purpose in the analyses prescnted in Section 2.4.6. In addition, G can be

-‘oeasured as a function of supercooling AT it has been found that

G x o~9/s7 2.4)
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The Basic Crystal Unit

A. Keller

3.1, Single-Crystal Lamelin

Historically, the basic crystal entity was observed on crystallization
from solution, primarily because in the dilute system the basic entities
could be obtained in isolation, in contaast to crystatlization from the melt,
where the individual crystal entities are intimaiely interlocked and thus
escape identification by straightforward inspection. It has taken many years
of subscquent development until the same entities, which were alrcady
familiar from solution crystallization, could be identified also in the bulk
melt-crystallized product where they are usually components of more
complex aggregates (such as sheaves or spherulites).

3.1.1. Discovery and Description

The polymer, polycthylcne in the Fast instance, was dissolved in hot
solvent and then precipitated by cooling The crystalline precipitate formed
a lurbid suspension where the suspended particles could be examined by
optical (phasc or interference conlrast) and clect-on microscopy after
sedimention on suilable support. The particles proved to be lamellae with
well-defined crystallographic facets uscally forming lozenges or various
truncated versions of them (Figure 3.11, more exactly depending on the
crystallization temperature. The crysial increases its overall thickness via
the familiar spiral terrace screw dislecation growth mechanism. The
thickness of the individual layers, as readily assessed in the micrographs

A. Keller - Depariment of Physics, University of Bristol, England.
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Figuee 3.0 Electron micrograph of & typical solution-grown single crystal of palyechylene
{alter Keller™).

themsclves by the shadow length of suitably metal-shadowed specimens,
was in the 100 A range.

Electron diffraction confirmed the single-crystal nature of the ubject .; ) )
(Figure 3.2) and identified the lattice orientation with respect to external 7 Figure 1.2. (a) Electron "“]c"'; d
morphology (Figure 3.2a,¢). It is seen from Figure 3.2¢ that the chains (the -, graph of a monolayer crystal o »

< dirccti()fr) arc perpendicular to the lameliar plane: in some instances they 5‘:‘:::;71:;': (‘E:lr'::pnﬁ::: c::: })‘0
can also lie al a specific large angle (around 6(°) to the lamellar surface. tron diffraction pattern (sfier Kei-

The prism faces of the lamellae can also be readily assigned; for the specific ket and Organ). (c) Laitice oricnta-

case of polyethylenc in Figure 3.2 this is {1]10}. While the present tion with unit cell in ¢ projection ;
illus‘iration is for polyethylene, the situation is analogous for ail other ‘ z’:z‘:;‘::"ﬁ‘:zh:; ;?:::f::n :: 0—%

flexible polymers, namely the crystals are lamellac, which for different : perpendicular to the lamellar sur-

| lace.



polymers will follow different cxterna! habit patterns with the chain
dircction always perpendicular (o at a specified large angle) to the lamellar
surface.

H

3.1.2, The Chain-Folding Model

At this point it should be noted that the chains arc long, say
10— 10" A, and arc of nonuniform length in a given material. The
following problem arises: how can such chains be perpendicular to layers
the thickness of which ( ~ 107 A) is much less than the length of the chains,
and be of uniform thickness? The answer is that the chains musi fold back
on themselves at regular intervals (as illustrated in Figure 3.3), the lattice
register within the crystal, i.c., between the fold stems, being retaincd (as
mentioned earlicr in connection with Figure 2.1b). This is the argument on
which the existence of chain folding is based. It is a nonmathematical
commonsense argument, altogether convincing and irrefutable in iis essen-
tials. Any arguments about it (and, as we shall see, there are many) relate
to the nature of the folding {see later) and not to its existence! {There are
unfortunately several misleading popularizations to do with these con-
troversies of which the reader is duly forewarned.) In particular, the
neatness of the folding and the strictly adjacent deposition of the stems as
expressed in Figure 3.3 are subject to debate. Nevertheless the represcnta-
tion in Figure 3.3 wiil be used in order 10 deveilop more readily some of the
arguments to follow.

It is worth recalling the total unexpectedness of the developments jusi
outlined. The findings arc uncxpected because (1) the basic crystal unils

Figure 3.3 Schematic illustration of & chain-folded crystal structure to account for evidence
in Figure 3.2,
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tumed oul to be lameliac instead of fibrils, which might have been
anticipated from long chains, and (2) the chains are along the shortest (not
the longest!) crystal dircction, a fact that leads directly to the mode! of
chain folding.’ _

Let us consider the unprecedenied situation these crystals create in the
study of crystals in general. In such a situation we have an external habit
feature, the lameliar thickness [, which corresponds to a molecular
struciure feature, the fold length. Hence the descriptive study of external
shape and sizc (morphology) and that of internal fine structure on a
moiecular level {traditional ““crystal structure analysis™") merge into a more
generalized investigation of the total crysial structure.

The fold length I as we have seen, has both morphological and
molecular significance so we shall concentrate on its measurement, be-
havior, and inicrpretation in what follows. -

3.1.3. Fold Length |

Various questions arise: Is the fold length invariant or variable? In
cither case what are the factors determining it? How is chain folding to be
accounted for in terms of molecular behavior? First, however, we must
clar:fy the methods of measuring /.

3.1.3.1. Methods of Measurement

There are cssentially three methods:

I, Electron Microscopy (EM). This technique retics on the measure-
mem of the shadow length of appropriately metal-shadowed samples on
the electron micrographs themselves.

2. Small-Angle X-Ray Diffraction (SAX). The crystalls thar precipi-
tate as a suspension can be sedimented into coherent macroscopic sheels,
so-called mats, which contain the lamellae in an overall paraltel orienta-
tion. Such a mat of layers acts as a one-dimensional graling to X-rays
falling on it edgewise, giving rise to X-ray diffraction maxima in accordance
with Bragg’s law ({ = A /2sin 6, where A is wavelength and 2@ scattering
angle). As the layer periodicity is large (100 A and more) the diffraction
angle is small, hence the diffraction maxima are obscrved at small angles
requiring appropriate cotlimation techniques. This is the most widcly used
method, the lameliar thickness thus obtained often referred to as "long
spacing.™
' It should be noted ihat chain folding is superposed oato the primary chain conformation.

For imtance, if the primary conformation is helical, such as in polyolefins (Figure 2.8), then
the whole helical chain itsell folds.
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3 .
gimdinall_n'w Fn(:jgucncy Raman_ Spectroscopy (referred 10 as LAM, los-
giudin. daccu.r_ mn_(t;or .acousnc) mode). This method is com ara‘l' 1
s c.nhan. has m:nngm in the longitudinal accordion-type vibral[i‘un o}vtchz
su,af:,gccl z;;:‘.i:i:uw;ﬂ;)n;;dc: m_t:hc center and antinodes at the lamelige
ur : 3.4). If the vibrating stems are a | srai
rigid rods, the fundamental Raman frequency v I::"g‘::::‘ar::d Py gt

! \/E E
o= m—— —_ h v = _I_
2 Np ence ! 2y \/; (3.1)

where is ;
dens;y&'“;;i::ncmmodullu;( {force constant in molecular terms) and p the
. : more elaborate expressions than the si i
o equation (31 poaebe . sions than the simple approximatios
3. cen derived, this equati i

of cau _ , quation describes adeguate

wh s:nr‘::I?um:d for most purposes. It follows that for large {, » wi!lgssu:x::
y wave numbers, hence very high degree of monochromatization

+ . - - . Sy
15 ICquHEd mn "IC expCl Illlelllall()l! S0 ID tec pea C|OSC {o he exctin

3.1.3.2. Comparison of Methods

enlililc:ql-i::- ﬁ\dvanlage;; Qualitatively, it shows in real space whal the
s actually are, all-important information not directly obtainable by

EVAVAVA VAV

Figure 3.4, Origin of the fow-
frequency longitudiral accordion-
0 type Raman band (LAM). (a)

Acc-ordion-typc vibration of the
cl.mn, {b) Correspording longiu-
dinat total displacement (d) along
tLhc \‘r]ibraliug chain with origin at
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any other method (e.g., without EM we would never know that we have
lamellae!), and quantitatively, it measures the layer thickness directly and
at the localities of potential interest. One disadvantage is that information
derived pertains to a very small fraction of the material and thus may not
be representative; also accuracy is limited.

2. SAX and }. LAM. An advantage is that the information is
representative of the whole or of large portions of the sample, and can thus
he used for systematic quantitative work and hence 1o lay the foundation
for theories. A disadvantage is that these mcthods are not self-contained
but require EM [method (1) above] for knowledge of what the units are
which actually produce the SAX and LAM eflects. Hence the message is
clear: the combination of ail techniques is essential!

There are various distinctions beiween SAX and LAM. SAX relies on
interference eflects due 1o a periodic structure, hence on the existence of a
periodicity (in addition 10 the existence of the layers as such). Such a
periodicity is produced by the regular stacking of lamellac, which accord-
ingly is a prerequisite for the application of SAX, at least in the present
simplest form utilizing Bragg's law. In contrast, LAM relics only on the
existence of the individual laycrs as such. This can be important, e.g, in
cases where we have a mixture of lamellar thicknesses. Here complicated,
smoothed-out interference cffects result by SAX, while the LAM effect
may remain clear, giving rise to scparate Raman peaks corresponding to
cach lamellar thickness in the mixture.

SAX gives the tolal imerlayer periodicity (stem plus fold; plus
interlayer gap, if any) while LLAM is expected to depend primarily on the
stem length only. Hence in LAM we have a potential tool to distinguish
between crystal core and fold surface — a wpical issue (sec later).
However, cfforts in this dircction have encountered considerable diflicul-
ties, insofar as LAM, by equation (3.1), usually gives the same value for {as
does SAX by Bragg's law. At present this is an open problem, which invites
further in-depth theoretical considerations.

SAX (and recently LAM) cffects in the form of discreie peaks have
been observed also in melt-crystallized bulk polymers even when lamellae
could not be directly, or at least readily. observed by EM. By analogy with
solution-grown crystals, such etiects are nevertheless being interpreted in
terms of lamellar thickness and fold length. Indeed, such “*jumps’ in the
argumentation proved to be justified in most cases when bulk samples
became accessible 10 EM experimentation through later improvement in
techniques. Even so a certain caution is advised in the indiscriminate
dentification of SAX maxima and LAM peaks with lamcllar thickness n
the absence of explicit EM evidence. Exampics prompting this statcment
exist, but will not be elaborated here.



3.1.3.3. Factors Determining Fold Length

While applying methods (1)-(3) above, it was observed that the foid
length { is not invariant but is affectcd by the temperature of crystallization
To. and by the temperature of heat treatment subsequent to crystalliza-
tion. i.c., heat annealing Ta, where To> T.,.

a. Temperature of Crystallization. At the first level of experimentation
I vs T, curves, such as those in Figure 3.5, werc obtained with
polyethylene. Accordingly higher 7., values yield higher values of {,
increasingly so toward higher T.,. Figure 3.5 shows two curves, one from a
poorer solvent (octane) the other from a better solvent. The identical f
values for different T,, values along the two curves, i.e., the horizontal shifi
of the two curves by an approximately constant factor, means that it is not
the absolute T,, but the supercooling AT = T%.— T., that is the factor
determining ! {where T% is the dissolution point of the infinitely extended
chain crystal or the mehing point for melt crystallization). For a poorer
solvent T, is higher, hence the same T, corresponds to smaller AT

The following important additional observation should be added 10
the findings expressed by Figure 3.5. If T, (or 4T) is being changed during
crystal growth, the crystal continues to grow with an altered [ appropriatc
to the new T.,, or AT, as expressed by Figure 3.5. Morphologically, this will
be apparent by a step in the crystal lamella concentric with the crystal
boundarics, where the crystal has become thinner or thicker according to
whether AT has been decreased or increased, respectively. This means thai
the fold length is only affected by AT but remains unaffected by the
thickness of the substrate onto which the molecule depuosits,

Curves such as those in Figure 3.5 have formed the basis of ali theories
until recently. In subsequent developments, suitable choice of palymers
{other than polyethylence, ¢.g., isotactic polystyrene) have enabled higher

150F
Long
Spacing Figore 35 Crystal  thickness
A (“long spacing” as measured by
Xylene Oclane small'-angle X-ray t'liﬂf_uction) ava
B function of crystallization temper-
100 ature in polycthylene singie crys-
1 1 1 1als grown from two different sul-
80 20 100 vents (xylene, octane) (afier Kawai
“C Crystailization Temp. and Keller'™).
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values of 4T to be attained for such { vs T, studies. The results now
extending over a much wider range of T, (hence AT) values are expressed
schematically by Figure 3.6, which can be 1aken as the general | ows T,
relationship as known today. 1t is characlerized by the same behavior as in
Figure 3.5 for comparatively smali supercoolings (high T,,) followed by a
horizontal plateau at high AT (low Ta) i, at high values of AT
I becomes insensitive to the temperature of crystallization.

The last feature was not included in the original formulation of the
crystallization theories. Subsequent adapration of theories 10 incorporate
the horizontal portion of the { v T., curves is a subject of topical interes
(see later),

b. The Annealing Phenomenon (T.). First we make the following
observation: When a crystal is heated beyond T.,, the femperature of ity
formation, it thickens irreversibly ({ increases according to all methods of
assessment) without any change in the overall lattice, in particular the
chain orientation.

Subsequent interpretation feads to the inescapable fact that the chains
bave refolded in order to 8ivE risc 10 a new increased foid length,
represented schematically (with the provisos expressed in conncction with
Figure 3.3) by Figure 3.7. :

This extraordinary chain-refolding eficct underlies ah anncaling be-
havior of crystatline polymers, including heat treaiment in technological
practice. It raiscs many questions and touches on many issucs (not 1o be
treated further in the present review), including the mechanism of refold-
ing; the kinetics of refolding; the issue of chain mobility, particularly in the

Ty —»
Figure 3.6, Fold length vs crysiallization temperature over a very large range of supercoal-

ings {4T) in case of crystallizations from solulion (a combination of behavior obwerved for
Polyethylene and isotactic polystyrene ).
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solid state: the issue of full or partial melting followed by recrystallization,
as opposed to pure solid-state transformation with the chain threading
through the crystal.

The range of | values achievable by refolding can be very large: from
the initial ~ 100 A it can attain several thousand angstroms, particularly
when hydrostatic pressure is applied. For polyethylene, the normaily
realized upper limit by standard heal treatments on a laboratory time scalc
is approximately 600 A

¢. Isothermal Thickening. 1t was recognized early that under certain
circumstances a crystal can thicken even while it is growing isothermally,
i.e., crystals form with a particular I, and then this ! increases while the
edges of thc crystal are continuing o grow and incorporale mare, still
uncrystallized matcrial. Thus older crystals, or crystal portions, will be
thicker than the younger ones in such isothermally crystailized material. So
far this effect has only been observed in meit crystallization; and )
personally believe this is a consequence of the fact that here T, (absolutc)
is higher than in the case of crystallization from solution, This phenomenon
has a very important role in current developments, both as regards
knowledge of what is the primary [ value of the erystal as formed, and as
regards the detailed fold structure of the crystal still unaflected by
subsequent refolding. Further, isothermal thickening is the principal
source of “secondary crystallization,” i.e., the perfectioning of the:crystals
duri :g crystallization, a concept that has featured in the earlier ichapter
dealing with crystallization kinenics.

Figure 3.7. Schematic illustration of chain refolding to yield greater foid leagih as induced by
heat anncaling of ungle crystals.
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3.2. Theories of Chain Folding

A theory with any claim of validity would have to provide answers to
the following questions: (1) Why chain folding? (2) Why uniform fold
length? (3) Why the observed dependence of [ on AT as expressed by
Figurc 3.5 (when the theories were first postulated the full [ vs T,
dependence im Figure 3.6 was not yet known}together with the observation
that { remains uninflucnced by a preexisting substrate? (4) Why the
observed irreversible fold-length increase on annealing?

