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The structure of thermotropic copolyesters
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Highly oriented polymeric products have been produced over the past fifteen years by two
very different processing routes; from conventional polymers processed to highly oriented
extended chain structures, and from “‘rod-like” polymers which exhibit liquid crystalline behavi-
our. Gel spun polyethylene is an example of such a conventional polymer. There are three
main types of liquid crystalline polymers (LCP) which have high orientation and modulus:
lyotropic aramids, such as poly ( p-phenylene terephthalamide) (PPTA); lyotropic, aromatic
heterocyclic polymers, or “ordered polymers”; and the family of thermotropic aromatic copoly-
esters. Extensive characterization of the thermotropic copolyesters has resulted in the deline-
ation of a fibrillar, hierarchial structural model which accounts for the structures observed in a
broad range of oriented fibres, extrudates and moulded articles. Three distinct fibrillar species
are observed: microfibrils that are about 50 nm, fibrils about 500 nm, and macrofibrils about

5 um, in size. Superimposed on the structural hierarchy is a defect hierarchy, defined by the
regular meander of the molecular chain and a localization of defects within a microfibril at
about a 50 nm periodicity. Orientational variations, layering and skin core structures, in thick
specimens, are the result of local flow fields on the basic structural units during solidification.
The fibrillar textures appear to be present prior to any preparation for microscopy. A wide
range of specimen preparation methods, i.e. fractography, sonication, microtomy and etching,
and microscopic techniques, i.e. optical, scanning and transmission electron microscopy, were
applied to the characterization of the aromatic copolyesters and PPTA. Interestingly, the same
basic hierarchy is observed for both the lyotropic and the thermotropic LCPs and the micro-

fibrillar structures of all the highly oriented polymers, including polyethylene, appear quite

similar.

1. Introduction

Over the past fifteen years a number of technologies
have emerged for producing highly oriented polymeric
products with moduli approaching significant frac-
tions of their theoretical values [1-14]. These success-
ful approaches fall into two distinct classes:

1. The careful manipulation of conventional poly-
mers into extended chain structures of near perfect
molecular orientation in the solid state.

2. The design of stiff, “rod-like” molecules which

exhibit nematic liquid crystalline behaviour in the melt
or solution and transform easily into highly oriented,
extended chain structures in the solid state.
The “gel spinning” of polyethylene into fibre with a
tensile modulus of about 150 GPa [4-6] is perhaps the
best example of the first class; other examples include
hydrostatic extrusion [7], die drawing [8], and “super-
drawing” [9-11]. In addition to polyethylene, high
modulus variants of polyacetal [12], polypropylene
[13], polyamide-hydrazides [14], and others [2], have
been reported.

The liquid crystalline polymers now comprise a vast
class with thousands of molecular compositions docu-
mented in the literature [1, 15, 16]. Most important
among these are:

(a) Poly( p-phenylene terephthalamide) (PPTA), the
lyotropic aramid commercialized as fibre by the duPont
Company under the tradename, Kevlar (e.g. [17]).
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(b) “Ordered polymers™, a group of lyotropic, aro-
matic, heterocyclic polymers which exhibit the highest
fibre tensile modulus values yet observed [18—20].

(c) Aromatic copolyesters, a large family of thermo-
tropic polymers rigorously investigated in the labora-
tories of Eastman Kodak [21, 22], duPont [17, 23-25],
Celanese [1, 26—-33], and others.

Recently, the focus of liquid crystalline polymer
research has shifted from the synthesis of new mol-
ecules to the understanding of the process—structure—
property relationships controlling these novel sys-
tems. Experimental observations, models and theories
describing chain statistics [34, 35], flow characteristics
{30, 31, 36-41], transition behaviour [42], and solid
state and mesophase structures [20, 23, 28-32, 4041,
43-51], now proliferate in the literature. Of special
interest are the detailed structural models proposed
for the aramid fibres [23, 43, 47, 52], for the ordered
polymers [18], and for the non-mesogenic high modu-
lus polyethylene fibres [53—56].

