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ABSTRACT:

The influence of both structure and crystallization conditions on a variety of

properties characteristic of semi-crystalline polymers are discussed. A careful distinction needs to be
made between molecular structure and the independent structural variables which describe the
crystalline state. This set of independent variables includes the degree of crystallinity; the structure
of the non-crystalline regions; the crystallite thickness distribution; the structure and relative
amount of interface; the crystallite structure and the supermolecular structure. The dependence of
these variables on molecular structure and crystallization conditions are examined in detail as is
their influence on properties. By following this procedure the influence of molecular structure on
properties is deduced. A variety of thermodynamic, spectral and mechanical properties are analyzed

by these methods.
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Studies of the crystallization behavior of poly-
mers have proceeded sufficiently far so as to enable
an analysis to be made of the influence of structure
on properties. Two distinctly different types of
structure needs to be carefully distinguished. On
the one hand there is the concern with the influence
of molecular or chain structure. In this case the
principle variables are the chain length, for molec-
ular weight fractions, the polydispersity, for whole
polymers and the structural regularity of the chain.
In addition the structural variables which define the
crystalline state also have to be given consideration.
We shall be concerned here with how these inde-
pendent structural variables are influenced by the
important elements of molecular structure and by
the crystallization conditions. The question then
arises as to how these structural variables influence
properties. These include thermodynamic, spec-
troscopic and mechanical properties as well as
other macroscopic ones. By following this proce-
dure the influence of molecular structure will be es-
tablished. Thus, although we shall be considering
both kinds of structure they will be carefully de-
lineated.

A set of independent structural variables have
been identified which either individually or in par-
ticular combinations contribute to and control a
specific property. The variables which have been
thus identified are: the level, or degree, of crystal-
linity; the structure of the residual non-crystalline
region; the crystallite thickness distribution; the
structure and relative amount of the interfacial
region; the crystallite structure; and the super-
molecular structure. We shall examine each of these
structural variables. Emphasis will be given to their
meaning, method of determination how they are
influenced by molecular structure and crystalli-
zation conditions. Then their influence on proper-
ties will be considered. The experimental examples
to be discussed have been selected predominantly
from among the polyethylenes. However, studies
with other polymers are sufficiently far advanced
to substantiate the generality of the results and
conclusions.

RESULTS AND DISCUSSION
It is instructive at the outset to consider the
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influence of molecular weight, when fraction are
used, on the crystallization process itself. We do so
by examining the isothermal crystallization from
the melt of a wide molecular weight range of linear
polyethylene fractions.!”> These results, which are
important to the task at hand, are summarized in
Figure 1. Here the extent of the transformations, or
the degree of crystallinity, (1—A(7)) is plotted
against the log time for crystallization at
126.1°C*!. The isotherm for each molecular weight
has been shifted along the horizontal axis to give
the superposed set of curves that are illustrated.
The solid line (devoid of experimental points) re-
presents the theoretical Avrami isotherm for a
substance which is completely transformed. All
of the fractions, irrespective of molecular weight,
begin to crystallize in exactly the same way and,
initially quantitatively adhere to the Avrami for-
mulation.!? It is clear, however, that the transfor-
mation of polymers is far from being complete.
The extent of the transformation, i.e. the degree
of crystallinity that can be attained at the isother-
mal crystallization temperature is very depend-
ent on the molecular weight. In this example it
ranges from about 0.80 at the lower molecular
weights to 0.35 for M=1.2x105 The level of
crystallinity can be reduced even more when the
molecular weight is increased further.? Thus, there
is a very definite and important influence of mo-
lecular weight on the level of crystallinity that can
be attained.

A more detailed discussion of the factors which
influence the level of crystallinity will be given in the
next section. For the present we wish to focus
attention on the important fact that the crystalli-
zation process is effectively completed after the
major portion of the transformation has occurred.
The log time scale of Figure 1 reflects the fact that
only an imperceptible amount of crystallinity de-
velops in the “flat” region of the isotherm in the real
time domain. The crystallinity level at which the
process essentially ceases is dependent on the mo-
lecular weight. Irrespective of theories of crystallite
growth that might be offered, whether involving
segmental motion, reptation, or other processes the
experimental fact remains that crystallization is
halted. Since the transformation for all molecular
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Figure 1. Plot of degree of crystallinity, 1—A(z), as a

function of log time (on arbitrary scale) for molecular
weight fractions of linear polyethylene. Key molecular
weights indicated in plot. Crystallization temperature
126.1°C. From ref 1.

weights starts in exactly the same manner the
kinetics, as illustrated in Figure 1, shows that the
structure, or topology, of the residual melt acts to
retard the crystallization process. Although difficult

‘to explicitly define at present these structural fac-

tors are very dependent or the initial molecular
weight prior to the onset of crystallization. They,
therefore, must be given very specific attention
when considering the molecular influence on
properties. Thus, there are at least two main ef-
fects of molecular weight: (a) the level of crys-
tallinity that can be attained and (b) the structure
of the residual non-crystalline regions.