Initially heorics were pursued along two lines:

}. Equisbrium Approach. In this approach, the crystallization occurs
by chain folding because the folded chain corresponds to the state
of lowest free energy and hence is thermodynamically in the
stablest form. Hence reversibility of | with temperature would be
cxpected. but was never observed. Even if cxcuses for the latier
were found, this class of theories, while not actually disproved,
mevee- made their mark on the subject and are at present only of
histo-ical interest.

Il. Kine.ic Approach. Here it is the fully extended chain crysial that
has t1e lowest free energy. Nevertheless the chains crystallize by
foldimg because in this way crystallization is most rapid. Thus chain
foldimg is due to kinctic reasons, and the resulting crystals are not
in their stablest state but will tend toward it whenever they have a
chanze, ¢.g., on subsequent heating. The latter immediately ex-
plains the trend toward high | values on heat annealing. From now
on we shall be concerned with this class of theories only.

3.2.1. Framework of the Kinetic Theories

3.2.1.1. The Basic Scheme

First we invoke the basic fact that [ is not influenced by a preexisting
substrate. This means that as long as we are only conncrned with
accounting fer I, we can ignore primary nucleation and consider crystal
growth only, i.e., we consider the deposition of chains along a preexisting
substrate of any thickness. For simplicity one may take this thickness as
infinite.

We shal therclore consider the deposition of a chain along an
infinitely thick crystal face of the polymer. In the first stage the chain is
regarded as infinitely long (so that chain ends will not matter) and the
system as dihule, so that a given chain can deposit unimpeded by others.
Further, and this is most important, it should be remembered that the



system is supercooled, (T, < T.). Pictorially the deposition is represenied
by Figure 3.8, and the rcaction path by Figure 3.9 where @ is the free
energy and n the number of depositing chain atoms. o
Now let us consider deposition of the first straight stem P-Q. This will
be associated with an increase in ¢ due to the creation of new surfaces.
{For ssmplicity the pathway P-Q, etc., is drawn as a straight line in Figure
1.9: the finer-scale represcntation, embodying discontinuitics correspond-
ing to the deposition of successive individual chain members, is ignored.)
Thus the continuing deposition of this straight segment will lead to an
increasingly less stable state. If at some point @ the chain happens to l.nld
back on isell (such as O-R), for which there is a finite statistical

o RW Y

/\4b S\_ATw

Figure AN Folding scheme of a chain depositing along a erystal face of infinite thickness (sl

shirwn)

¢

Free energy

Length of depositing chain (n)

Figure 19, Free-eactgy pathway corresponding to chain deposition in Figure 1.8,
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probability, & increases sharply (Q-R in Figure 3.9). Hawever, after
completion of the fold, continuing deposition R-S will cover up newly
created surface whiic creating more crystal. Consequently ¢ decreases.
Further deposition would create new surface again, hence raisc &, but if the
chain subscquently folds (S-T) then after a sharp initia) rise (S-T in
Figure 3.9) ¢ will drop again during continuing deposition (T-U), and so
on. As long as ¢ decrcases successively for stages O, S, U. W, erc.,
continuing folding will increase the stability of the new chain-foided patch
along the preexisting crystal face untif it becomes a stable critical nucleus
with ¢ lower than in the starting staic, and the crystal will be capable of
continuing growth. (It is noteworthy that the critical nuclcus just men-
tioned corresponds to a sccondary growth nucleus along a completely
smooth crystal face in growth theories of conventional crystals.)

It will be seen that a plausible model is provided to explain why
folding occurs in the first place. The nexi question is why this should lead to
a predominant fold length. In broad outlines this can be seen as follows:

It P-Q (hence the first segment) is long, namely { is large, there is a
high increasc in &, hence the attachment probability of such a segment will
decrease with its length. However, once the chain folds over there will be a
larger decrcase in ¢ on steps R-S, T-U, ctc., for a long initial segment
P-Q, hence the detachment probability of such a longer folded-over
segment will be lower. For a shorter initial length | (short P-Q) the
probability of the first-segment attachment will be higher, but so wiil be the
probability of detachment after the chain has folded over {R-S5. T-U, etc.).
With 1wo opposing trends there will exist 2 most probable fold length (1)
optimizing the resultant of the corresponding attachment and detachment
raies. The purposc of the detaited theories is to caleulate this value of 1°.

Mathematically. the first steps of this process are as follows: Consider
cach stem as a prism-shaped box of length I, width @, and thickness b
(Figure 3.10). Let the side surface encrgy be o, the end surface energy {that
of the fold surface) be o., where o < o, , and suppose Af is the change of
free energy involved in creating unit volume of crysial. The net free-cnergy
change A6 on depositing the first segment { is then given by

Aé = 2blor + 2aber, - abldf (3.2)

where ' the first two terms on the right-hand side represent the work
involved in creating the new side and end surfaces, respectively, while the
third term is the frec-encrgy change in creating the corresponding volume
of crystal. Clearly, the formation of surfaces increases the frec energy of
the system while the formation of a volume of crystal (in the supercooled
state) decreascs it. For a ribbon to become stable the volume term {namely
abldf) must exceed the sum of the surface terms.
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Now side surface is produced by the first scgment only; subsequent
segments cover up as much surface as they have produced. Thus continuing
segment deposition will create new end surface only. plus new crystal. The
limiting condition for segment deposilion to proceed is that the ncwly
formed lattice must at least compensate for the creation of the new end
surface, i.c.,

abi...af = 2abu,
hence
fen = 20,1 Af (3.3)

where l.. is the lowest stable stem length.

Conditions for stability are represented schematically in Figure 3.11,
where the spikes in Figure 3.9 have been smoothed out and the lines
connect points @, S, U, V. etc. For I = I, there is no gain in stability as n
increases, i.c., as the crystal grows, consequently there will be no driving
force for growth, In the case | < /.. continuous growth will increase the
free energy of the system, hence growth will not occur a fortiori. Tt follows
that, for finite growth rate. { must be larger than the critical length (4,..)-

Figure 3.1 Crysial sirip depositing along the prism face of a crystal with spreading rate g
resulting in an advance rate G of the crystal face (after Holtman et al™).
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Figure 3.11. Simplificd frec coergy pathway for chain deposition showing existence ol a
limiting lowaest fold kength (L)

Next we derive an expression for 3f. By definition Af = AH — TAS,
where AM is heat of fusion and 1S entropy of fusion. In case of
equilibrium (i.e.. at the melting or dissolution point T} df =0, t?cncc
AS = AH/TY. If AS is assumed to remain unchanged for a particular
supcrcooling corresponding to T < T we have

AH - AT
A = 34
Af T (3.4)
where 1T =1.-T. .
If expression (3.4) is inserted into (3.3) for da.. we derive
20, T,
= 35
’mlﬂ AH . AT ( )

3.2.1.2. Assumptions

The theories assume that secondary nucleation along an otherwise flat
lateral crystal surface is the rate-detcrmining step in the growth n_f the
crystal and procecd to show that this growth is maximum fu( one parlicular
fold length I*. [n the first stages of the theories the nucleation of a sur!ac.c
strip itself (at a rate i) determines the crystal growth rate G: once a strip is
aucleated it will spread along the full face (or a specific portion of it) at a
rate g where i < g, so thal G « i (see Figure 3.1(_)). (in later s.ta'gcs of the
theory this mode of growth was denoted as Regime |, pertaining to low



86 I « Polymers

supercoolings — sce below.) Here the pertinent value of 1 is that for which
G is fastest.

In the very first versions the spread of { values in the distribution
calculated was regarded as corresponding to scparate crystals with different
{s, in cach of which there was a maximum population with {*, Subse-
quently it was assumed that there exists a distribution of {s within a given
crystal, the value I* pertaining to the maximum number. This implics tha /
can vary (within certain limits) as & steip deposits. Accordingly, such
theories incorporate fluctuations in / during deposition, [t was by no means
obvious that fluctuations, once permiticd, would converge, which is
reguired if the theory is 10 explain the facts. Such a convergence could in
fact be demonstrated within the framewaork of the theories [F. C. Frank
and M. Tosi, Proc. R. Soc. London, Ser. A 263, 323 (1961); also the review
by J. D. Hoffman, G. T. Davis and J. ). Lauritzen, in: Treatise on Solid State
Chemistry (N. B. Hannay, ed.), Vol. 3, Chapter 6. Plenum Press, New York
(1976)]. As a consequence it does not matter whether one starts from a
thicker or thinner subsirate layer: § wiil always converge to the same 1°, as
required by the experimental fndings.

3.2.1.3. Most Probable Fold Length

The main part of the theories is to find a sicady-state expression for
the flux $ aver the barrier of nucleation in terms of A, (the rate constant
for deposition of the first stem). B, (that of the corresponding backwird
reaction), A (rate of deposition of all subseyuent stems), and B (that of the
corresponding backward steps). In the notation of Heflman and Lauritzen
{sce review by Hoflman, Davis, and Lavritzen quoted above) we have
(corresponding to the pathway in Figure 3.12; see also Liter):

Au=Bexp| - gkb—.;.’+ 41”.‘,’,‘1 ) (3.6)

B, =Bexp [ - - 9)abla (3.7
hl ;

A=ﬁcxp(—%5+ ‘f.';.d) 13.%)

B = ﬂ cxp [ - !::%‘M] (3.())

Here 8 is essentially a retardation factor that contains the transport terms,
incorporating effects like those resulting from viscosity and surface trans-
port, geomeltric factors, e1c.; ¢ is an apportioning factor, which apportions
the change in volume free encrgy 3f between the forward reactions {v)

VotAea o -

3 ¢ The Basic Urysisl Unil n
Aemoinder of free energy from cCrystaiizotion
of first stem, H-ylavllAf)

F3 Formation of first told, [obe,~ yediiat])
P
<
é Remainder of fres energy from crystallizetion
o of second stem, (I—-ylabllafl}
u Formation of second fold
-
o
b
s A,
-
a
- Laterol swrioce energy

lass thet portion of the
= fres energy of crystollizeotion

which occurs simultonsously, B

(2ote - wortian)]

| 1 1 1
0
0 1 2 3 4 2] -

- NUMBER OF STEMS, ¥

Figure 3.12. Frec-encrgy pathway fur chain deposition incorpurating a factor & <2 1 (alter
Hoflman er al™).

and backward reactions (1 ~ @) (see Figure 3.12). (Thus the monoionic
increase in ¢ on depositing the first scgment in Figure 3.9, i.c., along P-Q,
corresponds 1o & = [; s¢e later.)

Theory shows that for steady-state Rux

S{l)= NeAJA - BYA-B+ By)

The total Aux §, is vbiained by summing the fluxes over all [,

Of special interest is the mean famellar thickness, which should be the
observed I*. In this case one forms the expression [ IS(!)dl/f S(1)dl. The
result of the calculation is

o 220
! 3 + 8l 3.10)
which, on substitation for 4f [by equation {3.4)). becomes
I* = 20, T

-—w+5' 3.11)
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Here the first term on the right-hand side s 1, [see equation (3.5)), the
smallest { that is still stable, and 81 is the additional term in { that enables
the crystal 10 grow. At moderate supercoolings 81 is a small fraction
(1-15 %) of I*, hence the detailed form of 81 is of no tangible
consequence. The different theories give different analytical ¢xpressions
for 8l

The first Lauritzen-Hoflman theory gives

kT ‘
ol gy (3.12)

According to a lter version

_kTW@ala)- 4f
8 = b0 @aa) - 4f (.13

The dominant term in equation (3.11) for 1°, namely 28, To/AH - AT,
provides the ipverse AT relationship. which had been the principal
abservation expressed by Figure 3.5 that the theories had originaily set out
to explain. The fit with experiment in this regime (where 84 is small in any
case) was found 1o be very satisfactory with reasonable values for the
parameters .. JH, and T, The values of AH and T2 are known by
extrapolation from other experiments (T4 corresponds 1o the melting or
dissodution of crystals from infinitely long and infinitely extended chains,
not the melting of the actual crystal). Quantity o, contains the wark 1o
form i fold and can be estimated in a variety of ways: it is approximately
WO ergsfem’, o value which agrees well with that emerging from the

- theories by applying the experimentally observed vaives of |,

The above agreement can be regarded as a major success of the kinctic
theories and of their underlying models. As the model is currently under
considerable criticism from certain circles [sce below and also Faraday
Discussion No. 68 (1979)] it is worth remembering that no alternative
theory is being proposed by its critics. Without this model there would be
na explanation why polymers crystallize as uniformly thick lameliae with
lameliar thicknesses that correspond 10 basic observation and fact,

3.2.2. Further Developments and Problems

3.2.2.1. Aveidance of the 51 Catastrophe ™

The above theories predict that at high supercoolings 8/ in equation
(3.13) will not remain small; actually, in a rather narrow range of AT, 81
will increase abruptly and 1end 1o infinity causing [* —» = accordingly. This

He
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:dicte ) ferred w as the U8 catastrophe™)at low T, (i.e., high
‘:‘lr';()]lr:;lt:dnl::r\:z\rwt::gc(r:i)hscrvcd. Initially, the corrcspundingly high range of
AT was experimentally inaccessible with the .l'nuch-sludlcd pftlyctl-ly.lctlej
system and thus an explicit refutation of the 8! catastrophe rcrln;aml;_’
outside the scope of experimentation. Later, however, pnorly'f::y.slahua“g,
polymers enabled rescarchers to n.:ach the AT ran.gc wh‘:rc the !
catastrophe’” was expected. No upswing of I was found: ont Lhcnml:aryc
leveied off to a constant value as in Figure 16 Accounting [or the ::‘-M.:" ):
of the 8! catastraphe™ and of an | value md}:pcndcn! ol‘r.“rylsltz:1 .ll_:tll,( -
temperature at high 3T forms’ the next stage in the theoretical develop

in Progress. .
mcmLf:l:":l:nI::yg;: \[')ithga few words on the origin of the upswing l:)f l._ln
nonmathematical terms this upswing is duc to the removal of tlhc;.clwa‘n;);
barricer for the deposition of the first stem. Thp path P_-O\ n 1gurl¢l,| b
would lead to decreasing (not increasing) ¢, 1.c... the I!m. .P-O wul_ l;
inclined in the oppositc sense. In olvhcr w.nrds, at very hngh.supcrcut‘)rul:?c
the depositing single-chain portion itself is capable of Icad‘lng to ;;.5 Ta
regime. Hence there would be no need to fl_r:st fn'rm a secondary nuc LUL .