It is the purpose of this paper to add to this emerg-
ing database a representative set of morphological
observations on the thermotropic copolyesters made
in the Celanese laboratories. These results include the
structure of fibres and uniaxially oriented extrudates,
and shaped extrudates and injection-moulded
specimens covering a broad range of average mole-
cular orientations. Observations, ranging from
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macrostructures to microstructures on the molecular
level will be discussed. Results will be organized to
isolate general features common to all samples from
features peculiar to a specific process history. Finally,
a hierarchical model of thermotropic copolyester
structural organization will be proposed, unanswered
questions highlighted and the whole put into per-
spective within the framework of the current literature.

2. Experimental details

2.1. Materials

A broad range of thermotropic polymer compositions
were studied. Polymers were typically naphthalene
moiety containing thermotropic polyesters (NTP) [1],
i.e. copolyesters composed of 2,6-naphthyl and 1,4-
phenyl units. It was found that, for most of this
research, the general NTP nomenclature is adequate.
Poly(p-phenylene terephthalamide) (PPTA) fibres
were also studied, as a control. The term LCP (liquid
crystalline polymer) will be used when structures typi-
cal of both lyotropic and thermotropic materials are
discussed.

2.2. General methods

Traditional methods for the study of polymer mor-
phology include the entire range of microscopical
instruments and techniques. Optical microscopy
(OM), generally using polarized light (PLM), is useful
to observe semi-crystalline materials and to see the
effects of orientation, separate phases, and contami-
nants, as well as providing an overview of structures
larger than a micrometre in size. Scanning electron
microscopy (SEM) permits a higher magnification
view to about 5 to 10 nm resolution of the surface of
materials. In the analytical electron microscope
(AEM) high resolution secondary electron imaging
(SE]) permits direct surface study to 3.5 nm resolution
and transmission electron microscopy (TEM) permits
the observation of structures to less than 1 nm. This
range of instrumental methods requires a variety of
sample preparation methods which range from estab-
lished methods to some developed specifically for
liquid crystalline polymers.

2.3. Optical microscopy

A Leitz Orthoplan polarizing optical microscope was
used in these studies. Fibres were imaged directly in
transmitted light by placing them on a glass slide in an
appropriate immersion oil. In the case of thick fibres,
strands, rods, and moulded parts, preparation involved
sectioning the material thin enough to transmit light.
Samples too thick or tough to be successfully micro-
tomed were polished into thin sections (PTS) by
methods normally used for ceramics and metallurgical
specimens. Composites containing liquid crystalline
polymers, and materials such as glass fibres, are also
prepared by the PTS method to observe their distribu-
tion and orientation in polarized light.

A dynamic, high resolution, programmable hot
stage-polarized light microscope system was developed
for the evaluation of thermotropic liquid crystalline
polymers at elevated temperatures. A colour video
camera, or a still 35 mm camera, were used to record
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the sample appearance, while a photometric recording
system provided a trace of light transmittance through
the sample as a function of temperature.

2.4. Scanning electron microscopy

Scanning electron microscopy was conducted by stan-
dard techniques, as described by Goldstein et al. [57].
The Scott [58] method of peel-back was applied to
determine the internal structure of fibres. Fibres were
prepared by nicking them with a scalpel and peeling
them back with fine forceps to reveal internal or bulk
textures. The structures typical of fibres, extruded
strands or rods, moulded parts, composites and poly-
mer blends were observed by SEM study of fractured
specimens. A potential artefact of fractography is that
the fracture event may be the origin of the structures
observed. The Amray 1000 SEM was used in these
studies.