Degree of Crystallinity 1 — 24

The concept of the degree of crystallinity was
introduced very early in the study of crystalline
polymers. However, the discovery of lamellar-like
crystallites lead to the once widely held view that the
concept of a degree of crystallinity was incorrect.
This idea was placed in disrepute and banished to
obscurity.* 7 It was postulated that liquid-like and
crystalline regions did not co-exist. The well known
deviation in thermodynamic and spectral properties

*! Similar results have been obtained over all isothermal crystallization temperature for linear polyethylene'* and

for polyethylene oxide.?
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from that of the unit cell were attributed to internal
defects and contributions from the crystallite in-
terface. More detailed studies of properties,® 10
analysis of small angle neutron scattering pat-
terns'! ~1* as well as thin section electron micros-
copy'®~1° of bulk crystallized polymers has made it
abundantly clear that the lamellar crystallites are
connected to each other by chain units which have a
disordered liquid-like structure. It is somewhat
ironical that modern electron microscopy clearly
demonstrates the existence of a substantial non-
crystalline region located exterior to the crystallite
core.'” 71 The concept of the degree of crystallinity
has been experimentally demonstrated and quanti-
tatively re-established for a number of different
polymers.

The quantitative nature of the degree of crystal-
linity concept can be better understood by examin-
ing the influence of molecular constitution and
crystallization conditions. The major differences in
1 — 4 that can be achieved by varying the molecular
weight at the crystallization temperature were illus-
trated in Figure 1. Similar results have been found
with polyethylene oxide,?° trans-polyisoprene,?°-2!
and  poly(tetramethyl " phenylene siloxane)
(TMPS).2%22 Upon cooling to ambient tempera-
ture, from the crystallization temperature, further
crystallization occurs. Although on a relative basis
more crystallization occurs at the higher molecular
weights a profound influence of chain length still
remains.!** In addition to the polymers just cited
the degree of crystallinity has been quantitatively
described for polyolefins, polyesters, polyamides
and cis-polyisoprene (natural rubber) to cite a few
more examples. The level of crystallinity of natural
rubber is well established to be about 0.30.2?> This
value is consistent with the results for other poly-
mers because of the very high molecular weight
involved. The quantitative data cutrently available
indicates that the degree of crystallinity approaches
a limiting value of 0.2—0.3 with high molecular
weight,20-26

The introduction of structural, or chemical, ir-
regularities into the chain causes major changes in
the generalizations deduced for homopolymers. In
contrast to the crucial influence of the molecular
weight on the degree of crystallinity of homo-
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Figure 2. Plot of degree of crystallinity from enthalpy
of fusion, (1—2)ay for ethylene copolymers. Hy-
drogenated polybutadiene A\; ethylene-butene [J;
diazoalkane, n-propyl A; ethylene—octene W; ethylene—
propylene ¥; ethylene—vinyl acetate @, *, ; branched
polyethylene O, O, ®. Data from ref 33, 56, 83, and 85.

polymers, chain length has almost no effect in
copolymers except in the extremes of very low
and very high molecular weights.*?> Examples of
the influence of the co-unit type on the degree of
crystallinity are summarized in Figure 2 for a set
of rapidly crystallized ethylene copolymers which
possesses a close to random sequence distribution.
These data have been compiled from a variety
of sources and here 1—1 has been determined
by enthalpy of fusion measurements. Except for
those samples which contain directly bonded
methyl groups and the n-propyl branched copoly-
mers, prepared by the copolymerization of the
appropriate diazoalkanes?” all of the chains be-
have in a similar manner. Setting aside the excep-
tions for the moment, it is found that the initial in-
troduction of structural irregularities causes a
rapid decrease in 1—A. This decreases continues
with added co-unit content until the crystallinity,
at ambient temperature, eventually disappears.
Except for the special cases noted it is significant

*2 For the purposes of analyzing the crystallization behavior of polymers we must recognize that any structural or
chemical irregularity causes the chain to behave as a copolymer.?’
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that the results are independent of the chemical
nature of the side-group. This result is expected
from theory if the co-unit is effectively excluded
from the crystal lattice.?®?° Thus, side groups
as diverse as ethyl and acetate behave in exactly
the same way.

It has been well established from melting
temperature-composition studies that for the
ethylene-propylene type copolymers the methyl side
|group enters the lattice on an equilibrium basis.?’~°
'Therefore, for these copolymers somewhat higher
levels of 1—1 are to be expected, as is in fact
observed. The molecular weights of homopolymers
and copolymers prepared by the decomposition of
the diazoalkanes are the order of several mil-
lion.?*>?” In analogy with the homopolymer results
for this extreme in molecular weight we anticipate a
somewhat lower level of crystallinity, for corre-
sponding co-unit contents.