There are 1wo approaches in any modification of the theory to make )
sriment at high AT _
fit c":?"']r-.l:ﬁmun anlc,l Lauritzen (see review by Hoflman, .DZ.IVIS.. .m:J[
Lauritzen quoted above) make & in cquuli_nns (3.6}(3.9) sufliciently t‘.tll'd :
(less than !, possibly close to 0). This wlll_ not remove tlrc‘ 8I|.:Ips\:‘nnﬁ
altogether {except for ¢ = 0) but can keep it d'_swn 1o unrealisica y lf-
AT values. Formally, this arnises hcc;lausc mukmg .dt small ‘pr‘un.n(?uf n;
activation bacrier to the forward step in the dcpnsmup of the first T’an‘-' !n
fact such a barrier can be created whcrc’,‘ at l.hc htgl) su‘pc.rcu[u :ng,s”:-
question, it would otherwise not arise. This IS rcadlly‘a?cs.n .nhm.1 th.
representation in Figure 3,120 (Actually, lhu.t choice of rcule;: pat l;n ur:;
form shown in Figure 3.12 was introduced u:)prclcrcncc 1o that in Fig
at this possibility became apparent! o

> s’?l::d::b::l\:: ':»mcedur!:: acquired physical meaning by_cnnsndcrmg thccf
possibility that a long-chain molecule woulq ad-sorh first pnu‘r t.nbc?mm::n)d
ing its deposition according to the scheme in Figure 3.10), there -!.mg '[,lq(m
reason o believe that such adsorption could take placc_. ch'.- lh_L activati [
barrier will corzespond to this first step of .lhc :ldsm?pi.mn (pmm.l':'g fiuw;} (.’.
the chain with associated loss of entropy without gain in crystallization-free
energ?).lm:spcclivc of the possible effect of tht_: adsorption, Pm‘m {.J(.j .l
Paint, Macromolecules 12, 770 (1979)] has quite rc‘c.cmly de:v";.k)pcthd
deposition pathway that avoids thc. 'l calaslrophc and I’:_cl.a e I:_-cuc
horizontal platcau (such as that in Figure 3.6) at hlg}lAT..\: sl ¢ .(..OI'.I' ; Ig
reproducing the [ vs T,, curves at low values of 4T (Figure 3. ). simila



conveyed by siating that the pathway subdivides the stem depasition
(represented as a single evenl, such as P-Q, by Figures 3.8 and 39)into a
number of discrete subevents, the stem depositing in smail increments cach
having its own activation barrier 10 surmount. The chain is then given the
chance 10 fold back on itself at each substage. At very high 4T, where the
overall path (P-Q in Figure 3.9} slopes downward, the chain available for
depuosition will gradually be “consumed,” sa 10 speak, by such a potential
back-folding possibility at cach step, thus limiting the final chain extension
that can be attained. In this way the “‘blow-up™ in { is avoided. In addition,
and chicfly. it is shown that the mcan length converges 10 a fixed value
~ irrespective of further increase in A7, thus accounting for the horizontal
platcau in Figure 3.6.

3. A third, somewhat Regalive view may be added 1o the above wo.
In this approach, at such high supercoolings the quasi-cquitibrium pro-
cesscs underlying all the kinetic theories are no longer pertinent and &
totally new theoretical framework may be needed. No work in this
direction has yet been carried out,

3.2.2.2. Existence of Different Growih Regimes

In all the above considerations the nucleation of 4 new strip {with rate
i along a preexisting substrate) was taken as the growlh-ratc-dclcrmining
step, this being much slower than the spreading rate () of the sirip along
the subsirate (see Figure 3.10). Subscquently this was termed Regime |
pertaining to low AT

With increasing 371 {lowering of crystallization lemperiture) the
nucleation rute becomes increasingly faster compared to the spreading
rate. When i hecomes Comparable 10 g, there will be multiple nuckation
along a given growth face, ie,iand g will compete. The AT range when
this occurs has been termed Regime H,

The criterion for Regimes 1 and 11 is 1har Z <001 and Z > 001,
respectively, where

Z=I'L:,4g (3-”)

L being a spreading length along the substrate,

The expression for 1* g equation (3.10) remains unaflected by a
change in regime, but the growth rate witl be sharply aflected, as revealed
by kinetic studies on the melt (see also the next section). In a mosi recent
theoretical treatise {J. D. Hofiman, Polymer 24, 3 (1983)) at still larger
undcrcooling, a further growth regime (Regime 1) has been postulared,
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leation along the growth face becomes so abundant that II?e stem
::l:;:il';::.cmnslituiinsg lheglormation of the closely spacc‘:d nuclei, itself
represents most of the lateral growth ‘of the crystals. This chnnge. from
Regime 1l to Regime 111 should again lead 10 a sharp change in ﬂ_uc
temperature coefficient of the lateral growth rate (sce b.elow). Chan‘ge in
the growth regime is expected to affect !hc lateral habit type, Regln"ae ]
giving rise 1o smooth prism faces, chlme'll to less.rcgulzr. possibly
microfaceted prism faces, with further kinetic roughening of the growth

face for Regime B,

3.2.3. Growth Rates

It has been observed directly that the lincar growth rate ql single
crystals (G in Figure 3.10), like the radial growth rate of spherulites (sec
end of Chapter 2). is a constant at a given lemperature [namely G(T)=
K). By theory, if surface (i.c., secondary) nuclcation is the rate-controfling

step

G = Guf Sbikd NP Jarkd (3-15)

where Ga is a constant for the system, JF is the activation to mler.laclal
tr::spoﬂ (related to 8 by the Aux equations .(3.6)—(3.9), while A¢ is the
work of forming a critical nucleus. In solutions, the eficet of the ﬁr.sl
exponential should be small and hardly affected by .lcmpcm.lurc: J¢ will
depend inversely on 3T yiclding an overalt function G given by G »
e "', Explicitly, by inserting A¢ * for the most probable [ value one gets

- J - mo,.oTe
G = Guexp (—ﬁ,.—E) exp (m {3.16)

where m is equal 1o 4 for Regime | and to 2 for Regime Il (the effect of
sregime type on growth raic referred to above!). For the ncwly postufated
Regime 1! m again becomes 4. .

The G = ¢ "*' relation has been verified both for solution-grown
single crystals and for melt-grown spherulites by dircc.l morphological
Measurement of their diameters as a function of time at different tempera-
tures of growth. (See also equation (2.4) in the section on spheml.lles.) In
the case of spherulites, a sudden transition was obscrv_ed lrom. Regime 1 10
Regime Il in accordance with m changing from 4 to 2 in equation (3.1(?). In
fact, latest results in our own laboratory [P. J. Barham, J. Mamm‘:z-
Salazar, and A. Keller, J. Polym. Sci. Phys. Ed., in press) have quite
enexpectedly identified a reversal from m =2 0 m =4 with further
increase in AT in accord with the change from Regime I to the recently
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postulated Regime 1l (sce above). Values for oo, could also be obtained
from plats of In G vs In[1/(TAT)]. Not only were these values consistent
with values of ¢ and o, obtained by alternative ways, but in the few cases
where the growth rates were measured on both single crysials and
spherulites for the same maierial oo, assumed very close values for both
{i.c., for solution and melt crystallization).

3.2.4. Melting Behavior as a Function of {

In very small crystals the melting temperature (like that of other phase
transitions) will be lower than the value pertaining to crystals of macro-
scopic (in practice, infinitely large) size: more exactly. it depends on size
and shape. For the crystal platelets under discussion, the corresponding
melting-point depression is readily derived. It should be Fccallcd that at the
melting point of the actual crystal T. the difference in free energy A
between crystal and melt is zero. For a crystal of Jateral dimensions pand g
and thickness [, we have

A = 2plo + 2qla + 2pqa. - pglf {1.17)

where again o and o, are side- and end-surface (basal plane) CNCIgIics,
respectively, and Af is the change in bulk free energy. The first three terms
on the righi-hand side correspond 1o the wark required in the creation of
the surfaces (the first two that of the sides, the third that of the bnsal
surface), and the fourth corresponds to the free-encrgy change associated
with the formation of the crystal lattice. As side surfaces are small
compared o basal surfaces, terms involving o can be acglected. On
cquating the rest of the right-hand side 1o zero and substituting for Af from
cyuation (3.4), we derive

Ta= T.:.(l —%"—’;,) (3.18)

for the meiting point of the crystal of thickness /. This is the reduced
melting point compared to that of the infinite crystal T5,.

The value of { depends on the crystallization temperature in accor-
dance with equation (3.11), so the above resull means that the melting
point will also depend on the crystallization temperature. Thus crystals
formed at a higher temperature will also melt at a higher temperature, and
vice versa.

At this point reference wiil be made 10 a long-standing observation of
general validity according to which the meiting point of a crystalline
polymer is a function of its crystailization temperature in the above sensc.
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It is a rather satisfactory development that in equation (3.18) a long-known
abservation has found a natural cxpianation in terms of morphology in
general and chain (olding in particular.

The following additional conscquences of equation {3.18) are
noteworthy. Commercial polymeric objects do not usually mel sharply bu
have a melting range. Also, such sampies arc not erysiallized isothermally
but on cooling. The latter means that they crystallize over a range of
temperatures and accordingly will have crystals with a range of | values. I
follows that, by cquation (3.18), meiting will occur over a hroad Iempera-
ture range in agreement with experience.

In the absence of direct structural information on . equation (3.18) can
be used 10 determine this important parameter, a frequently adopted
practice. Nevertheless, two impariant qualifications are involved in such a
use of melting points:

I. The chains may refold during heating, hence affecting the melting-
point measurement itseil. The final melling point will then corre-
spond to that of the refolded crystal, not to thar of the original
crystal. The occurrence of such a situation is usually apparent from
the fact that the ultimate meiting point is dependent on the rate of
healing: the fasier the heating the lower the melting point (there is
less chance for chain refolding!).

2. The use of equation (3.18) for determining ! assumes implicitly that
the internal perfection of the crystals under comparison is identical:
tn fact, if the ideal 4H is used, the crystal is assumed 1o be
defect-free, which may not always be the case,

Finally, Ta vs { ' curves can serve both for extrapolating to 77, and for
determining er, . 11 is a remarkable and reassuring fact that the values of o,
obtained in this way usually agree well with the values of o, obtained by

- relating observed [ values to the crystallization temperature according to

the kinctic theories of crystallization via equation (3.11), and further, that
this applies to crystallization both from solution and from the melt,

3.2.5. Comparison of Crystallization from Solution and Mel(

When the derivation of the kinetic theories was first outlined above, it
was stated that deposition of individua) chains is assumed and that this
process occurs singly, chain by chain, unimpeded by others. It foliows that
dilute systems were implied. Nevertheless, in the course of what followed
trystallization both from solution and from the homophase melt was
invoked. This inconsistency reflects fairly the present practice in the
literature. In view of the numerous controversies (sec below) it is important
10 understand this in the right light, hence the following comments.



Initially, the kinctic theories were formulated 10 account for folding
and for the observed 1 values in the case of crystailization from solutions,
where the assumption of isolated chain deposition is largely valid. In the
meantime the lamellar nature of the mehi-crystallized maicrial has gained
increasing support (see, e.g., Section 3.3.2.2 and Figure 3.19 below) hence
the results of the theory, initially formulated for crystallization from
solution, became gradually transferred also to the mels, The importam
point to appreciate is that in Many respects this transfer was found 1o work
and bear fruit. Some Consequences have been mentioned above: for
instance, equation (3.16) for growth rates and cquation (3.18) for melting
behavior were found 10 be cqually valid for solution and melt crystalliza-
tion; in fact, the distinction between Regimes I, 11, and 111 crystallization
was explicitly established in connection with the melt (there has been no
corresponding attempt for solution crystallization). Further, the values for
ou. and o, derived from cquations (3.16) and (3.18), respectively, proved
to be very similar for crystallizations from solutions and melts.

However, identification of the molecular mechanisms in the dilute and
condensed systems is subject to much debate. In the mels the chains may hec
expected to impede cach other on the assumption that they are cntangled,
and also because a given growing crystal along the crystal-melt interface is
clearly in permanent contact with segmeats belonging to many different
chains. In addition, an all-important diffcrence in the availabic experimen-
tal material needs to be pointed oul. In contrastto solution crystallization,
matesial on meh erystaltization is confined essentially 10 information
concerning growth rates and not directly 1o the fold length. There are good
reasons for this, because isothermai thickening (Seclion 3.1.3.3¢) makes
direct assessment vig equation (3.11) difficult if not impossible, and thus the
! values recorded, by whatever method, correspond 1o already refolded
crystals and not 10 the primary crystals in the case of melt erystallization,

Even so equation (3.11) bas provided the most dircct test for the theorics in )

the case of soiutions. In the case of melt crystallization, however, in spite of
all the satisfactory equating of the two systems regarding growth rates and
melting behavior, no such direct test has been provided.

It will only be stated that at the time of writing, this last-mentioned
handicap is in the process of being overcome. In a series of works the effect
of isothermal thickening in melt crystallization is being gradually reduced
and the initial fold length due 10 primary crysiallization progressively
approached (P. J. Barham er al,, J. Polym. Sci. Len. Ed. 19, 539 (1981); J.
Polym. Sci. Phys. Ed, 20, 1717 and 1733 (1982)]. In fact. in the latest work it
appears 1o have beep actually attained (P, J. Barham, R. A. Chivers, J.
Martinez-Satazar, S, J. Organ, and A, Keller, unpublished). From the Jast
results the satisfying conclusion is in the process of emerging that, for a
given AT, I* is always very similar, irrespective as to whether crystallized
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ion or meit. The full consequences of this result for all previous
gg:l‘&ss‘::l:?:e:s on melt crystallization, which in the past have relied on
growth rates alone, are waiting to be .asse.'._scd. Whatever !he outcome of
such an assessment, a welcome umﬁcal.mn of such v_\fldel_y disparate
material comprising both melt and solution crystallization is hopefully
anticipated. Even as matters stand ar the stuge of writing it appears as a
firm trend that {*, the primary fold length, is determined by the supercoal-
ing 4T and subsequent fold-length increase (whether on isothermal
thickening or heat anncaling} by the absolute temperature 7.

3.2.6. Some New Perspectives in Crystallization Theorles

It may be salutary to recall that erystal growth iq genceral (nol.mercly
confined to polymers) can proceed by three mcch.amsms as described by
the classical theories, in the first stages associated wu_h the names of Kossel,
Volmer, Stranski, and Kaishew and at a later stage with Frank, Burion, and
Cabrera [for explicit refercnces sce general texis on crystal growth, suc_h as
J. J. Gilman (ed.). The Art and Science of Growing Crysials, John Wiley,
New York-London (1963)]. These mechanisms are: (1) hy sccondary
nucleation, (2) by dislocation, and (3) without either (1) or (2) but through
the agency of cquilibrium surface roughm-:ss of the gr_owt!l face. N.Icchm'-l-
ism (2) through the familiar screw-dislocation mcc!namsm. Is operational in
the growth of the large majority of crystals and is mamfcs_l through !hc
resulting spiral-tcrrace topography of the growth face. While such spiral
terraces abound in polymer crystals (see Figures 3.1 and 3.17). the advance
of the corresponding basal faces (with the Burgers vector of th‘e corres-
ponding screw dislocation being equal to the lamellar thickness) is not |h.c
rate-determining factor for the lateral growth of the crystal, nor is it
responsible for chain folding. Both these Iallcr_faclnrs are govcrm_:d b.y
chain deposition along the lateral surfaces (Figure 3.10_). The ’kmcnc
theories outlined in the preceding sections rely on mechanism (1), ic.. on
secondary nuclcation as the ultimate cause, and thus .rllc-dclctmllmng
factor, of the lateral growth of the layer, hence in_the ultimate ana.lysls. of
polymer crystal growth and associated chain folding. These theories have
taken no scrious account of the exact lateral habit type involved..e.g..
whether it gives a pure lozenge (Figure 3.2) or a lruncaled.lozenge (Figure
3.14). ncither did they need to for the purposes in question,
Nevcrtheless, at increasing crystallization temperatures (absolute)
qualitative changes in habit occur: the straight prism faces be.come
gradually rounded; in fact, solutivn-grown crystals obtained at the highest
temperatures become “leal shaped.” Further. such leal-shaped crystals
seem 1o be the rule for crystals grown from the melt, wherever lalc.ral
habits can be identified (just about distinguishable in Figure 3.19). Bearing
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in mind thal crystallization from the melt normally oocurs al higher
absolute temperatures than for solutions (even for comparable sypexcoe]-
ings), it is tempting 1o generalize that curved lateral habits art charagicrss-
tic of crystals grown ai high absolute temperatures. It was:this tnend thai
has dirccied attention 10 crystal-growth mechanism (3) [D. M. Sacier.
Polymer 24, 1401 (1983)]. To recall, #t is familiar among 'simple non-
polymeric crysials that mechanism (3) can take over at sufliciently high
temperatures where the equilibrium soughness of the: crystal isurface
becomes appreciable and enables an advance of the growing surface ias a
result of a net gain in deposition, as opposed to detachmeat, of the aiom ¢
or molecular ¢ntities constiluting the crystal. It is well known ithal, in
contrast to mechanisms (1) and (2), the consequence of. growth - by
mechanism (3) is the nonl'a(r'ctcd nature of the resulting ‘crystal [H! .
Leamy, G. H. Gilmer, and K. A. Jackson, in: Surface Physics of Materia's
(J. M. Bakeley, ed.), Vol. 1, Academic Press, New York {1978)] 1that
manifests itsell in curving crystal faces (possibly the clearest exampie bein
‘H.). As just cited, curving faces are being observed in polymer erystal;
© grown at the highest temperatures where growth is siill possible, which
suggests the invoking of mechanism (3).