2.5. Analytical electron microscopy

Ultrathin samples are required for the TEM imaging
modes while thicker samples (about 1 to 3 mm) can be
imaged in the SEI mode. Following the work of Dobb
et al. [46] a high power ultrasonic device was used to
disintegrate or pulp LCP fibres, providing fine “fibril-
lar”” materials thin enough to image in the TEM and
for electron diffraction. Diamond knife microtomy
was used to provide intact, longitudinal sections
between about 50 and 100 nm thick [28]. Sections were
examined by bright-field imaging, and by diffraction
methods, such as dark-field (imaging), selected-area
electron diffraction (SAD), and microdifiraction, in
the JEOL 100CX. The spatial resolution of X-ray
diffraction is several millimetres in diameter, while
that of selected-area electron diffraction is about 1 um;
in micro-diffraction the spatial resolution can be as
small as 20nm. Studies of thermotropic polymers
[51, 59] and determination of the separate phase struc-
tures coexisting in poly(ethylene terephthalate-co-p-
hydroxy-benzoate) (X7G®) fibres [28], were deter-
mined by this technique. High resolution SEI micro-
graphs are formed from surface secondary electrons
with a resolution of about 3.5 nm [60]. SEI techniques
have been developed to elucidate polymer fine struc-
tures [60, 61].

2.6. Plasma and ion etching

Plasma and ion etching are methods employed to
prepare specimens for microscopic observation of
bulk or internal structures. Etching methods are
known to cause potential artefacts. Plasma etching
studies were conducted in a low temperature plasma
asher (LTA). This device was shown to provide a
non-directional oxygen plasma which minimized arte-
fact formation. Oxygen and argon were used at
162°C, at times of 5 to 30 min. Ion etching was per-
formed with the lon Tech ion beam micro-sputter gun.
Structural results from both etching techniques were
similar.

3. Results
3.1. Uniaxially oriented extrudates
Observation of the texture of small molecule liquid



crystals, in the optical microscope, reveals typical
phase structures [62, 63] which are important in
describing these materials. Accordingly, optical inves-
tigation of liquid crystalline polymers was undertaken
which proved useful in the definition of the structure
and for comparison with the small molecule analogues.
Optical study of a uniaxially oriented NTP fibre or
thin tape, viewed in a polarizing microscope at 45
degrees to the polarization direction (Fig. 1a), shows
the polymer is highly oriented with no apparent fine
structure, as expected. When these sectioned fibres or
tapes are observed in the orthogonal position in polar-
ized light they exhibit a faint “‘salt and pepper” texture
and thus incomplete extinction, as shown in Fig. 1b.
This observation of incomplete extinction, also
observed for Kevlar [64], is unexpected, as highly
oriented fibres generally exhibit complete extinction
when oriented parallel to either polarization direction
[64]. High magnification (up to x 1600) micrographs
(Fig. 1c) reveal textures that may be described as
“domain-like”, i.e. regions of high local order. The
domains observed in oriented structures are about
0.5 pm across (500 nm), elongated along the fibre axis.
The colour variation between domains is of the same
order, and thus is not the result of major orientational
variations. Such colour variations may be the result of
small orientation variations within the plane of the
section or they may be accounted for by a slight out of
plane tilt, or serpentine trajectory, of the molecules
within a domain, compared to adjacent domains. This

Figure 1 Observation of a thin section of a highly oriented tape, at
45 degrees to the crossed polarizers (a), shows it is highly birefrin-
gent. A fine “‘salt and pepper” texture is seen when the section is in
the orthogonal position (b) revealing incomplete extinction of the
polymer. A higher magnification view of the area in (b) shows a fine
“domain” texture, elongated in the axial orientation direction (c).

theme will be developed further in the discussion of
extrudates, as a periodic 500 nm structure, observed as
striations perpendicular to the fibre axis, is termed a
lateral ““banded texture” in less well oriented NTPs.
This interpretation is consistent with studies of NTP
sheared films by Donald and Windle [50] who have
suggested that banding, also on a scale of about
500 nm, is associated with a “serpentine” path of the
molecules about the shear direction. Additionally,
this interpretation is somewhat analogous to the
“meander” reported for poly(p-phenylene benzobis-
thiazole) (PBT) [18], and the “pleated sheet” struc-
tures reported in some PPTA fibres [43]. The variation
observed in the NTPs is more a meander, or serpen-
tine, than the sharp pleat observed in PPTA. The
reported periodicity is about 500nm [16, 43, 65] in
PPTA and also about 500 nm in the NTPs reported
here.