Other methods for determining the level of crys-
tallinity, as for example the density, or analysis of
the Raman internal modes,>!:32 show a very similar
pattern of results.3®> We, therefore, find that in the
polyethylenes, and presumably in other polymers as
well, it is possible to obtain values for the level of
crystallinity which range from about 0.90, or
slightly greater at one extreme to just a trace at
the other.

Although the degree of crystallinity is demon-
strated to be a quantitative concept and the dif-
ferent methods display the same functional be-
havior, a direct comparison shows that there are
small but significant differences between techniques.
For example in Figure 3a and 3b a comparison is
made between the degree of crystallinities obtained
from density and enthalpy of fusion. These data
represent the widest range values that can be at-
tained. The compilation for the linear polymers is
presented in Figure 3a, while the data for the
branched polymers and copolymers is given in
Figure 3b. Except for the very high levels of crystal-
linity, where good agreement is obtained, (1—2), is
always found to be slightly greater than (1—A1),p.
These small differences can be attributed to the
contribution of the interfacial enthalpy because of
the thin crystallites usually formed.>* The density
measurements, on the other hand, include the in-
terfacial contribution. This conclusion is substan-
tiated by analysis of the Raman internal modes.3!:32
In this method the degree of crystallinity, o, is

o
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Figure 3. Plot of degree of crystallinity obtained from
density (1 — 1), against value obtained from the enthal-
py of fusion; (1 —A)as. (a) Linear polyethylene; from
ref 56 A, [J; from ref 85 A, D; from ref 83 O, from 80
A. B (b) Copolymers and branched polyethylene.
From ref 80 A, A; from ref 79 [J; from ref 56 H;
from ref 83 O; from ref 85 @; from ref 67 </; from
ref 33 V¥, from ref 98 .

obtained from the integrated intensity of the A4,
component of the CH, bending mode at 1416cm ™!
This procedure yields the relative amount of the
orthorhombic crystal and is unencumbered by any
contribution from the interface. A comparison of «,
with (1—2) g4 is given in Figure 4 for a large
number of different type polyethylene samples. We
note that &, and (1— 1) , are identical for the linear
polyethylenes over the accessible range of about 0.4
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Figure 4. Plot of degree of crystallinity «, as de-
termined from Raman inrernal modes against (1 —2A)an
for linear and branched polyethylene and ethylene copo-
lymers. From ref 56 (1, (4, A; from ref 85. l, oA
from ref 83; from ref 67%& from ref 33K

to 0.9. However, for the copolymers and branched
polymers the magnitude of (1—A4),4 is always
about 59 greater than o, This small difference
results from the fact that structurally irregular
chains have a very broad melting range. Hence,
(1—2) 5y includes a measure of the small amount of
crystallinity which has already disappeared at room
temperature while o, does not include this contri-
bution. The magnitude of the crystallinity involved
is only about 5—10%. From the results of Figure 4
we can conclude that the main reason for the
difference between (1—A1), and (1—21),, is the
inclusion of the interfacial contribution to the mea-
sured density.

As has been mentioned previously thin section
electron microscopy makes clear that disordered
liquid-like regions are associated with the lamellar
crystallites.” 71° In fact a quantitative analysis of
such electron micrographs for linear polyethylene!®
as well as ethylene copolymers®> shows that the
values of 1 —/ that are obtained are in good agree-
ment with those from density and enthalpy of fusion
measurements.

Interfacial Region

Since lamellar-like crystallites are universally ob-
served in homopolymer crystallization attention has
been focused on the interfacial structure that is
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associated with the basal planes. At one time it was
widely believe that these crystallites were comprised
of regularly folded chains which formed a very well-
defined smooth interface. These conclusions were
based solely on direct microscopic obser-
vations.*®7¢ Subsequently, the kinetic theory of
chain folding was developed in an attempt to give
these deductions a theoretical basis.>” ~3° The sub-
stance of the argument was that nuclei comprised of
regularly folded chains developed into mature crys-
tallites while the initial molecular structure was
maintained. This concept was based solely on the
principles of classical nucleation theory. It has been
pointed out quite clearly by Price,*® and sub-
sequently by others,'®#!#2 that the concept that
critical sized nuclei are composed of regularly
folded chain is an assumption that is inserted into
the theory. It is very definitely not a deduction of
theory. The formalism that is developed will hold
for any type chain structure within the nucleus.
General nucleation theory, and the temperature
coefficient derived from it, are unfortunately not
unique to a particular nucleus structure.'®43

A recent report has clarified earlier work which
interpreted the infrared spectra of crystallites com-
prised of mixed hydrogenated and deuterated linear
polyethylene.***> It has now been concluded from
these measurements that a folded chain structure is
not present in bulk crystallized polyethylene. This
conclusion is in accord with wide angle neutron
scattering studies for similarly constituted mixed
systems.*6