However, in view of the large bonding enthalpies iinvoived when
depositing a full fold stem 10 a growing face (Figure 3.10), the applicability
of mechanism (3) to polymer crystal growth is by no means obvious:a priori.
and cven less so that this will tead to lamellac with chain fdiding where, ir
addition, the fold length and the lateral growth rates of the caysials dbey
- the experimentatly observed supercooling dependence [equaiions! (3.1 1,
and (3.16)]. At the time of writing it has just been demonstrated that! by
considering the deposition of fractional fold stem lengths, one at a iime.(the
application of mechanism (3) to pulymer crystal growth could be justified,
Morcover, it ¢ould be shown that the formation of laniclze af fmite
thickness (hence chain folding) and the appropriate functional rélations
invoiving lamellar thickness, as weli as growth rates on the one hand and
growth temperature on the other {as in equation (3.11) and I(3.16)],: cam be
upheld on the basis of mechanism (3) by treating it as an Ising model' (D.IM.
Sadler and G. H. Gilman, in preparation). The impact of thisinew approach
1 IS too early to assess, in particular, whether it represents ap extensionite the
+usual secondary nucleation-based theories into growth temperatire re-
' gimes where the former could not be applied previously, ar whelher the
+new approach will take over as the more appropriate one in at least some
i temperalure ranges where the nucleation-based theories have beeniapplied
|s0 fas. (The problems arising as a result of applying the theories, isuch. as

that underlying Figure 3.10, o crystals with rounded surfaces will be
iimmediately apparent.) Whalever the future reveals, the approachl basgd
lon mechanism (1) has the merit of introducing lateral habir considenations
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for the first time in theonies of chain-folded crystal growth, and, mare
generally, it has expanded the conceptual framework of the whole su.bjccl.
which was aboul 1o settle down to a more sedate course. However, vu_:wcd
from the other side, the notable predictive power uf_ the ct.mvenlmm'xl
theories along approach {1) must be kept in .snghl, in particular thcn.r
verified prediction of the existence of gr:'n:vth regimes [, 11, anq lll.. a?d wa
certain extent the temperatures of transition between lhg regimes. Finally,
all theorics will require an underlying molecular mf:chamsm. whlch should
be feasible, to say the least. The secondary nucleatmn-bascfl theories have
gone a long way 10 provide this, even if some aspects are being argued, anq
some of the most recently observed, asmmshmglyl fast gmwt'h rales
(approximately 1 m s ' for polycthylenc) are presenting them Wl'lhl .ncw
challcnges. Mechanisms along route (3), being much more recent, have not
yet been given the same chance.

33. Mdrphology of Chain-Folded Crystals

The basic unit is the single layer, although in “real life™ crystals are
mostly multilayer structures. The basic observalions, however, have been
made on individual monolayers, which will be reviewed first.

3.).1. Monolayer Crystals

3.3.1.1 Sectorization — The Basic Idea

According 10 the foregoing sections chain-folded crystals grow py lhc.f
depasition of folded ribbons aiong the prism faf:cs of the Iamcllac (Figures
33 and 3.10). I this is so. i should give rise w0 a unigque structural
consequence, namely the fold-plane direction should be preserved by the
structure after the growth front has passed, which means that the crystal
should consist of structurally distinct sectors defined by th l:nld-PIane
dircction, as indicated by Figure 3.3. [t will be apparent that within a single
crystal there should be as many distinct sectors as lhcrq are prism faces. In
purely lozenge-shaped crysials (as in Figure 3.3) all [_Jrlsm_faccs are {110},
all four of which are structurally equivalent bul'd-rﬂcr in terms o.l the
orientatian of the plane of folding. A frequent habit in polyethylene is the
truncated lozenge with six prism faces, which are I'llﬂ} at_ud {100} (Figure
3.13). It is apparent that such a crystal should consist 0’. six sectors wher.c
{110} and {100} are not equivalent. In a ﬁts_l approximation the unit cell is
identical within all sectors {(some subtle distinctions have been obs.er‘ved
but these will be disregarded for the present) and the sectors are distinct
mercly by virtue of the direction of folding.
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Figure 3.13. Principle of scctorization for a polyethylene crystal displaying {110} and {Jixy)
prism faces (truncated lozenge).

All the above was originally a surmisc on the assumption that the
chain-folding picture is correct. It was therefore most gratifying when these
structurally unique predictions were verified experimentally,

1.3.1.2. Verification

The existence of scetorization was verificd most dramatically and
conclusively by a number of different approaches of which three will e
mentioned here, as they can be simply described in bricf.

a. Morphological Evidence of Sectors. The different sectors within a
given layer can be distinct morphologically. This is most conspicuous in
crystals that are hollow pyramids, rather like tents, where the diffcrent
sectors form the different panels of the tents. During an ordinary cxamina-
tion in the dried state the nonplanarity is apparent through specific pleats
in 1he coilapsed structure and certain diffraction eflects. but the fully
three-dimensional tentlike object becomes evident when viewed {by dauk-
ficld optical microscopy) while suspended in 1he liquid (Figure 3.14). The
straight-stem dircction is atways identical throughout all sectors and is
parallel to the pyramid axis. The origin of this morphology lies in the fact
that the folds do not all pack in a level manner but prefer to be siaggered,
which in turn must be related to the space requircment, hence possibly to
the detailed shape of the fold itsell.
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Figure 3.14. Dutk-feld optical micrograph of morphological manifestation of sectorization.
The crymtal displays s hollow-pyramid habit while floating in its mother liquor (after Bassett er

o™,

b. Thermodynamic Evidence of Sectors. Scctors that are structurally
different, such as {110} and {100} (see Figure 3.13). melt as different
temperatures. This can be actually obscrved (see Figure 3.15). Such a
striking visual observation is also supported by calorimetric evidence:
crystass like that in Figurc 3.15 display two endothermic melting peaks, one
for each sector.

¢. Mechanical Evidence of Distinct Sectors. The behavior of single-
crystal fracture is clearly influenced by the fold-plane direction, e.g., there
is reacy clcavage parallel 1o a fold planc. Thus there will be a clean crack
along a (110) direction within a {110} sector. However, whgn such a crack
teaches a sector boundary and passes, say, from a 110 to a 110 sector, in the
Iatter =ector, the same (110) direction that was previously paraliel will now
lie at a large angle to the fold plane. A crack, if it continues into such a
sector. will cut across fold planes and hence become bridged by threads.
All ths has, in fact, been observed (Figure 3.16).

3.3.2. Multilayer Crystals

3.3.2.1. Disposition of Consecutive Layers

This subject is essentially descriptive and the variety of pertinent
obscrvations will not all be cnumerated now. The point 10 be made here
will relate 10 some generalities concerning the relative disposition of -
consecutive layers within a multilayer structure, and mainly (o the fact that
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Figure 3.15. Thermal manifestation of sectorizati
i zation, The {I :
temperature than the rest of the crystal. Electron microgup{hfm rectors melt ¢ allowr

gonsecutive laycrs in general are not strictly in crysiallographic: registar
There are two claSsz':s of departure from perfeci-layer register. o
‘lﬂh_l. Rol-alaonal displacement of consecutive layers. Consecutive flayers

ithin a given crystal, when seen flat-on, are as a rule not in paralizi
orientation but rotated with respect to each other, usually by -smﬂ\il
a{mounts (1-3°) in an irregular manner. Under very cxc«plianai[ M
cumstances such a rotation can be regular and aiways in the samesensgi, m
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Figure } 16. Fractographic manifestation of seclorization. The crystal cleaves cleanly parallel
to the prism face within the corresponding sector whese il runs slong fold plancs (1op). but the
crystallographically identical cleavage direction (along {110}) pulls threads in a sccvor where it
cuts across fold plancs (botiom) (aher Lindenmeyer'"').

which case some striking appearances result. Such an example is illustrated
in Figure 3.17 mainly for its aesthetic appeal. If rotationally displaced
ontact (often they are not — se¢ below)

crystal layers are in close ¢
interfacial dislocation networks may arise at the laycr boundaries (twist

boundaries).
2. Splay of consecutive layers. When multilayer ¢

edgewise (only possible by optical microscopy while

rystals are viewed
suspended in the



raph of an exceptional exampie of a mulilayer crystal of
regular rotation of successive growth terraces (after Keller"™).

Figure 117, Electron microg
polyethylene displaying
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liguid) the layers are often seen to splay apart. Figure 3.18 is such an
cdge-on view of a crystal shown in Figure 1.1,

Perhaps the most important physical consequence of (1)and (2) above
is that a usual muhilayer crystal, while a “single crystal™ generically, is not
a single crystal geometrically speaking. In other words, we cannot define a
lattice vector that repeats throughout the whole object in view of the large
discontinuities across the layer boundaries. This sets a natural limit 1o the
growing of large chain-folded single crystals in the sense of conventional
solic-state physics.

3.3.2.2. Approaching Spherulites

The splay in class (2) above can become increasingly irregular as the
multilayer characier of the crystal increascs, This in trn is promoted by
increasing the concentration of the solution in which the crystallization is
conducted. Such crystals become increasingly “bushy,” the layers curve,
and in an edge-on view give the impression of sheaving fibrils. This lcads
natuzally to the sheaf forms described previously as the precursors of
spherulites (sce Figure 2.22). Hence this splaying, sheaving multilayer
development described so far in solution Promises to be a natural bridge
between solution-grown lameliar crystals and the melt-crystallized spheru-
lites discussed in Chapter 2..

We previously alluded to the fact that lameilae have also been
identified as the basic structure element in melt-crystaflized spherulitic
polymers. Now we shall iltustrate this with an example (Figure 3.19). Here,

Rigure 338, Optical micrograph of a multilaycr crysial seen cdgewise in its mother liquor
revealing splaying of layers (alter Mitsuhashi and Kelier''),



Figure .19, Scanning clectron micro; i i

; in graph illustrating the lamellar structure of a melt-
_cryslalllzcd_ spherulitic polycthylene. The cavernous texture enabling the lamellac 10 be s:cn
in depth arises as follows: the oncr-molccular-wcighl material segregates on crysiallization in
scparate lamellar packels, which can be removed subsequently by sclective dissolution
treatment {aller Winram ef al™"). . l

as in many other exampies, the lamellae are not obtainable in isolation and
could be identified only as some etching or disintegration products, or in
some cross-scclional view within microtome sections. Much less is there-
fore known about the detailed natuse of such lamellae, even less about the
way lht?.y fit together to build up the spherulite. Nevertheless, the common
denominator of the basic lamellar unit inviles some generalizations as
regards the chain-folded structure (even with modifications — see Iatcrl)
that also pertain to crystallization from the melt. Further, the muliilayer
d'cvclopmcnl of single crystals seems to provide continuity between the
simplest crystal unit, the monolayer on the one hand, and the spherulite
the characteristic crystal element from the melt on the other. ‘

el roen %
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3.4. Fold Structure — Nature of Amorphous Material

3.4.1, The Issues

The subjeci of the present section is highly controversial and origi-
nates in two different, nevertheless interconnected, enquiries:What is the
siructure of the fold? How is the amorphous conient of a single crystal to

be visualized?

3.4.1.1. Structure of the Fold

The fold is such an important part of the chain-folded crystal that its
structure on the atomic fevel is of some consequence. Nevertheless, the
problem remains outside the scopc of traditional X-ray crystal-structure
analysis because we cannot obtain a macroscopic chain-folded crystal. The
nearest achicvement is the structure determination of a cyclic paraffin. This
is a closed ring-shaped paraffin of 34 C atoms. It crystallizes with the ring
collapsed, so that most of the ring is in a close-packed form, such as that
rcalized by lincar paraffin chains {a slightly modified form of the structure
is shown in Figurc 2.3). Here adjacent straight portions arc necessarily
bridged by the rest of the ring, the bridge involving four C—C bonds. Such
s bridge is clearly a close analogue of the fold. 1t does show that an
adjacently reentrant sharp fold (a much contested issue nowadays) is
clearly possible sterically when required by the constraini of the closed-ring
shape of the moiccule. Whether a long lincar polyethylene chain will do the
same on its own accord, however, is a more open question. On the
assumption that it does, a number of conformational analyses were carricd
out 10 determine the exact-fold conformation and have led o a variety of
not grossly dissimilar lold conformations, involving three, four, or five
C—C bonds. However, the whole problem has been, at icast temporarily,
superseded by an overriding issue: do chains fold in a specifiable regular
manner? The latier question has its origin in the second enquiry posed
above, to which we now turn.

3.4.1.2. Amorphous Content of a Chain-Folded Single Crystal

It was noted carlicr that a synthetic polymer is usuaily only partially
crystalline, hence the existence of the whole subject of *“degree of
crystallinity” treated phenomenologically in Section 2.3 of Chapter 2. With
the recognition of morphologically identifiabic single crystals, the question
has arisen whether such an enlily possesses any “‘amorphous content™ in
the traditional sense. By applying the usual methods of crystallinity
determination to such single crystals a not inappreciable crystallinity



deficiency was found; in the casc of polycthylene shis amounted 1o diwoul
20%, which was then attributed to the existence of amorphous material.
For a variety of reasons, which will not be enumerated here, this.
supposedly amorphous material was envisaged 10 be located along, (the
lamellar surface and thus attribyted to an irregularly, loosely lloopsed
strycture of the folds (Figure 3.20). This was given more explicit form by
Flory [P. J. Flory, J. Am. Chem. Soc. 84, 2857 (1962)], who envisaged ihe
fold surface as a telephone switchboard (switchboard Imodel). Therz is
cvidence for and against such a vicw. Accounting for ithe amorphous
content is certainly a point in its favor. Nevertheless, the remarkatly
regular features observed in such crystals (sectorization. and its cons2ag u-
ences, for example) and, chiefly. the issue of how the overall fold liengith
should be defined unambiguously by the crystallization temperature in khe
cas¢ of 50 much randomness at the fold surface {not to speak of howisuck a
structure should form; there is no alternative class of theary other than tthe
one outlined earlier, requiring a sequentiai deposition of fold stems) rames
mote questions (in the author’s opinion) than the switchboard mode) ican
answes. In addition, there is an overriding geometrical problem, namly
the prohibitive overcrowding that the switchboard modei would create inl
the fold surfacc, where the density of the amorphous region would have o
excged that of the crystal (recognizable even in the sketch of Figure, 3.0,
The. ove-crowding can be relieved by making some of the chains fold bedk
sharply ir srder 10 provide more ropm for other folds to form loosellosips
of an overa!l amorphous character. The necessity for such partially shump

1*11**%”1’1'11]1'»1

Figure. 3.20. Skeich of 4 disordered fold surfage: the switchboard model in a two-dimensions!
representation {alier Fischer''™),
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refolding is nowadays more or less agreed on by all concerned. The ;séuc
about which the controversies are currently polarized turns around the
question of how much such sharp refolding is required. On this, in turn,
would depend whether the overall character of the fold surface is 1o be
regarded as an essentially random or an essentially regular structure. In the
present author’s view, there is no a priori reason why the fold surface
shoutd always be the same in all crystals under all circumstances, hence
that there is necessarily a unique answer to a question posed in the above
way. Accordingly, it may make more sense to pose the question in the form
as to whether or not a chain can fold in a regular manner, given the
appropriate conditions. If the answer is “yes,” there will bec many reasons
why departures from maximum regularity may occur in a given sample.