Highly oriented NTP extrudates (fibres, tapes, etc.)
show a longitudinally oriented ““fibrillar’” microstruc-
ture when prepared and observed by various micro-
scopical techniques. By “fibrillar’” is meant structures
of high aspect ratio, although these are not necessarily
structures exhibiting strict fibre symmetry. In most
cases, “tape-like” is a more accurate description and
often the structures appear to be uniaxially oriented
sheets. Fibrillar structures are observed by optical
microscopy of specimens peeled apart or fractured
and often fine fibrils are seen of the order of 500 nm
wide, elongated with the fibre axis. Fibrillar, tape-like
structures have also been observed in the SEM of
fractured fibres of both NTPs (Fig. 2a to d) and for
Kevlar (Fig. 3). Unless otherwise stated discussions of
fibril sizes refer to the smallest dimension noted.
Fractography of typical NTP fibres reveals a distinct
surface skin and a regular fibrillar internal structure
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Figure 2 Fractured, uniaxially oriented fibres exhibit a fibrillar microstructure when examined in the SEM. Tape-like structures (a), fibrillar
fracture and a coherent surface skin (b and c), and fine fibrils (d), are all typical of NTP fibres.

with a characteristic size of about 5 um, as illustrated
in Fig. 2. 1t is generally observed that the strength of
the fibre correlates with fibnilarity of the fracture
surface and the length of the fibril “pull outs™. Similar
results have been published for PPTA fibres [23] and
an example of a fractured Kevlar fibre is shown in the
scanning electron micrograph in Fig. 3.

Fibrils observed in the TEM following sonication
are shown in Fig. 4. This method permits evaluation
of the finest microstructures present in these materials.
Fig. 4a shows a fibril of PPTA; its selected-area dif-
fraction pattern shows the oriented nature of the
structure. A fibril from a sonicated as-spun NTP,
shown in Fig. 4b, exhibits a fine texture perpendicular
to the fibre axis which will be termed a ““microbanded”
texture. The periodicity of the observed microband-
ing, about 100.nm, and the size of the bands (50 nm or
0.05 um), are interestingly an order of magnitude
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smaller than the banded textures observed in extru-
dates (below) and in sheared films [49, 51), and this
may suggest a relationship to the serpentine molecular
trajectory model described above. Shadowing, used to
highlight the three dimensionality of fibrils (Fig. 4d),
reveals that these fibrils range in size down to 50 nm
and that they are thinner than they are wide.

A fibril from an annealed NTP (Fig. 4¢) did not
exhibit the microbanding observed in the as-spun
fibre. Although the diffraction pattern in the as-spun
fibril is weak and too short-lived to record, the pattern
for the annealed fibril was sufficiently stable to allow
an SAD pattern to be recorded (inset in Fig. 4¢).
Annealing appears to cause a general perfecting of the
fibrillar fine structure of the fibre. The outer skin
surface, present in all LCP forms, becomes more
coherent after annealing. This increased perfection is
also seen within the fibres, as shown in transmission



electron micrographs of ultrathin sections (Fig. 5).
Internal textures appear more fibrous as-spun (Fig.
5a), and more sheet-like after annecaling (Fig. 5b).
Selected-area electron diffraction studies of both
fibrils and sectioned fibres show sharper, longer last-
ing diffraction patterns after annealing. This has also
been shown by X-ray diffraction studies of aromatic
copolyesters [66] and is consistent with both X-ray
and electron diffraction studies of PBT [67]. The trans-
mission electron micrographs show that the sectioning
process itself reflects a more “rubbery” texture in the
as-spun fibres. The data all suggest an increase in
lateral order and overall perfection of the structure
occurs upon annealing.