It should be recognized, in retrospect, that there
is no substantive experimental evidence, or theoreti-
cal basis, for assuming a regularly folded chain
crystallite. On the other hand there is no problem in
satisfying the observations of lamellar crystallites
and a nucleation controlled crystallization process,
with other interfacial structures. The observation of
lamellae does not require regularly folded chains.
The lamellar crystallite habit results from the spatial
requirement of the polymer chains. The sequence of
ordered chain units cannot be dissipated abruptly at
the basal plane for most of the crystal structures
found in polymers.*” The flux of chains emanating
from the crystal surface cannot become isotropic at
the sharp boundary. Consequently, there must be
an interfacial region, or zone, wherein the crystal-
line order is dissipated. The analysis of proper-
ties® 1% and of small angle neutron scattering pat-
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terns'2*3 requires the presence of an irregularl
y

structured interfacial zone. Major problems that are
being currently addressed are concerned with the
properties of the chain units which traverse crystal-
lites, as well as the sequence distribution of those
chains that reenter the crystallite from which they
emanate. These of course are not problems in
nucleation theory and are not resolved by its appli-
cation. In a major theoretical achievement*®*® it
has recently been shown for polyethylene that with-
in the equilibrium interphase which exists between
the ordered crystalline region and the isotropy of
the liquid state about 709, of the chains reenter the
same lamellar from which they emerge. Of these,
less than about 209, are in an adjacent reentry
position. Most of the remainder occur in nearby
sites. The thickness of the interface is calculated to
be about 12 A which is in good accord with experi-
ment.*® 732 These conclusions are for the situation
where the ordered sequences are aligned normal to
the basal plane and equilibrium applies. However,
when the chain axis is inclined to the basal plane, as
is the usual situation, the extent of adjacent reentry
will be further reduced. For real crystalline systems,
which represent a non-equilibrium situation, the
extent of adjacent reentry will be still less. An
increase in the interfacial layer can be anticipated.

The magnitude of the interfacial region in the
polyethylenes can be obtained from broad line
proton NMR,’*%* and from an analysis of the
Raman internal modes.’>*7 A summary of the
results obtained by the latter method are given in
Table I. For molecular weights equal to, or less
than, about (1.5—2) x 10° the interfacial content is
very modest, being about 5%, or less. For the higher
molecular weights, irrespective of the crystallization
mode, the interfacial content is of the order of about
109, and has become more significant.

For chains containing structural irregularities
which are excluded from the lattice the number of
sequences that can participate in the crystallization
are limited. Consequently, in addition to the re-
duced level of crystallinity a more extensive in-
terfacial region, richer in co-unit content is to be
expected. The data presented in Figure 5 support
this expectation. The introduction of only a small
concentration of structural irregularities is sufficient
to develop an appreciable interfacial content, a,. It
rapidly approaches the order of 209 and is an
appreciable portion of the system. Except for the
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Table 1. Interfacial content, o, for
linear polyethylenes*®

Polymer Crystallization

sample M,x1073 conditions %

1 1.14 Quenched, —78°C 0+4

2 2.05 Quenched, —78°C —2+5

3 27.8 Quenched, 100°C 5+4
Quenched, —129°C 6+5

4 188.5 Quenched, —129°C 545

5 316.0 Slow cooled 10+5
Quenched, —129°C 12+6

6 428.0 Quenched, —129°C 11+6

7 1,620.0 Quenched, —78°C 10+6
Isothermal 11+5
(130°C for 4 weeks)

8 180.0 Quenched, 95°C 8+5
Quenched, —129°C 7+6

9 8,000.0 Slow cooled 13+5
Quenched, —129°C 11+6

2 Data from ref 56.
® Samples 1—7 molecular weight fractions; samples 8
and 9 unfractionated.
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Figure 5. Plot of fraction interface, «,, against mole
percent branches for ethylene copolymers. From ref 33
AN, O, A, R, @; fromref 83 O; fromref 85 ®, ¥, from

ref 56 -d)— -‘—

very high molecular weight diazoalkane copoly-
mers, the specific chemical nature of the co-unit
does not play a major role. Thus, very high molec-
ular weights are no longer required to develop an
appreciable interfacial content. The very high mo-
lecular weight copolymer that are represented in
this figure have a higher interfacial content than
the corresponding low molecular weight samples.
Based on the previous discussion of the level of
crystallinity we would expect that the sum o+«

Polymer J., Vol. 17, No. 1, 1985
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Figure 6. Plot of (1—4), against some of a +a, for
linear and branched polyethylenes and ethylene co-
polymers. From ref 56 A, [J; from ref 85 A, W; from
ref 83 @, O; from ref 33 V.

should equal (1—2),. This expectation is actually
fulfilled as is illustrated by the data of Figure 6 for a
variety of different type polyethylene samples. Here,
the results for both regular and irregular structured
chains are presented. The level of crystallinity for
these samples range from 0.25 to greater than 0.90.
The pure orthorhombic crystallinity, as represented
by a,, plus the interfacial content is equal to the
degree of crystallinity as measured by the density. It
is possible to obtain a wide range in the interfacial
content by control of molecular weight and chain
structure. This quantity is apparently not greatly
influenced by the crystallization conditions.