3.4.2. Experimentation in Aid of the Fold-Suriace Problem

The fold-surface problem can be subdivided into two distinct struc-
tural issucs. which are unfortunaiely ofien confused or inexiricably tele-
scoped together in much of the controversial literature:

1. Adjacent vs nonadjacent stem reentry (irrespective of the nature of
the foid).
2. Regular vs irtegular folds.

Only six of the experimental techniques employed in the arguments
will be enumerated. A further one, the recent neutron scatiering, will be
dealt with in a separate section below.

I. Interchain interactions of isotopically labeled species in an isotopic
mixture can be assessed by infrared spectroscopy. Thus one can mix a small
amount of deuterated species of polyethylene into normal hydrogenated
polycthylene and explore the nearest-neighbor environment of a given
deuterated stem as reflected by the splinting of appropriate infrared bands.
In this way adjacency and nonadjacency should in principle be distinguish-
able.

2. A chain-lolded layer can be subdivided into fold surface and crystal
core by small-angle X-ray scattering (SAX). This is done by detailed
analysis of the inlensity in the SAX pattern (in contrast 1o mercly using
Bragg's law to determine L the overall periodicity, referred to so far),

3. Crystal-core thickness can be determined directly from line-profile
analysis of suitable wide-angle X-ray reflections corresponding to a
periodicity along the lamcllar normal.

4. Raman LAM analysis could be used. In principle it should define
the straight-stem lengih, hence the core thickness. (In fact, rather disap-
pointingly it does not seem 10 do so but gives the same / value as SAX, al
least by the simple analysis — sce Section 3.1.3 on the LAM technique.)



5. Chemical methods can be used that rely on selective etching
involving removal of the fold surface coupled with physical (SAX) and
chemical (molccular weight) analysis of the residue.

6. Use can be made of detailed electron microscopy of effects reiatirg
to the foid surface.

Intentionally, no conclusions are drawn with respect to any of the
above technigues since some of the interpretations are still being debaied
and no justice can be conveyed by a single statement perlaining to each.
Some broad, overall statements will be made in what follows.

3.4.3. Outcome of the Enquiries

Certain evidence favors the switchboard model while other evidence
requires the existence of regularity; the individual points will nol be
pursued here. Though there are obviously areas in which final conclusiors
cannot be drawn at the time of writing, nevertheless the material already
presented, together with that of the following section on neulron scalter-
ing, occupies a considerable portion of the relevant literature. The preser:
coverage should, a1 the very least, prepare the reader for approaching the
ariginal fitcratuere in the arcas covered. However, in spite of uncertainties
twa specific ontcomes will be mentioned in gencral terms.

The first pertains to the nature of the amorphous component. Instead
of mercly referring to the ““amorphous fraction’ as in the earlier chapter o1
crystallinity, argumenis on the fold-surface structure have focused atien-
tion on the multitude of vanants that would normally be covered collec-
tively by the term “amorphous.” This arises because disordered materia .
such as that in a chain-folded crystal, can now be classified in terms of s
relation 1o the lamellar crystal core. Thus i can consist of loops that, even
o wot all regular, can correspond 1o different degrees of looseness.
Alternatively, there can be loose hairs emanating from the layers that have
[ailed to become incorparated at their other end, or they become incorpo-
rated into a different lamella, in which case they will not be loops but
interlamellar ties. All this is not as purcly qualitative as it may appear,
because the different ways of incorporating loese “amorphous™ portions
into the crystal can be quantified in terms of loss of configurational entropy
duc 10 the loose chain or portion being confined at one or both ends with 2
specific distance between the ends.

The second outcome is that these modes of constraints can signih-
cantly alfect ihe behavior of such chains, hence the macroscopic properties.
In particular, e molecules will be load-bearing (all important fo-
mechanical behavior) while loops, at least on their own, will not; this agaia
is relevant 1o mechanicel properties (relaxation behavior). Further, when
the eflect of the constraints, and the associaled entropy changes, are
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cunsidered in combination with the crystals, they will pul.cuiiully inﬂucrllcc
the mclting behavior of the crystaly themselves (premelting, superheating
— sece later). N

An awarencss of all the above factors provides a more cxplicit
molecular basis on which 10 define and treat the so-called aumorphous
component of a semicrystalline polymer. )

1t also follows that the generalization of an “amorphous conient™ or
~amorphous-crystalline ratio™ is un oversimplification. The expernimental
methods listed above are leading increasingly (o the overall conclusion that
what at first sight had been termed “umurphnus"' componumt really
corresponds W a state of intermediate order. which in the broadest
generality cxpresses the fact that a spcctrum of material with different
constraints is involved.

3.5. Neutron Scattering Experiments: The Chain Trajectory

In recent years the subject has receved a major _ hn(‘l.\..l by the
application of ncutron scattering, made possible by the availability of new
high-flux neutron sources. The results have n;xl_cndcd the scope of the
enquirics, but have also further aggravated exisling COMTOVETSICS. For an
impression of the subject and an in-depth study mvo-lvmg all aspects of the
controversies. the most up-to-date and comprehensive reference is Fara-

day Discussion No. 68 {1979).

1.5.1. Technique and Potential

The technique in guestion invelves coherent clastic scattering Ql
peutrons at small angles. The idea is 1o use scatiering data o obtain
information on the overall dimensions of, and the path described (trajec-
tury) by, a chain molecuie in an eaviropment _uf ity own kind. l.n .such_ an
approach a minority ol the molecular population needs 1o be dlsnngu|§h-
able from the rest as regards scattering, i.c., there must be contrast, which
is achicved by isotopic doping. Hence a small fraction (_)l .Ihc molecules
must be isotopically different in a way that makes them d:sunq as rcgi;r(!s
scatlering of neutrons, but not otherwise. For the present issuc :t'ns. is
achieved by mixing deuterated guests to the normal praton-contaimning
nost, the scatiering power of the two isotopes of hvdrogen bc_:mg signifi-
cantly different. Thus individual molecules of the guest species become
amenable for studies in the condensed phase. as in the dilute phasc
(solutions), by light scattering.

The obtainable information depends on the angular range of the
scaltering: the smallest angles provide information on the large-scale



features, the global dimensions of the molecule as a whole, while increas-
ingly larger angles yield information on increasingly smaller features of the
molecular trajectory. While there is no intrinsic discontinuity in terms of
angles, nevertheless some distinctions arise in actual working practice due
to the technicalitics of the experiment and the various convenient approxi-
mations used in the interpretation.

3.5.2. Angular Ranges
L. Smallest angles (*Guinier™ range). For the present type of polymer
problem this range is given by
10 '<g<510°A"

where g = (dmsin#)/A; here 8 is the scattering angle and A the
wavcelength,

This range provides a measure of the radius of gyration R, of the
molecule

HI.=1+q'R}/3 {3.19)

or its approximation by the Guinier law
I'=hexp(- Rig’3) (3.20)
where 1 is the imensity seattered at a particular q and L at g =0,

respectively.
2 Intermediate (but still small) angles. The range here is

5-10°<g<5- 1A

Scatiering in this runge gives a certain amount of information on the details
of the chain trajectory, particularly pertinent to the chain-folding problem.
Results are most informatively expressed in terms of Iq’ vs ¢ plots
{so-calicd Kratky plots),
Y Larger angles. The range is given by

M 'cg—=1A" andbeyond.
Scattering in this range gradually approaches the usual crystaliographic

information on chain conformation and (in the case of crystalline polymers)
interplanar dimensions.
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3.5.3. Some Resuits

The first studics were carried out on amorphous polymers, melts, and
glasses. Perhaps the most significant result was obtained in the region of
smallest angles. Here R, was found 10 correspoand 1o the valuc for an
unperturbed random coil (as in 6 solvent) with R, x M' ay expecied
from a random coil, a result quoted carlier in connection with the
amorphous stale {Scction 1.6.1).

The next stage was 1o follow what happens to the molecular dimen-
sions and trajectory on crystallization. Here a significant complication was
encountered in the form of isotopic scgregation, at least in the best-
examincd, and in other respects best-explored system of polyethylene. This
mcans that the isolopic guest molecules do not quite behave as their hosts
with respect to crystallization, as initially expected, but form isotopically
enriched regions or clusters (there are different views as 1o which of the two
are formed). Hence the ncutron-scattering technique will not see a given
guest molecule in isolation, and so can no longer pravide the information
required, at lcast at sufficicntly low angles 1hat cnable R, to be identified.
(This became apparenl from excess intensity at the extrapolated zero
angle, excess in regard to the expectation from 2 single molecule of known
M.) To avoid this segregation, crystallization must be carried out rapidly,
i-e.. at high supercooling. This is a very serious limitation as it restricts the
technique to samples where the chains have not been given a chance to sort
themselves out. Apparenily this disturbing segregation effect is absent with
isotactic polystryrene and polypropylene, where measurements can and
have been carried out at (from the crystallization standpoint, most funda-
menlal) low supercoolings. Nevertheless, these fatter polymers are Juss
crystalline and their morphologies are less understood. Consequently the
information from neutron scattering does not yet carry the same weight as
regards the abstract basic question of the chain rajectory in crystalline
polymers, the issue over which existing controversies have now centered.

The actual results will only be very briefly mentioned (see Faraday
Discussion No. 68 for details). In melt-crysiallized polyethylene, at any
rate, R, did not change on crystallization (at the high supercoolings to
which experiments were restricted), hence the much publicized notion that
globally nothing happens to the molccule: it merely “freezes in™ with some
local order represcnting crystallization. This, however, disrcgards afl the
morphaology. i.c.. the question as to why lamellae form with well-defined
thickness, not 10 speak of why the chains fold with the uniformity and
supercooling dependence observed. However, in solution-grown crystals
R, is certainly observed 1o change on crystallization; in fact it gets smaller
with som. interesting additional eflects not to be detailed here.

In the angular range given in (2) Section 3.5.2, the results scem 1o be
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.most clear-cut with solution-grown crystals: they are consistent with the
Iscattering object having the form of a sheet with dimensions corresponding
to a chain-folded ribbon deposited along a crystal face (sec, eg.) Figure
3.10). This is in agrecment with morphological studies; nevelrthdless there
is much argument as lo what extenl the siems belonging ity a given
molecule are arranged adjacently. 11 appears at present as ifl there were
| numerous gaps in the ribbon formed by a given chain, and the poini being
argued is whether the basic picture of adjacent folding (with some defects)
| can still be retained, or whethet the description of a more random felding
-patiern is appropriate. In melt-crystallized (rapidly cooled by inccessity)
Isamples, the stems scatles neulrons morc like individual isolated fods (by
' some claims), or as very short rows of at jeast partially adjacent:stems (by
other, most recent claims!).
! 1 have no intention of exploring the arguments further;:l shall merely
'indicate their scope. Clearly this all lcads back 1o the fold-surface problem
i of the previous chapter. A few general questions will be posed for the sake
tof perspective when trying to evaluate individual claims:

1. In any particular sample cxamincd. have the chains: been given

adequate opportunity to realize a sufficiently represendative mode

of deposition to serve as a model for crystallization behavior?

Is the interpretation of a particular scattering pattern sufficiently

unique for a far-reaching generalization?

3. In a given model are clementary space-occupation problems being
adequately dealt with? (Sce the issue of overcrowding atia lameliar
surface in the preceding chapier.)

-~

3.6. Alternative Morphologies

The morphologies 10 be histed here are stili part of the genaral class C
(Section 2.1.3), i.c., they correspond to the crystallization ofirandam chain
molecules in the quiescent stale.

3.6.1. Extended-Chain-Type Crystals

In the cases of several potymers, crystallization from the melll under
elevaled pressures (3 10'-9-10! atm) leads to brittle solids tas oppused (o
i the usual phable solids, such s a normal polyethylene type) with near-
100% crystallinity |Wunderlich, Bassen. For specific references see text-
books by above authors: N. Wunderlich, Macromolecular Physics, Vol. |,
Academic Press. New York (1973); D. C. Bassett, Principles of 'Polymer
Morphology. Cambridge University Press, Cambridge (198)}) Fracture
surfaces reveal that they consist of very thick lamellac with ithe chains

ks
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aormal 10 the lfamellar planes (Figure 3.21). The Lamellar thickness can
extend up 10 several pm and become comparable 1o the chain length. For
molecular weights M of about 15.000 (for polyethylene), the lamellar
thickness corresponds to the chain length and the spread of lamellar
thicknesses over a given sample to the actual molecular weight distribution
of the material. indicating among other points surprisingly accurale
fractionation during crystallization by molecular weight. (This gives rise 10
the unanswered guestion as (o how accurately the chains group themselves
into [ractions and how they can achieve this.)

It Tollows that the chains in the above crystal type are fully extended
within the crystal, hence the term ~extended-chain™ crystals. (It is
noteworthy that these extended-chain crystals formed from unoriented
melts arc lamellae, not fibers; sec later.) With higher molecular weights
(M = 10°-10" for polyethytene) there is no longer an exact correspondence
between M and lamellar thickness: the lamellac can be thinner by factors
of 2-3 X. Hence in such cases there must be some folding. Nevertheless,
such samples remain distinctly different from those crystallized at atmo-
spheric pressurc in the normal manner. Hence the term “extended-chain-
type'" crystals.

The full story of the reasons for such crysiallization is only partially
understood. It has been observed that such samples, at lcast with

Figure 3.21. Electron mictograph of cxtended-chain-type crystal of polyethylenc crystallized
under 4800 atm pressure. (By courtesy af Wunderlich based on Wunderlich et al™)



polyethylene, crystallize first in a hexagonal phase while under high
pressure (as opposed to the usual orthorhombi~ phase to which it trans-
forms on cooling and pressure removal). It is claimed that this is a general
requirement for extended-chain-type crystallization [D. C. Bassett, in:
Developments in Crystalline Polymers (D. C. Basseit, ed.), Vol. |, p. 115,
Applied Science Publ., London (1982)). Further, it was observed that the
lamellac forming undes pressure are thin 1o begin with. but subsequently
thicken following initial growth. Accordingly, this is a case of fold-length
increase corresponding to an extreme case of isothermal thickening (see
Section 3.1.3.3c), which here proceeds 10 full or nearly fuil chain exien-
sion. Accordingly, it is this extreme chain refolding that seems to be
promoted by the high hydrostatic pressure. Among possible reasons are
the conformationat changes in the melt induccd by the pressure and/or the
changed properties of the crystals actually formed. In any event we know
thal the crystal, when formed, is not the usual one, namely that the chains
within it pack in a hexagonal lattice. I1 is known that hexagonal phases asc
more mobile than the usual orthorhombic ones (see Section 2.2.3), hence
refolding will be facilitated. Also, the possibility that a liquid-crystal-type
phase intervenes has been suggested.

Whatever the reasons for its formation, the properties of the resulting
product are quite exceptional for a polymer. As stated carlicr, they are
virtually fully crystalline and thus contain no amorphous component. Their
meiting point is very high, and can attain values beyond the theoretical
value for fully extended chains because of superheating. For all these
reasons samples with this extended-chain-type texture can serve as models
of the corresponding infinite polymer erystal as regards several properties,
often quoted in theoretical works.

J.6.2. Micellar Crystals (Crystsl Gels)

The fringed micelic (Figure 3.22) was the traditional modei for
crysiallization before being superseded by the chain-folded lamellae. It is
now having a comeback under the very special circumstance of crystalliza-
tion at very high supercooling in systems capable of such supercooling. This
class of cflects is currently becoming apparent through the phenomenon of
thermoreversible gelation from solutions.

As an example, we consider a very highly supercoolable polymer, such
as isotactic polystyrene. When an appropriate solution of it is being cooled,
the normal crystal suspension of chain-folded platclets forms First. At very
high supcrcooling, however, such solutions display a very conspicuous
effect: they may set as a gel. X-ray diffraction indicates that such gels
consist of crystals. On heating the gel dissolves, hence it is
thermorcversible.
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Figure 3.2, Model of [ringed. micellar gel-forming crystallization (after Keller'1o),
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Gelation is due 10 connectedness. Structurally, a gel is a swollen
network. In the neiwork under discussion the junctions are the crystals.
For them to be junciions, several chains have to come together, hence they
must be largely of micellar character as in Figure .22, ’

The abave 1type of micellar crystals are very small, possibly approxi-
mately 100 A lincar dimensions, and melt at much lower temperatures than
lamcliac. The smaliness of the micelles is a structural necessity for this type
of crystal form. Greater lateral extension creates the overcrowding prob-
lem at the interface where the chains emerge from the latlice (meationed in
Section 3.4.1.2). This problem can only be relicved if some of the chains
fold back. which in turn would bring us back 10 chain-folded lameliae. The
a'bmfc argument suggests a connection between micelles, hence gel forma-
tion. and the high supercooling: at very high supercooling the critical
erystal nucleus is only required 10 be very small — thus it would he
sufficicnt lor only a very few chains to come together, which thea “stick.”
= 30 to speak — forming a stable nuclcus with lateral dimensions still too
small to create cumulative strain at the interface where the chains emerge.

There is evidence that in an appropriate T, rangce, micclles and
lamellac can compete and form simultancously. To mention one charac-
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teristic, such samples display the properties of a com posite morphology
and accordingly possess two distinet melting points.

Gelation is a direct resultiof conrectedness. Acenrdingly, such con-
nectedness can only be diagnosed by this straighticrwaid test in crystalliza-
tion from solution. If the same network generating crystallization were to
occur alse from the melt, it would resain undelectable by such a simple
test for connectivity (because here gelation would not apply). There is
evidence that crystals formed from the melt at very high supercooling (c.g..
close 10 T, {sce Figure 2.12) as opposec 10 those at low supercooling close
to 7o) are very different (¢.g.. they possess a very much lower melting
point), which suggests that they:may not merely be smzller but may have a
qualitatively diffcrent character compared 10 those formed at low super-
coolings, i.e.. the lamellae, the main subjects of stucy in crystallization
behavior so far. There is thereflore a likelihood that they have a micellar
character without substantial amounts of chain folding.

We shall now revert o the other classes ol crystallization listed in
Section 2.1.3, where we siatedithat they have no counterparts, not cven
conceptually. among nonpolymeric substances.



Other Classes of Crystallization

A. Keller

4.1. Crystallization Concurrent with Polymerization
(Nascent Polymers)

Muost polymers, including technologically important ones (such as
polycthylene, polypropylene, and polyoxymethylene), are crystalline when
polymerized. So ar¢ most natural polymers (cellulose, wool, cic. —
biosynthesis?). They crystallize concurrently with the polymerization reac-
tion itself. The significance of this lics in the fact that here the polymeriza-
tion reaction and crystallization may interact with each other: the polymer-
ization rcaction influences the crystal morphology, while crystallization
affects the reaction, molecutar weight, and its distribstion in particular. For
instance, chains grow up to a certain length and then crystallize {precipitate
from solution), or the monomens add to the polymer, which is already in
the crystalline state. Little is known about this area. The “nascent™ crystal
morphology itsell is in gencral little explored (e.g., that arising in a reaction
vessel), but it is known that such morphaology can be very specific with
special properties, which the polymer will lose on cusiomary reprocessing.

In some instances, when the polymer cannot be processed at all
(infusible, insoluble), this nascent morphology is the final one. To make
such a polymer useful, the actual nascent morpholagy has to be controlled.
(Normally the morphology is determined by the ssbsequent processing
operation.)

A recent important example of the above situation is polyacetylene
(sec Scction 1.5.2.3). As stated there, after suitable doping this polymer

A. Keller - Depariment of Fhysics, University of Bristol, England.
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conducts electticity, raising the possibility of becoming a commercially
viable conductor, optimistically replacing copper. However, gurrently its
uscfulness is limited by the uncontrolled polycrystalline, randomiyoriented
nascent morphology, which cannot be altered subsequently, at least at
present,

In general; nascent polymers are polycrystalline. This:usually applies
also 1o the caserof solid -siaie polymerization. Here one usually staris with a
macroscopic monomer single: crystal and induces polymerizaticn of the
manomer while within the crystal {c.g., by heat or radiation). The
maenomers then join up into chains, when usually the crystal fhlis apart into
submicroscopic polymer crystals. In a few cxceptional cases, however, the
monomer crystal converls intp a macroscopic polymer single orystal with
the polymer chains running through the whole crystal, apparenly without
interruption. Very special geometric conditions must be satisfickl for this to
happen. The fisst: such instance was the formation of polvoxymethylene
from tetroxane, the cyclic tetramer of formaldehyde.

Of greater significance are the polydiacetylenes [G! Wegner, see,
e.g., Faraday Discussion, No. 68, Organization of Macrontolecules in
the Condensed Phase, p. 494 (1979)]. These are polymers of ile monomer
of type

R R
I |
C=C—C=C

where R stands for a variety of chemical groups. The polymer is

| R R

i I
+C—C=C—C-k

and provides practically perldet macroscopic crysials. Such chystals have

+ special macroscopic propertics (Figure 4.1): first, because ‘they have a

one-dimensional characier with valence bonds all along a given Hirection in
a continuous sequence; second, because of the atternating (riple~double
bonds along the chain. The latier gives rise 10 many unusual optical and
clectrical properties, which form the subject of many physidalisindics,
Another example 1s (SN}, forming from S;N,. (The monome'; i5a ;-Z
nng that opens up to form chains.)
The 5:N; crystal forms | first by sublimation, bul polymerization

e A a3
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50 hr at 60 °C

Figure 4.1, Mucroscopic single crystals of & podydiacetylene obtained by solid-state polymes-
ization (displaving snisotropic opticsl properties in different orientation wirth relation
plane-polarized light) (hy courtesy of D. Bloor, unpublished).

immediately staris (o produce the —5=N-—S8==N— chain. Macroscapic
crystals of a variety of shapes (prisms, needles) up to | cm in size can be
obtaincd. As already stated in Scction 1.5.2.3. they are quasi-ong-
dimensional metals with strong metallic conductivity along the chain
dircetion and are superconducting below (0.3 K. It s an important
substance for the study of one-dimensional systems. However. itis likely to
be a unique “one-off” compound and not a member of a family as
originally hoped.

All macroscopic single-crystal polymers are very special  cases.
Nevertheless. they form the closest link between traditional solid-ste
physics and polymer science and are potential modehs for theoreticians.
They huve found no practical application so far, nonctheless they have the
potential for specially devices due 1o their special electronic behavior
{optical and clectric).

4.2. Orientation-Induced Crystallization

4.2.1, General

This is the second. specifically polymeric mode of crystallization
(Sccrion 2.1.3.2). Historically this was onc of the first observations of
polymer crystallization, when a stretched rubber was examined for X-rays
in 1925 [M. Katz, Naturwissenschaften 13, 410 (1925)].



Y=-LI. Thermodynamic C onsiderations

Orientation reduces the €niropy of the random ghain, hence, yn

increased, hence so is the driving‘ force for crystallizajion. Iy is, eyen
possible to produce crystallization in this way when T is above the méltimg
point in the unstretched state; here the crystals men On stress remova,

4.2.1.2. Kinetic C onsiderationy

A chain in its fully, or partially stretched ous, orientcd state is closer fo
the configuration iy will adopt in lthcrystallim: state. Entropy considera-
tons apart, this means that less conlprmational fearrangement is: needed
for a 'chain 10 fit iN1o a crystal lattice, hence it can proceed fasier, Jess
hindered by retarding faciors such as viscosity.

4.2.2, Morphological Background

We have seen above that a random chain will form chain-folded
platelets if allowed 1o crystallize. If the chains are being streiched whilg in
the amorphous state, they will cryslaﬁizc as fibers (Figure 4.2). It will:be
reinvoked thar before the recognition of lameilar crystallization,! fibery
were the products expected from crystallization of long chaing a priori. I is
for this reason that lamellar crystals were sp unexpecied. We.now see that

b) —

Figure 4.2, Scheme of orientation-inducey crystallization. ) Formation of smooth, ex-
tended chaih fibery: (i} random coil, (it) chaing become oriented by external fluence,; (i)
Preoricnted ‘chains have crystallized, ) Formarion of fiber~plateie compoyites {**shish.
kebatn™). Here not all the chainy have heen aligned and a1 stage (iii) only the oriented chains,
vrystallize, The FEMANIAE random chainy use he infrrady-[ormcd fibers as nucle for . the

formation of chainfoltey plateders, Ov) {aher Keller*™)
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firers are indeed obtained during oriented crystallization, nevertheless
shauld be noted that to obtain fibroys crystals the chains need 1o be
oriented first, otherwise chain-folded platelets will resulg,

However, this is not the full story. Usually it is Not possible to orient
al the chains within and assembly, Some chains will become stretched out
while others will be left more or less random. The stretched-out chains wif)

as shown by the sketch of Figure 4.2 and observed experimentaily (Figure
4.R. This composite fiber-plateler structure is the usygl product of
orientation-induced crystallization and js lermed “'shish-kebab" for obvi.
ous reasans,

The ahove fiber-platcler morphology illustrates the principle express-
ed in Section 3.1.3.3a of Chapter 3in a rather extreme way: namely even
when presented with an infinite substrate the newly depositing, unaligned
chains will crystallize onto, them by loiding, with a fold length that
corresponds 1o the prevailing Supercooling. We recali that this behavior has
featwred promincntly in the formulation of the kinctic theorics.

The subject will now be subdivided into the following four aspects:
(1) made of chain extension, (2) structure of shish-kebabs, (3) propertics of
shish-kebabs, and {4) practical conscquences,

" 4.2.3. Mode of Chain Extension

1230 Swic ¢ hain Extension : Networks

Amorphous mehs can be stretched, and held stretched, uniif crystallj-
z2liom scts in, provided the chains remain stretched and do nat meanwhije
relax. This is only possible on 4 sufficiently extended time scale if the
polymer is cross-linked so as to form a network, The classical ¢cxample is

“vulcan zed rubber. | fact it is known that the crystailization of rubber on
‘stretch ng (contrary to historica) models} occurs along the shish-kebabh
;foute. in the case of such networks, chains can also be streiched out while
;in the form of a solution (which will then correspond 10 a swollen gel).

4.2.3.2. Dynamic Chain Extension: Flow
The chains in a flowing solution or melt may become siretched out,

which brings us into the realm of hydrodynamics. To achieve such a
situatior the flow must be of 3 special kind where the cxtensional
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ed erystallization from sotution (afer Hill er af'*™).

Figure 3.3, Eiectron micropraph of a shish-kebab- (s pe crvstal of polyethyiens grown by orient
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sirmple shear flow. the rotation and extension rates are of cqual magnitude.
In such a case the fuid clement. and the chain contained by it cannol
auain a high degree of extension. The extensional compuonent will domi-
na . hence flow becomes extensional il e.g.. the Row aceclerates or

dezelerates. Mathematically
IS0 el el 20

whore & is the estensionil and w the rotational stein rates, Only il
Lr.” =0 will there be persistent extension, where o is the persisient
ex ension rate. The simplest extensional low (1o quote an examphe }is pure

unaxiab stretching fow defined by the velocity gradient tensor

1 1] 0
p= |0 =i {t
0 [

Chain extension in clongational Bow is an increasing function of
melecutar weights for a given strain rate. the dongest chains stretch ow
meat. In fact, for a given strun rate boyond a certain eritical chain length
th.: chains will all be practicaily fully extended. and below this strain rate
vitlwallhy unextended. Thus in the cise of a distribution of molecular
weights we hanve tully extended and wnesiended chans i i sastem
ur dergoang clongational flow . This in itse I should sullice 10 account for the
sisuation outlined in Figures 3.2 and 4.3, and hence for the companite
fiker-plateler structure of shish-kebabs arising whoen such i system erystal-
hacs.
The above molecular-wesght dependence implies that cach chain s
isalisted. s it would be in g sutliciently dilute solution, 11 chains become
ertangled or assaciated in any other way (e.g.. by localized micellar or
fibrous crystallization) then it is the relaxation time of the whole aggregate
et tity, which in turn depends on its molecular weight. that will determine
the chain extemsion. If the associationfentanglement is beyond a critical
velue, and hence exiends over the whole system, this will then become a
network (a gel in solution) and the cllect of the orientational influence will
caciially amount 1o the stretching of a network, .. correspand W
Sertion 4.2.3.1 above. According to current developments, many siruciures
that were belicved 0 the literature to asise through the streiching of
imdividual chains have their origin in the aforementioned gel stretching. It
fudlows that the boundary between the streiching modes dealt with in

Sections 4.2.3.1 and 34.2.3.2 has become blurred. This whole subject is

thesefore in a very Auid state st the time of writing.
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Figure 4.4, Schemaiic represeniation of the relatinn between macra. and micro-shish-kebaln
talier Keller and Barham*),

4.2.4. Structure of Shish-Kebabs

According to the forcgoing a shish-kehab is a Iwo-component sirue-
ture consisting of a central fiber and i platefer overgrowth,

4240 The Plateler ¢ Jeergrowih

The platelets can be of 1wo 1vpes,

. Large-scale removable plutelets. These platelers correspond n
cpitaxial overgrowth of Separate molecules. usvally formed when it par-
tially crysialiized melt or solution, already containing the fibrous back-
bones. is being cooled 10 Foom temperature. They can be removed by
selective dissolution achieved by reheating the suspension, or prevented
from forming altogether by exchanging the hot solvent at the onginal
temperature of fiber formation. 1 js helpfui to term this whole shish-kebah
entity a macro-shish-kebab (Figure 4.4),

< Small, molecularly attached platelets. The fiber core of the above
macra-shish-kebab is. however. noy i smaooth fibrous crystal but, contrary
to all expectations. was found 10 display a shish-kebab character itself ona
much smaller scale (sketched in Figure 4.4 and 1ermed micro-shish.
kebabs), Such micro-shish-kebabs cannot be denuded of their platelet
populiation, which accordingly must be molecularly connected 10 the

25
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4 ibe e. An “artists impression” of this connectedness, duc' (Y]
:’:'::l’l:l:tgl:h(t\:rllc:r;cv}::k;pcd 50 mu[c,h of our current knnwlcqgc on 'sl.nsh;
kebubs), is presented in Figure 4.5, According 1o recent works thfhor'ngT :10
the attached platelets is as follows: The fibers as formed are faa‘ryl o
hegin with, the “hairs™ loose. but all.:nchcd mnlct'.:ules dangling ! ‘;'n.chy' "
solution. It is these hairs thay crystallize by forming lh.c allat:l'uf ‘c a;:.l'i
folded platclets on further storage ar on subsequent cm!mg. :’rc:ol . ;)':: i:,
model is provided by the fact that the scglc :ll'ld. separation of p [:3 ¢ 't.v "
fact the entire external appearance of mncrn-shlsh*ehabe_s. can ; rc.! LI‘"
bly aliered by heating and cooling the whole assembly while lnhlh} 50 \;nh
Here the platclets dissolve, reverting to loose bul allachcfl. alrs.dw :;c
then renucleate and reform according to the L?undmnn prevailing under 0
conditions of this subscquent storage or cooling. Thus the appearance o
micro-shish-kebab can be affected and controlled by what we term a

“hairdressing™ procedure.

Figure 4.5. Diagram of a micm-»hish—l:ebah. showing
molecular  connectiom  between  chain-folded
Marekets and central core (alter Pennings'™).




In the last paragraph we consistently referred to solution crystalliza-
tion only, because only in this case can micro-shish-kebabs be obtained in
isolation. In practice, melt crystallization always yiclds macro-shish-kebabs
as in Figure 4.4, where the large platelets cannot be removed by ready
methods.