Crystallite Thickness

The crystallite thickness can be determined from
either small-angle X-ray scattering or the analysis of
the Raman low frequency longitudinal acoustic
mode (LAM).58 %% The X-ray method requires that
the measured periodicity be corrected for the degree
of crystallinity. The lamellae also need to be stacked
in a reasonably regular array in order to observe a
diffraction maximum. This condition is not always
achieved.® When the Raman method is applied
properly the crystallite size distribution is directly
obtained.®>%3 The complexities that have been in-
troduced into the basic theory®* % have been
shown to be unwarranted for the polyethylenes.*°

Polymer J., Vol. 17, No. 1, 1985

They have merely served to overcomplicate a rel-
atively straightforward problem. The applicability
of the simple procedures to other polymers is a
matter of current study. The LAM yields the distri-
bution of ordered sequence lengths. When corrected
for the chain tilt the crystallite or “core” thickness is
derived. Using Snyder’s analytical method®? it has
been successfully applied to ethylene homopolymers
and copolymers crystallized from either bulk or
dilute solution.?*°

The crystallite thicknesses are very sensitive to the
mode of crystallization'®*®- 7° and to the structural
regularity of the chain. For rapid, non-isothermal
crystallization of linear polyethylene the results are
dependent on the sample thickness. For 200 um
films the crystallite thickness is about 135—150 A
and is independent of molecular weight.”! This
thickness is only very slightly dependent on the
crystallization temperature. Electron microscope
studies have confirmed these conclusions.*®?

The larger crytallite thicknesses are obtained after
isothermal crystallization. The question as to
whether the lamellar thickness increases, and the
distribution changes, during isothermal crystal-
lization had been a matter of controversy for some
time.*® However, it has been established by several
recent works® 73 that substantial changes in the
crystallite thickness do in fact take place during
isothermal crystallization. One recent study
claiming the constancy of crystallite thickness is
apparently in error.”* The mechanism of crystallite
thickening is complex and will be discussed in de-
tail elsewhere.””> The lamellar thickness changes
continuously during crystallization. Therefore, a
very broad size distribution usually results. This
fact is demonstrated by the Raman LAM anal-
ysis®®7% and by electron microscopic studies.'®?
The rate of thickening, as well as the magnitude
is very dependent on the molecular weight and
crystallization temperature. We find, therefore,
that in the linear polyethylenes crystallite thick-
nesses which range from about 100 to more
than 1000A can be developed. The larger sizes -
are invariably characterized by a very broad dis-
tribution.®7°

The introduction of non-crystallizing structural
irregularities into the chain restricts the crystallite
thickness. For example, the presence of only
0.6 molY; of branch groups reduces the largest size
observed to about 125 A. Figure 7 is a compilation
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Figure 7. Plot of most probable crystallite thickness,
Ly, in Angstroms against mole percent branches. Solid
line rapidly crystallized samples. From ref 33 hydro-
genated polybutadiene A, ethylene-butene [J, ethyl-
ene-octene W; from ref 83 ethylene-vinyl acetate @,
branched polyethylene O; from ref 85 branched poly-
ethylene ®, ethylene-octene I, ethylene—propylene w;
from ref 99 ethylene-methacrylic acid ):( Dashed
line represents slowly cooled samples, data not given.

of the results that have been obtained for s:ruc-
turally irregular polyethylene chains. Here the most
probable crystallite thickness Ly is plotted against
the mol%, branches. The symbols and solid curve
represent rapidly crystallized samples; the dashed
line slow cooled samples.** Except for these chains
with directly bonded methyl groups the crystallite
thickness, for a given crystallization mode, depends
only on composition and not on the specific chemi-
cal nature of the co-units. The initial introduction of
co-units into the chain causes a rapid decrease in the
crystallite thickness. This size reaches an essentially
constant value at about 3.5mol%, branching con-
tent. It is interesting to note (see below) that in this
range of co-unit composition lamellar-like crystal-
lites are no longer observed by electron microscopy.

Since a substantial proportion of the methyl

branches enter the crystal lattice on an equilibrium
basis the selection of sequences which participate in
the crystallization is not as severe as with the other
copolymers. This fact is immediately reflected in the
observation that the crystallite thickness is com-
parable to that for the homopolymer under similar
crystallization conditions. Other properties, includ-
ing mechanical ones,”” are influenced in a similar
manner by the presence of bound methyl groups.

The dashed curve in Figure 7, representing slowly
crystallized samples, indicates that only modest
changes in thickness take place with changing crys-
tallization conditions. These changes are mainly
restricted to the sample with smaller co-unit con-
tent. For the higher co-unit containing samples
there is essentially no change within the experimen-
tal error. In contrast to homopolymers, where the
crystallization conditions can cause the crystallite
thickness to change by a factor of ten, only very
modest differences are observed with copolymers.
Major differences in thickness cannot be developed
in copolymers by varying either co-unit content or
the crystallization mode.