4.2.4.2. The Backbone Fiber

These are essentially of the chain-extended type as implied by Figure
1.2, Nevertheless the latest clectron-microscope  (and some  termal-
shrinkage) evidence implies that the crystals in such backbones are nol
continuous throughout. In fact the backbones are zather segmented into
amorphous and crystalline, or rather, perfectly and less perfectly crystalline
regions connected in series, Current theoretical attempis regard these
structures as resulting from multiple crystal nucleation occurring in Series
along several localities of the chains that are already aligned by the Aow.

4.2.5. Properties of Shish-Kebabs

4.2.5.1. Thermal Properties

Shish-kehabs are a composite texture and thercfore display a corre-
spondingly complex melting behavior. The main fecatures are as follows:

1. Shish-kebabs possess a multiple melting bebavior, the plateict
component melting at a lower temperature than the core fiber.

3. The core fibers not only melt at higher temperatures than the
platelets. but in fact may do so at lemperatures heyond the
cquilibrium melting temperature of the infiniely extended chain
crystal (as denoted earlier by To.), 1., such fibers are prone 1o
superheat.

4.2.5.2. Mechanical Praperties

For an appreciation of the issues the following preamble, significant in
its own right, is deemed necessary. ldeally fibrous material consisting of
stretched-out and aligned long chains should be very stifl and strong along
the chain direction, because here the external foree acls against primary
valence forces. However. most disappointingly in practice, the maximum
achievable stillness and strength with the usual technological fibers are not
even being approached (for figures sce below). The reason is the presence
of chain folding. In the usual technological fibers the chain may be highly
oriented by appropriate tests (X-ray diffraction, birefringence), which daes

o T T T

o

b PV YR TRE S T

o e -

4 = Other Classes of Crysialiization 127

not rean, hawever, that it is also fully streiched out (see also later, Figure
5.2), secause a parallel stack of chain-folded piatelets would produce the
sympioms of a high degree of chain orientation, as in fact it does in the
technological fibers, without realizing the full potential of the fully
extended chazin.

Achicvement of Tull chain extension is more than a trivial matter. One
appruach is through oriented crystallization that leads o shish-kebabs,
Hexe the plateiets detract from the final properties. Hence the objective is
1o produce backbones that arc as platelet-frec as possible, a target of
mans recent endeavors. To this coadition must be added the further, most
recently realized objective, that the struciure of the backbone be as
defect-free as possible, i.e., the segmenicd nature of the crystal sequences
(referred 10 above) must be reduced. Recently special preparation condi-
tions have cnabled the theoretical values for modulus and sirength to be
appreached. For example, in the case of polyethylene the theoretical
stiffnzss is 250-400 GPa (according to the mode of estimate). The
conventional icchnologically drawn fiber or film has a modulus of approxi-
matety 5-10 GPa. Good solution-grown shish-kebab fibers have moduli of
aporeximatcly 100 GPa. In one special case 280 GPa has already been
achieved. To appreciate this achicvement it suffices to say that the typical
moduwlus of a steel wire is of the order of 200 GPa.

4.1.6 Some Practical Consequences

The medulus and strength issuc has already becn mentioned. Al
present, industrially oricnted rescarch is endcavoring to crcate clonga-
tional flow Gclds or 1o stretch networks in order to achieve ultrastifl,
utirastrong fibers. This is purposeful utilization of fundamental knowledge.

The coascquences of what has been described above are manifest,
cven if unintentionally so, in practically all processed materials where melts
or solutions are at some stage in a state of flow. In the prcparation of
injection-malded articies the melt passes through constrictions and orifices
and meels obstacles where the Row, even il only locally, will accelerate or
decelerate, and hence will assume an clongational character and corre-
spondingly undergo chain stretching. This in turn will give rise to shish-
kebabs. Such shish-kebabs, occurring only in the appropriate localities, will
represent heterogeneities within the final molded object. This will influ-
ence the properties of the technological products, usually in a deleterious
man-er. It will also affect test samples such as those prepared for scientific
purposes. An awareness of such possibilitics is thus clearly required also in
academic studies.

The traditional spinning processes always involve a certain amount of
clongational flow {melts or solutions passing through spinarets!), hence a



certain amount of, often uncentrolled, fibrous crystaliization will occur and
affect the final structure, and correspondingly the properiies.

An important manufactured product is the melt-extruded film (often
obtained by blowing large cylindrical bubbles from the melt in a continuous
manner). The usual polycthylene or polypropylene wrapping sheet is a
familiar cxample. Here crystallization occurs while the expanding melt
solidifies. This crcates shish-kebab structures of the macro kind — see
Figure 4.3 — with the following, fusther important variant.

In such films the stresses during solidification are low. This means that
the clongational strain rate characterizing the flow, the degree of network
streiching, and hence all extensional influences will be correspondingly
moderate. As a consequence. the resulting concentration of fibrous crystals
will be low and the fibers will lic far apart, but still parallel 1o the orienting
influcnce. Under the low siress the overgrowth platelets will tend 1o
crystallize, as they do in the unoriented melt, hence they will tend to form
spherulites, where the ribbon-type overgrowth crystals will twist (see
Figure 2.22c). With nucleation centers close together along the core fiber
the spherulite growth will be confined to essentially two dimensions. the
resulting spherulitic “disks™ being stacked parailel while strung along the
central core (Figure 4.6), the whole assembly forming a columnar structure.

Bulk
SOOI\ g
NSNS SN e ——
Thin film _.(Eu Thin film 'C_.
b b
Low Stress High Stress

Figure 4.6. Diagram of columnar structures arising during crystallization of flowing melts.
Lelt: under low stress, with columns far apart, when the overgrowth platelets twist as they do
in spherulites. Right: under high stress when the overgrowth platelets are all aligned paraiic)
with chains along the stress direction (vertical) {afier Keller and Machin*''?),
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Tihe usual melt-cxtruded film indeed consists of an assembly of such
asrallel columns with some explicit consequences as regards structure and
bmpcrlics. This example is not only a very widespread and imp.orlanl one
teepractice, but is also an instructive illustration of the hierarchical nature
o7 the morphology of a crystalline polymer. The complex and intricate
ir-icrzelation of the different morphological entities (fibers, platclels — the
la 1er with twists, columns) should be noted.

In the acxt chapier the material already presented will be summarized,
h.wever, not in the manner of a conventional summary but by utilizing the
p-evious material in connection with some enquiries pertinent 1o the ficid
o polymers. The enquiries in guestion are important in their own right, but
a) the same time offer an opportunity to rciterate the multitude of
sauctural information invoked in the preceding chapters within several

d Terent contexts.






Hierarchical Nature of
Macromolecular Structure

A. Keller

5.1. Introduction

One of the most important themes throughout this subject has been
the hierarchical nature of macromolecular structuze. Explanation or in-
terpretation of any property must take congnizange of the existence of this
hierarchy, which forms the main topic of the present ssmmarizing survey.
First, the members of the hicrarchies will be bricfly secapitulated.

The basic building unit is, of coursce, the chain molccule. In amorphous
maitcrial this will assume a more or fess random configuration.

5.1.1. Crystalline Constituents

In the crystal the molecule will be the constituet of a lattice. The
crystal lattice will then be the building block of the highar-level morpholog -
ical hierarchies.

The basic morphological clements are lamellae, the as yet only
diffuscly identified micelles, and the fibers.

The lamellae build up a varicty of lamellar aggregates culminating
ultimately in the spherulites.

The fibers form the central core of a range of platelet-fiber composite
structures which range from the fibrous shish-kebabs, as obtained in
solutions, to the columnar entities in meli-crysiallized material.

A. Keller « Dopariment of Physics, University of Brissol, England.
[R]]
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5.1.2. Amorphous Constituents

As mentioned earlier, an awareness of the hierarchical nature of the
crystalline architecture of a crystallizable polymer also enriches our
conception of the amorphous component within a semicrysialline polymer.
In other words, the relation of amorphous chains with respect to the crystal
entities creales a finer distinction between what otherwise would be termed
collectively amorphous material.

Let us recapitulate. First we have the pure amorphous component
unconnected 1o any crystal entity, c.g.. the matrix matcrial not yel
pervaded by spherulites.

All other forms of amurphous chains are constrained in some way by
being molecularly connected to crystals. One example comprises amor-
phous chains associated with lamellae: in an isolated Jayer the noncrystal-
line chain portions are confined 10 a given lamella constituting the fold
surfacc. The chains may be attached a1 both ends (loose loops) or at one
cnd only with the other end free (citium). In the case of amorphous
material lying between two lamellae there will be chains with two ends
confined 10 cach. These are the interlamellar lies.

A second example consists of amorphous chains associated with fibers.
They include 1wo classes: first, those within the central core thal interrupt
crystal continuity (the source of the segmental nature of the core), and
second, the chain portions tying the platelet overgrowth to the central core
{originaily loose hairs when the core had formed: sce Section 4.2.4.1).

The absence or presence of constraints, or the detailed nature of the
constraiats arising from its relation to the crysial hicrarchy, influences the
mobility of such chains and can aflcct macroscopic behavior.

In what follows the consequences of the hicrarchical nature of a
crystalline polymer will be traced through three subject arcas: (1) crystal
defects, (2) thermal behavior, and (3) deformation behavios,

5.2. Crystal Defects

Defects have a prominent role to play in the phys.ics of simple solids.
This applies equaliy 10 polymers but, with the greater variety of structural
elements, they span a much wider range of cHects.

5.2.1. Delects Within the Crysial Lattice

Polymeric sources of defects arise specifically through the lack of
perfect chemical, including  stereochemical, regularity of the chain
molecule itsell. As discussed in Section 2.1.2 these include occasional
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sranches, comonomers, cross-links, tactic inhomogeneitics, etc. Only when
hese are taken into account do we come 1o the level of defects Tamiliar
‘rem the physics of more conventional solids, such as poi.m ‘dclccls,
didocations and stacking faults. Thesc latter can be of significance,
ncscrtheless they are usually overshadowed by the much more prominent
coasequences of the imperfections in the molecular architecture r.clcrn:(.J to
above, and by the much larger-scale disturbances on the higher hicrarchical
fesels of the struciure.

5.1.2. Defects Beyond the Level of the Lattice

5.2.2.1. Lamellar Structures

Let us first consider the single tamella. Here we have the fold surface
in its various representations, From whichever way it is viewed, it
represents an interruption of the lattice continuity and in. addil_ion.
dependent on the kind of sample (and opinions held), it embodics various
elements of disorder, or may even display features characteristic of
amorphous material,

Next let us consider the multiple lamella. Here we have a natural
discontinuily when passing from one lamelia to the next. In addition to the
possibility of interlamellar material there arises the qﬁucstinn of imperfect
layer register. These can be of two kinds: rotational mismatch, and splay of
comsccutive layers. .

Finally we consider spherulites. These complex lamellar aggregates, in
addition to all the sources of defects arising in multilayer crysials, embody
new sources of structural imperfections of their own. Most prominent is the
cewmtral discontinuity, next the uaexplained twisting of the lamellac within
spherulites, and all the discontinuitics that must ?risc from the way the
spice is filled (not understood even in a descriptive sense). The overa.ll,
racially arranged fibrous texture is known to be a potential source of radial
discontinuities and, of course, the junctions of differeat spherulites repre-
sert major fault lines in a melt-crystaliized polymeric object.

3.22.2. Molecular Segregaiion during Crystallization

Moleculasr segregation during crystallization can be a major source of
mbomogeneity, which can manifest itself in different forms.

1. Lower-molecular-weight but crystallizable species have lower melt-
ing points. They become ejected during the crystallization of the
rest of the material and crystallize in isolated pockets, later on
cooling with correspondingly thinner lamellae.



2. Nonerysiailizable portions are cjected (such as atactic chains or
chain portions) and form amorphous pockets of various size and
disposition in the final material.

The principal accumulation sites of ¢jecied material of either kind can
be situated within spherulites along radial discontinuitics andfor at the
spherulite boundaries.

5.2.2.3. Defects in Fibrous Ci rystallization

These possibilities follow dircctly from what was said about fibrous
structures. It was stated that the central fibrous core, while of extended-
chain character, is not continuous crystallographically but contains inter-
ruptions,

There are a variety of defect structures reizting to the overgrowth
platelets of shish-kebabs, some of which are common to those associated
with chain-folded crystals while others arise from the mode of their
connection to the central core (¢.g.. veils” between plaiclets and between
platelet and fiber).

On a still larger scale are the discontinuities associated with the
columnar boundaries in mehi-crystallized material that have much in
common with the spherulitic interfaces,

Itis clear from 1his brief recapitulation that there are many sources of
departure from ideal crystal propertics and, chiefly, that these will not be
casily attributable 1o a single cause but 10 the entire hierarchical nature of
the morphology. Thus fracture. 1o take one example, Mmay arise in
structural terms from weakness at any level of the hicrarchy. ranging from
chemical weaknesses along the chain 10 those along the boundaries where
spherulites meet.

5.3. Therma! Behavior

Let us consider what may happen when a semicrystalline polymer is
heing gradually heated up. Here again, the changes that take place will
involve all clements of the struciure hierarchy.

5.3.1. Amorphous Material

The amorphous components in all their varicty will pass through the
stages cxpressed by Figure 1.4, In partticular, they will pass from glassy to
rubbery behavior when going through T, with correspondingly profoand
eflects on the properiics,
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5.3.2. Crystal Lattice

As in any other crystalline material, polymorphic lran'sitionf can take
place w th change of temperature while still below the melting point. These
will not be itemized here. We only make the general siatement l!m! in the
casc of chain molecules, increase in thermal vibrations leads to increased
amplitudes in vibration corresponding to rotations arpund bonds, both of
the main chain and the side group. The former in particular can lead (o the
so-called “rotary phase,” which in appropriate polymers may correspond
to a trarsition from an orthorhombic (or triclinic) 10 a hexagonal phase (sce

Section 2.2.3 in Chapier 2).

5.3.3. Melting Range

Crystailine polymers usually) possess a broad mcllia?g range. T_hc
reason {or this is best appreciated in terms of the mf:lccular lnl!omogen_clly
and the morphological hierarchy usually present in polymeric materials,
the two often being intricately interlinked.

5.3.3.1. Molecular Inhomogeneity

This factor arises through the existence of a dislri'bul_ion in molecul?r
weights and perfections. The mere existence of such distributions, even in
the case ol complete, homogeneous mixing, would Iea«_i o a depre§saon of
the meiting point. In addition, we have secn (ha!_lhe dlﬁcr_em species may
segregat: during crystallization icading to regions of dnt!crc!ﬂ melting
points. Even without the intervention of any other factor this will broaden
the temperature interval within which the sample as a whole melts.

5.3.3.2. Morphological Faciors

We can distinguish between the effect of premelting and partial
melting, ' .
Premelting. We stated above that the amorphous chains and/or ch_am
portions zan exist in different relations to the underlying cryslal§ according
to the morpholagy. This creates a variety of possibl? constraints on t.he
amorphous chain with related eflects on the configurational cntropy, which
in turn will affect the melting point of the whole crystal wn_lh which such
constraincd amorphous chain portions are associated. This cahn lead to

i ial ci . heating phenomena
premelting and under special circumstances, super ;
[H. G. Zachman,, Kolloid-Z. Z. Polym. 231, 504 (1969); E. W. Fischer,

Kolloid-Z. Z. Polym. 231, 458 (1969)).
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Let us consider, e.g., the fold surface of a lamelia. Loose loops, which
may be present, are constrained at both ends, consequently their entropy
will be reduced compared (o the totally unrestricted chain. If now the
crystal starts 10 melt from the fold surface downward, the icops will
become Jonger (with end separation unaffected) and hence the effect of the
constraint on the entropy (entropy tension) will be reduced. Without
entering into details here, it will merely be stated that as a resull of such
considerations the overall entropic component (i.c., crystal plus amor-
phous) associated with such melting will be increased beyond that due 10
melting of the crystal lattice alone, giving credence 10 the uniquely
polymeric process of interfacial premelting of lamelae.

Similar situations could be quoted in the case of fibrous crystals due 10
loosening up of the constrained tie chains during the gradual melting of
crysials.