In summary, for the polyethylenes, depending on
the chain structure and crystallization conditions
under atmospheric pressure, the crystallite thickness
can be varied from about 40—50A to several
thousand A. The larger sizes are always found in a
broad distribution. Thus, a very wide range in this
structural variable can be achieved and controlled.

Character of Lamellar Crystallites

Although a lamellar crystallite habit is a well
established characteristic of homopolymer crystalli-
zation significant differences are found in their
detailed structure with changes in molecular weight
and crystallization conditions.!” ~195278  Quan-
titative electron microscopic studies have reveal-
ed that when linear polyethylene is isothermally
crystallized at low undercoolings large, geometri-
cally well developed crystallites form with lower
molecular weight samples.’” ! With increasing
molecular weight the lamellae become more curved,
are segmented internally and their lateral extent is
reduced. For the highest molecular weight studied

*3 During the isothermal crystallization of copolymers only relatively small amounts of crystallinity develop over
many decades of time at the crystallization temperature. Since a significant amount of crystallinity is formed on cooling,
the interpretation of the structural variables characteristic of such systems is complex.”® Hence this mode of
crystallization which has been so important to the study of homopolymers, is not discussed here.
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in detail, of the order of 10°, only small lamellae are
observed. When the crystallization temperature is
lowered the lamellae become more curved and their
lateral extent is severely reduced. The angle of
inclination between the chain axis and the normal to
the basal plane (the tilt angle) increases with de-
creasing crystallization temperature. Since the de-
tails of chain reentry to the lamellae are dependent
on the tilt angle*®*° the interfacial free energy
associated with the basal plane should be altered.
The implication to properties of these kinds of
structural changes, while the lamellar habit is main-
tained, still remains to be investigated.

Surprisingly, well defined lamellae are also ob-
served for compositional fractions of random co-
polymers containing as much as 3.2mol% of
branch points.>>" Although the lamellae for the
lower co-unit content copolymers are quite flat
their lateral extent is restricted when compared
with homopolymer crystallites. The lamellae of
copolymers with higher co-unit content are very
curve, their lateral extent is restricted and they
have become severely segmented. However, the
lamellar character can still be identified. For the
copolymers which contain a larger concentration
of structural irregularities, although crystalline
regions can still be detected by electron micro-
scopic techniques, lamellae are no longer formed.
Thus starting with the homopolymer, as the
co-unit content is increased a continuous degra-
dation in the lamellar character takes place.

Supermolecular Structure

The discussion of supermolecular structure is
concerned with the assembly of the lamellar-like
crystallites into higher levels of organization. For
example, spherulites represent a particular type of
supermolecular structure. The formation of spher-
ulites has been thought to be the universal mode of
homopolymer crystallization. Recent studies have
shown, however, that the specific supermolecular
structure that forms depends in a very definite
manner on the molecular weight, crystallization
conditions and structural regularity of the mol-
ecule.?767%80 Small angle light scattering!®-*° com-
plemented by direct microscopic observation, is a
very convenient and objective way to characterize
the superstructures. It has been found that the
polyethylenes display five different characteristic
light scattering patterns.'®8® These can be related
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by theory to corresponding - supermolecular
forms.2!#2 The structures observed vary from well-
developed spherulites, to rod and sheet like ag-
gregates as well as to a random collection of
lamellae. The latter clearly do not represent any
definite morphological form. Hence spherulitic
structures are not always found. It should be re-
cognized that despite their wide spread occurrence
and intensive study, spherulites do not represent a
universal mode of polymer crystallization.

The supermolecular structures that are observed
in linear polyethylene develop in a very systematic
manner as the molecular weight and crystallization
conditions are varied. The results can be expressed
in terms of a morphological map.”*® Under iso-
thermal conditions, in the low molecular weight
region, thin rods or ‘‘axialites” are formed. At
somewhat higher molecular weights, rods whose
length is comparable to their breadth, or sheet like
structure, develop. At the low temperature boun-
dary for isothermal crystallization, at these mole-
cular weights, spherulites form whose structure
become poorer as the molecular weight is increased.
For high molecular weights, M>2x10°, in the
isothermal region the lamellae are always randomly
arranged although the level of crystallinity is still of
the order of 0.50 to 0.60. For non-isothermal crys-
tallization the same kind of morphological forms
are observed. However, the random type mor-
phology is now found for molecular weights as low
as 1 x 10° after crystallization at very low tempera-
tures. Well-developed spherulites are generated in
low molecular weight fractions under these same
crystallization conditions. Studies with molecular
weight fractions of polyethylene oxide show that
this polymer displays a very similar morphological
pattern.’

A wide array of superstructures are formed in
polymers in a very systematic way. For the same
molecular weight a variety of morphological forms
are observed, depending on the crystallization con-
dition.”6798% In favorable circumstances it is also
possible to generate different superstructures from
the same molecular weight fraction, each of which
has the same level of crystallinity. Therefore, in the
study of properties, one now has the capability to
isolate the influence of supermolecular structure
from the other structural variables.