Pariial Meliing. The main point here is that small crystals meit at lower
ttmperatures. Here we reinvoke what was stated in connection with
cquation (3.18). namely that crystals with small { have lower melting
points. In the case of a range of I values, the existence of a mclting range
will follow. The origin of a range of crystal thicknesses may be manifold.
The most self-cvident case is where crystaliization takes place during
cooling, when different | values result at the different crystallization
temperatures. Another source is the phenomenon of isothermal thickening
during crystallization in the melt (sec page 80), which will result in a range
of crysial thicknesses in the final crystal product. And finally, as aiready
stated in Section 3.2.4 of Chapier 3, as a crystalline sample is being heated
in the course of melting-point determination, it may refold in the pracess to
higher § values than present an the original crysial. This frequently rakes
the form of a multiple popuiation of crystal thicknesses with corresponding
multiplicity of melting poinis,

$5.3.3.3. Superheaiing Phenomena

Supcerheating effects arisc under a variety of circumsiances, mastly in
extended-chain-type morphologies. The essential reasons are due 1o two
classes of effects. (1) The chains cannot transform into their random form
in any other way than to peal off one by one from the oulside, as in the case
of morphologies shown in Figure 3.21. This rakes time during which, under
practicable heating rates, the crysials superheat. (2) The chain in the melt
does not relax instantancously. as in the case of the central cores of the
shish-kebab crystals. As for the unrelaxed streiched chains AS; {for
melting) is smaller, thus T, will be higher, with rcference to the random
melt. Hence the system (on a limited time scale) will superhear.

In summary, ir is apparent that in a polymer there exists an intricate
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multistranded connection between the thermal behavior anq the prcscncei
detailed characteristics, and interconnectedness of the various structura

entities that constitule il.

5.4. Deformation

This is the last example chosen (o ilh‘xslrfnc lht:'. role o! hicrarchi[cs.
even if only in the bricfest terms, Delormation is parllcu!ar?): mfu:obnfu'ul_:;
polymers, as most thermoplastics are dclqrmcd in the course od ;[a nc:a':(m
(drawing. rolling) in a plastic manner, while Iung-rar:gc clastic de orr:j::rin
is, of coursc, the characteristic fcature of clastomers. Changes nc.c:r. g
deformation in all the regimes of 1he slruf:lural hicrarchy, which n turn
alsa influences the resulting properties (stiffness, fracture, etc.).

5.4.1. Polymers as Self-Structured Composites

5.4.1.1. Generalities

As & gencralization. it may be useful lo‘vis.u:flizc a parli-ally cryslalln:c
po.ymer as a kind of composite where the individual constituents are t i
amorphcus and the crystalline components. Some overriding consequencces

is viewpuoint. .
to"o:l:cr-‘\)r:\ ;,h :hc armftphnus malcerial is a rubber (_parlicula.rly .nf.z_lryd wt:;n
the crystals act as cross-links) with lhu" lolluw.mg chaucu.r!str:lc%. ' .n:
medubus is low, bul the deformation remains cl;uaflc up to vcfy hlg' &fr;.| h
(several HX% ). In contrast, the crystal portons (hk‘c any crystal) h.ml, ||gr
mcduli but remain clastic only up 1o very lu.w strains (1% nr'lc‘ss). n the
compasite treated here we have a cnfnbmalmn of hqlh. qu :n;tancc.;vlri
cam have a situation in which, for a given macroscopic strain, the crysc:“s
deform plastically while the dclorn'lauon of t!tc amorphous compon “".:
even il very substantial, is still within the elastic range. Supr)se, c.g.; the
load is removed in such a case, then the amprphou_s portions will rel_r.ac. :
no: the erystals, which will remain in their plasticaily delc)f:ncd ::l.alc..h n
addition, the clastic retraction force duc| to the former can induce further

ic- ation modes in the crystal. .
plﬁl’llfh‘li:e?l:(:?r:":etvcs to illustratc that a scmicrysla!line polymer is a
;ompaosite with components of mcchanic?lly. grn:ﬂsly dlsparale pr.opef]t-l;s
where, im addition, the components may interact in a unique fasﬁ:on.r ‘he
exact mode of interaction will depend on the m_ode of coupling 0f he
comstituents, which in turn depends on the detailed n'.lorphologyl‘o ; e
system under consideration. As a broad, phenomenological generalization



onc can have 1wo extreme modes of coupling:

1. Series coupling where the stresses, but not the strains, are equal in
both components (Figure 5.1a).
2. Parallel coupling where the strains, but not the stresses, are equal

(Figure S.1b).

Of course in “'real systems.” there will be a whole spectrum of cases
intcrmediate between modes (1) and (2) as regards gradation of compo-
nents (c.g., we have seen that there can be ranges of behavior even within
whal we grossly termed “amorphous™), and many intermediate states in
the coupling patiern between modes (1) and (2). Further, if the diflerem
phases arc not macroscopically separate blocks (as in Figurc 5.1) but the
components i question are mutvally dispersed or interleaved in an
intricate fashion, there will be mutual constraints influencing ecach other’s
behavior. (For example, a laycr of rubber sandwiched between wide plates
made from some stiffl material 10 which it closety adheres — a closc
analoguc to crystal lamellac in polymers — will not be able to extend
according to the Young modulus it would possess were it on its own in
response to tension being applied to the stifl plates, because of its inability
to contract laterally owing to the constraints created by the piates.) In brief,
we have a composite where the deformation behavior will be affected both
by the nature of the components of the structure hierarchy at all levels, and
by the way they are coupled mechanically,

We shall now briefly survey the hicrarchy from the above point of
Yiew,

5.4.1.2. Amorphous Component and Crysial Latiice

Let us first consider the random amorphous chain. The essentials of its
behavior, particutarly above T,, has been repeatedly defined: it is the scat
ol the long-range clastic or viscoelastic behavior of the system. If coupled
in scries with the crystal it will support nearly all of the strain (Figure 5.1a);
i coupled parallel it will “dilute” the effect of the crystals as regards
supporting stress (Figure 5.1b).

Am

—— Am | Cryst — ] trys —
I
a} b

Figure 5.1. Simplest representation of {a) series and (b) parallel couplings of amorphous and
crysialline components of a partially crystalline polymer for the inferpretation of response 1o
external loading (arrows).

8 « Hierarchical Nature of Macromolecuiar Structure 1y

As regards the crystal lattice, here the usual clements of crystal
p-asticity apply as in any other crystal and comprise slip, twinning, and
phasc transflormation (martensitic type). There exist explicit works demon-
strating the cxistence and consequences of cach. Nevertheless, one may
state in broad gencrality (and that is all I can do at this juncture) that these
crystal-plasticity cflects are not as important for polymer dcformation asin
thz case of other crystalline substances. The reason for this has already
been implied by the foregoing, namely that the main source of deformation
ina polymeric solid lies elsewhere: it is the stretching-out of the amorphous
random chain, or, as far as the crystal is concerned, the pulling-out of the
fold (sce below). Thus, just as lattice defects per se make only a small
coribution 1o the total defect structure of a usual polymeric solid (see
Section 5.2), so the generation and propagation of lattice defects play only
a subordinate role in the deformation of the average semicrystalline
po ymer. In any event they are associated with small strains, and vice versa,
while the most conspicuous characteristics of polymers are due 10 their
capability of undergoing large cxtensions.

Nevertheless one feature of the polymer crystal lattice is of major
importance, namely its extreme mechanical anisotropy, associated with the
existence of valence bonds along the chain direction, as compared 1o the
much weaker interchain forces perpendicular ta it, This will favor chain slip
over other slip modes and ultimately lead 10 the alignment of the chains
(c.g.. during uniaxial tensile deformation) even within the crystal. This is in
addition 1o the stretching-out of chains from the random conformation
within the amorphous portions. More will be said below about this chain
aligament and chain stretching, which fall within the realm of large-scale
defcrmation.

34.).3. Larger-Scale Crystal Entities

The description of polymer deformation abounds with the mention of
“anomalous orientations™ by which is meam that the overali chain
cirection as assessed by, e.g.. X-ray diffraction, is different from what one
would cxpect a priori, namely chain alignment along the direction of the
arier ling influence. All such “anomalous” effects can be traced back to the
influence of morphological factors, Accordingly, appropriate stress systems
may nol necessarily always tend 10 align the chain as such, but orient some
!argct morphological entity, the resulting chain oricntation then conform.
w2 1o this orientation of the morphological unit in question. While this
Princple is general, we shall invoke it specificaily in connection with the
lameBac.

€. The Lamellar Element. The lamellar entity has a role of its own to
pRy i the deformation of a semicrystalline polymer. The lamellar surfaces
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themselves may act as slip planes, which in a suitable stress system can
produce interlamellar slip. Thus it is possible 10 demonstrate that Jamellar
surfaces may align parallel and perpendicular 10 extensional or compres-
sive stresses, respectively, even if this may lead to chain orientations that
are grossly diflerent from what one would expect if chain slip or chain
extension were acting alone.

Rozation of otherwise unaffected crystal lameliae is being envisaged in
the alorementioned interlamellar slip. Instead, or in addition, the lamellae
themselves may undergo plasiic deformation by chain slip within them. In
the casc of such intralamellar slip the chain direction (the direction of the
straight chain traverse — fold stem) will be altered with respect to the
lamellar surface.

Finally, the scparation of the lamellae themselves can be affected. For
cxample, a tensile component normal to the lamellar surface can pull the
lamellae further apart (increasing the lamellar periodicity, by which such
an effect 15 assessed) presumably by acting on the interlamellar tic
motecules.

In a polycrystaliine lamellar system all three of the above effects.
namely interlamellar slip, intralamellar slip, and change in interlameilar
separation, contribute (o the total deformation up 10 small or moderate
strains, where the latter may amount to 50%. Such deformation effects are
fully or parially reversible.

b. The Spherulite. Everything mentioned earlier about fameilac ap-
plies 1o spherulites, composed of such lamellae. Here we take a micro- and
a macrostructural approach.

First we cxamine the microstructural aspect. Let us consider a
spherulite (as in Figure 2.22c) acted on by a tensile force that is, eg.
vertical. The first point to note is that the different spherulite radii will be
situated ar differem angles to the direction of the deforming influence. As
far as these radii have a structural existence of their own, the vertical radius
will be stretched along the radial (ribbon} direction and the horizonta
radius in a perpendicular direction, and correspondingly for the inter-
mediate cases. It is readily scen that the resulting deformation along these
diffcrent radii is expected to be very different.

The second point is the periodically varying orientabon of the
ribbon-shaped iamcllac along each radius. This means that along. c.g., the
horizontal radius in Figure 2.22¢, consecutive portions of a twisting lamella
will be stressed aiternately parallel and perpendicular to the ribbon plane
(which, in vicw of the fact that the chains are approximately perpendicular
to the lamellar surface, means that the siress will be perpendicular and
paraliel 10 the chain direction, respectively). It follows that all three
lamellar deformation modes invoked in the preceding section will become
operative, bul ¢ach to a different extent within the different spherulite
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ing on the resolved shear stress in a given luc.ah:.y wnh
formation mode. Of coursc the §phcruh|c itself 1s
locally different deformations will be corrcs‘pond-
other portion of the spherulite, an

localitics, depend
respect (o a particular de
a contiguous body, so the ] '
ingly constrained by wh::l happ:‘)r;)i:?ylrs\:lvca
issuc s not yet been prope . '
anlzi‘ :Z consiricr the macrostfuctural aspect. Here #t su{"'i;::cl(?aizz
thal the deformation of the spherulite can and nlee'ds o be cons:_ ored also
{ what happens to it as a pncroscoplc mclusnon. or gra:lc. n the
simplest case it deforms in affine r.clatmlr;. ::: olir:jc n;::;:s:.::r;c ;z:;:zvc.r. l.'; 4
sphe verls into an appropriate clis . . ever, (b
;rt;’i‘l::crccl::‘iun does not hold, and according to cnrcums_lan.t‘:c!t !h:.:'slhc:;uil;tic;
may, ¢.g.. on uniaxial tension, become cc_mlrgclcd alhlls wf"l;n Ty
yiclds along radii perpendicular to the direction of the ten§|n)
stretch out more at its apex (radius parallel to the extensio -1 hat the
1n conclusion, it should be apparent from the above exampies L the
deformation of each hicrarchical entity must bc m:aled .alllns ;)»:ri\‘h ve!
first. while taking note of the fact that lhc_re wd_l be 1nter.¥h|?2ricnlatiun
levels below and above in the morphological hicrarchy. The

i i i : ent the resultant, which
ffe .rved. say by diffraction, will repres . . .
e e / c:h to interpret, if at all overall possible, without an

at the leveb o

however would be difficult : :
awareness of the underlying hicrarchical structure.

5.4.1.4. Full Chain Extension

All the above cases referred to moderale exiensions that may ::fuc]r::
The ultimate objective in deforming a macrc_)molt.cg ,
ains. This of course takes place at high strains,
100% or more (up to 3000%). At such high sirains (hcd ranﬁ:;nit:a::
jons stretch out, and chain folds bccumg‘ahgr.tcd and pu d o ‘
Porying fact, the morphological entitics discussed above become
. urse. The Jamellae themselves break up into

d remain strung together to form beadgd
fibrils

up to say M%.
substance is 1o stretch the ch

varying cxtents. In .
irreversibly- disrupted in its co

small chain-folded blocks an :
fibers. The whole oriented structure becomes an assembly of micro

. Peterlin, J. Mater. Sci. 6, 490 (I??l_)]. ‘ _ . '
" At this point it is essential 10 distinguish bctw;en chain oncmat::)r:
and chain extension, as already alluded to in SCC!IOIII ‘4.2.5. A p:;rrd cd
array of chain-folded blocks, the remnanls (_)f the pngn?al chain-lolde
lamellae, such as those forming continuous m:croflbnls (Figure S.2a_).hn::i
be registered by diftraction methods as a highly one;\lfld slrucu:il"::1 u(r:igurc

i i len
ins all parallel even if they are far Iro‘m being fully ex
‘S:h;:)“';hcpusual technological fiber drawing (cold-c:ram;lg) proc:::ﬁ(;::;
ads in Fi ial, only comp

ds to the stage in Figure 5.2a, and very speci tivel

:::e:nlly a\dopledg methods are required to approach the full extension in
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a} b

Figure 5.2, Oriented fibers (a) without full chain alignment and (b) with chains fully
stretched. Usual tests for orientation cannot distinguish between cases (3) and (b), neverthe-
less the mechanical propertics can be significantly different.

Figure 5.2b, currently referred 10 as sliradrawing. The implication of full
chain extcnsion (or the lack of it) ‘or the modulus and strength was
mentioned in Section 4.2.5.2, where the alternate method for achicving
high chain extensicn by oriented crysiallization {as opposed 1o deforming
structures that are initially crystalline) was described.

Clearty, even within the restricted sphere of deformation behavior
many of the morphological constituenss of the structure hicrarchy were lefi
unmentioned. Nevertheless those that were mentioned should hopefuily
help onc appreciate how intricately the response of polymeric matcrials to
stress depends on its microstructurz at differemt levels. And beyond
deformation, in fact beyond the issues covered in the present summarizing
survey, it should now be apparent t1al an understanding of polymeric
matter requires an awareness of the whole fabric ol structures constituting
it, and an awarcness of the multdudinous ways in which they are
connccted.

Before turning to the final chapier on polymers, concerned with the
influence of processing on polymeric materials, it is worth reiterating that
the objective of these five chapiers has been to cover most, even if not all,
of the elements that constitwte a solid polymenc structure, from the
molecules to the various multilevel organizations. It is hoped that the
bewildering multitude of structural o1ganizations will not discourage the
theorist who may have expected more derivations from a few fundamen-
tals. lf the above chapters do not proside decpened understanding, in the
sense mcant by the theoreticizn, they at least indicate causal connections
and intcrrelations that will doubtless serve o establish a theoretical
framework in the luture,