The characteristics of the morphological maps
are altered when irregularities are introduced into
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the chain. As a general observation, as far as the
supermolecular structure is concerned, a copolymer,
or branched polymer, behaves as though it were of
much higher molecular weight relative to its linear
counterpart. For a given copolymer there is a
limited temperature range within which spherulites,
of differing degrees of order, can be formed. When
the superstructure is examined as a function of
molecular weight and crystallization temperature a
dome-shaped curve, representing the boundary for
spherulite formation evolves.”® Within the dome
spherulites are observed. At higher and lower tem-
peratures, beyond the dome boundary, random
lamellae are usually found. Increasing either the
molecular weight or co-unit content reduces the
tendency to spherulite formation and favors a ran-
dom arrangement of the lamellae.

In the preceeding discussion we have assessed the
influence of chain structure and crystallization con-
ditions on a set of key independent variables which
quantitatively describe the semicrystalline state.
These variables can be carefully controlled and can
assume a wide range of values. Therefore, experi-
ments can be designed which isolate these variables
and allows them to be related to specific properties.
Following this approach we next analyze a variety
of properties in terms of these structural variables.

PROPERTIES

A large number of properties have been found to
depend primarily on the level of crystallinity. These
include the density, enthalpy of fusion, infrared
absorption, Raman internal modes, the intensity of
both wide and small angle X-ray scattering, the
intensity of certain dynamic mechanical relaxations,
proton broadline NMR, carbon-13 NMR, and the
yield stress to cite but a few and diverse examples.’
In some specific cases there are also direct contri-
butions from the interface and the molecular
weight. The level of crystallinity thus represents a
very important independent structural variable as
far as properties are concerned.

The extensive studies that have been made of
spherulites, leads naturally to the expectation that
the supermolecular structure should be a very im-
portant variable in determining properties. This
problem can now be addressed since it is possible to
isolate the contributions from the superstructure.
Studies have shown that these kind of structures
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have very little influence on thermodynamic® and
spectral properties®® as well as the mechanical
properties that have been studied from this point
of view.83#* The important factors appear to be
the details of the lamellar structure and the asso-
ciated interfacial region as well as the conformation
of the chain units which connect crystallites. The
organization of the lamellae does not appear to
play a very crucial role. The nature and the size
of the superstructure must of course affect opti-
cal properties, particularly in thin films.

Some complex phenomena can be analyzed by
the approach that has been adopted. One example is
the carbon-13 crystalline spin lattice relaxation
time, T,. The very large variation in the reported
values for T, of the polyethylenes has engendered a
great deal of confusion. A recent study has shown
that 7 in the polyethylenes can vary from about
40sec. to 4500sec.®> These admittedly represent a
very large range in the values of a relaxation time.
The reason for this unusual result is that the 7’s are
shown to be a monotonic function of the crystallite
thickness when the interface is characteristic of
bulk crystallized polymers. However, if this in-
terfacial structure is removed then 7T increases five
to six fold. The other independent structural vari-
ables do not affect T,.%°

Several of the dynamic mechanical relaxations,
characteristic of the polyethylenes, have also been
studied.®3%¢ The polyethylenes as a class display a
set of such transitions. In the order of decreasing
temperature, below the melting temperature, the
main ones have been designated as the o and f
transitions or relaxations. Although these tran-
sitions have been extensively studied there has been
a great deal of uncertainty as to their structural
and molecular origin. This difficulty is undoubt-
edly associated with complications introduced by
crystallinity.

The « and B transitions have been analyzed in
terms of the structural variables important to the
crystalline state.®3%¢ The a-transition is a well
known relaxation assigned to the crystalline regions
of polyethylene and can be observed by either
dynamic mechanical or dielectric measurements.?”
The transition temperature varies from 30° to
120°C, depending on the polymer type and mode of
crystallization. It had been suggested that the tran-
sition temperature is governed by the crystallite
thickness.®® Direct measurement of the crystallite
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thickness, by the Raman LAM techniques, has
confirmed this postulate.®* The range in observed
transition temperatures thus receives a natural ex-
planation. The o-transition temperature is inde-
pendent of the level of crystallinity and the super-
molecular structure.®® Consideration of these re-
sults together with the factors which influence the
crystalline carbon-13 7’s, strongly suggests that
there is a coupling of the motion within the crystal-
lite with that of the interface.?3%°

In addition to the main transition, a minor or
second transition, designated o, is occasionally
reported. There apparently is no consistent pattern
for the observation of this transition. It is usually
found as either a shoulder, or a weak peak, in the
relaxation spectrum. Since the main a-transition
temperature is controlled by the crystallite thickness
it is reasonable to propose that extremes in this
quantity should give rise to other transitions of this
type. The results of specifically designed experi-
ments, wherein the size distribution was varied,
support this hypothesis.®3 There is, therefore, a very
natural and simple explanation for the existence of
the «, transition as well as the fact that it is not
always observed. These conclusions do not preclude
the possibility that there may be other mechanisms,
leading to other transitions, in this temperature
region.’%%!

The B-transition, which is usually found in the
range of —30°C to +10°C is another important
relaxation found in the polyethylenes.®” Although
this transition requires the presence of crystallinity
it is not characteristic of motion within the crystal-
line region. This transition is very intense for poly-
ethylene chains which contain structural irregular-
ities.2” However, its existence in the linear poly-
ethylenes has been in dispute, with contrary evi-
dence being reported in the literature.®3 The inten-
sity of the transition for the branched polymer and
for copolymers has lead to its being identified with
the glass temperature of all the polyethylenes.®?
However, its invariance with composition for a
given co-unit type (see below), as well as the cor-
relation time for segmental relaxation that is de-
duced from carbon-13 NMR  measure-
meirts®>23223% rule out this interpretation.

Experimental studies have shown that the g-
transition temperature is independent of crystallite
thickness, supermolecular structure and level of
crystallinity.3> However, it has been demonstrated
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that an interfacial content of at least 10—159 is
necessary for this transition to be observed.®” This
finding explains the apparent elusiveness of this
transition in linear polyethylene. By referring to
Table I we recall that for the lower molecular
weights the interfacial content is relatively small. It
becomes 109, or greater at the higher molecular
weights. Careful examination of the literature re-
ports show that these facts are the reason for the
divergence of results. Those investigators who
studied lower molecular weight samples reported
that no transition existed. On the other hand, those
who reported a transition always studied high mo-
lecular weight samples. Thus, there is a self-con-
sistency to the observations with linear polyethyl-
ene. The location of the f-transition tempera-
ture for linear polyethylene has been established
at about —20°C.

Following the arguments set forth above the very
intense f-transition observed with the structurally
irregular polyethylenes is given a natural expla-
nation. As we have found, such systems always have
a relatively high interfacial content. Thus, based
upon the molecular interpretation, a well defined -
transition is to be expected. The basis for the f-
transition in the polyethylenes should also apply to
other semi-crystalline polymers and copolymers.
This expectation has been fulfilled in copolymers of
polyethylene oxide.?*3

Ethylene copolymers follow a well-known and
complex transition temperature-composition re-
lation. In brief summary, at high co-unit content the
completely amorphous copolymers display a con-
ventional glass temperature which follows the usual
composition relation. However, at co-unit contents
where crystallinity develops the f-transition is ob-
served. Furthermore, this transition temperature is
invariant with composition. Its location depends on
the specific co-unit type which in turn determines
the temperature at which crystallinity first develops.
It can, therefore, be positioned above or below the
B-transition of the linear polymer, as is in fact
observed.®® The invariance is due to the fact that the
relaxation is governed by the interfacial structure.
At the extreme of high ethylene content the f-
transition has to approach that of linear poly-
ethylene. Hence, in this composition region it will,
in general, vary with composition.

A similar strategy has been used to investigate the
stress-strain behavior and the ultimate properties of
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crystalline polymers.8* The initial modulus, the
yield stress, the draw ratio (strain) and tensile stress
at break of the polyethylenes have been examined in
this manner. For the linear polymer the draw ratio
at ambient temperature is a monotomically de-
creasing function of molecular weight and can be
varied by a factor of about 10. Neither the level of
crystallinity, for a given molecular weight, nor the
supermolecular structure influence the ultimate
draw ratio.®* The major controlling factor is the
molecular weight. As has been pointed out the
molecular weight determines the structure, or to-
pology, of the residual non-crystalline regions. By
referring back to Figure 1 we find a close connection
between the structural factors which govern this
mechanical property and those which determine the
level of crystallinity. Both are controlled by the
residual structure of the melt and depend strongly
on molecular weight. Flory and Yoon®® have point-
ed out that the structure of this region is very
important to deformation processes. From these
results it is deduced that the ““‘unfolding” of chains,
or the disruption of mosaic blocks,®” which have
been postulated to play a key role are not very
important. The tensile stress at break depends on
molecular weight in a very similar manner.

Studies which encompass the complete range in
crystallinities that can be attained with the poly-
ethylenes show that the yield stress depends pri-
marily on the crystallinity level.®* There is some
indication that at the very high molecular weights
there is also a direct influence of chain length. The
initial Young’s modulus, which plays an important
role in the deformation can be varied more than ten-
fold. It does not depend in any simple manner on
the degree of crystallinity, and bears no relation to
the supermolecular structure. It depends on the
molecular weight and crystallite thickness. As these
few examples illustrate, by following these pro-
cedures it is becoming possible to define the struc-
tural factors which determine a given mechanical
property.

In summary we can conclude that although semi-
crystalline polymers represent a complex structural
situation it is possible to sort out the key inde-
pendent variables which influence important prop-
erties. These structural considerations pervade all
phenomena and properties involving semi-crystal-
line polymers, including many not discussed here.
Following this strategy gives us the capacity to
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handle problems of greater and greater complexity.
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