Plasma-etching studies were conducted on flat,
oriented NTP ribbons. The controls for these exper-
iments are shown in the SEI micrographs in Fig. 6. As
expected, neither glass fibres (Fig. 6a) nor amorphous
PET film (Fig. 6b) show regular structures after etch-
ing. Oriented materials, such as PPTA and PET fibres,
Figure 3 A fractured Kevlar fibre is seen to be highly fibrillar when shown in scanning electron micrographs in Figs 6¢
viewed in this scanning electron micrograph. and d, respectively, do exhibit striations perpendicular

(a) -

Figure 4 Fibrils are shown in transmission electron micrographs of sonicated fibres. PPTA fibrils (a) exhibit fibre orientation, as shown in
a SAD pattern (inset in a). A fibril from an as-spun NTP(b) shows a microbanded texture, whereas no microbanding is observed in an
annealed NTP (c). Selected-area electron diffraction could only be recorded for the annealed NTP (inset, ¢). Shadowing (d) is used to highlight
the three dimensionality of the fibrils.
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Figure 5 Ultrathin longitudinal sections of as-spun (a) and annealed (b) NTP fibres show axially fibrillar order, with a finer and more coherent

structure after annealing.

to the fibre axis. A scanning electron micrograph of an
NTP ribbon surface, before etching, is shown to have
a coherent surface skin (Fig. 7a), Etched NTP ribbons
are shown in Figs 7b and ¢ by SEM, and in the SEI
micrograph in Fig. 7d. Submicrometre striations, nor-
mal to the draw direction, are observed with a period-
icity of about 50 nm. This type of lateral structure has

been observed earlier for oriented fibres [68, 69], and
a periodic structure of about 35 nm has been reported
for Kevlar {23, 52, 70], which has been attributed to
the existence of defect layers in the fibre structure [52].

Fibres, films, ribbons and other NTP structures,
extruded at relatively high drawdowns from the melt,
all have in common the well oriented, fibrillar (sheet-

Figure 6 SEI micrographs of fibres following plasma etching with argon reveals a range of textures. Etched glass fibres (2} have fine surface
protrusions but no ordered structure and an amorphous poly(ethylene terephthalate) (PET) filru surface shows evidence of internal particles.
Both PPTA (c) and PET (d) fibres exhibit lateral striations, normal to the drawn fibre axis.
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Figure 7 The surface of an untreated, oriented ribbon, prior to etching, is shown in the scanning electron micrograph (a) to have a coherent
skin and an axial (vertical) fibrillar texture. Following plasma eiching a laterally oriented pattern is observed in the scanning electron
micrographs (b and c) which is more clearly shown in the SEI micrograph (d).

like) texture generally associated with highly oriented,
extended chain, high modulus polymer extrudates. The
size of these structures is of interest because of their
hierarchical nature, which appears similar in nature to
the structural “‘hierarchies™ first observed for PPTA
by Dobb ez al. [46]. The structural model observed for
all LCP oriented structures is shown in Fig. 8. Tape-
like macrofibrils, about 5 um in diameter, are observed
in peeled fibres (SEM, top two micrographs in Fig. 8),
fracture surfaces (SEM, Figs 2 and 3), and in ultrathin
sections (TEM, third figure down in Fig. 8). Fibrils, of
the order of 0.5 um (500 nm) wide, are observed in
fracture surfaces (SEM, Fig. 2), peeled fibres (SEM,
top two micrographs in Fig. 8), eiched ribbons (SEM,
Fig. 7), and in ultrathin sections (TEM, third figure
down in Fig. 8). The fibrillar dimension is the same as
the domain width (OM, Fig. 1), consistent with the
observation that when fibrils are pulled or fractured
apart in the optical microscope they are seen to be one
domain in width (500 nm) and very long. In PPTA the
analogous fibrils are also about 500 nm with periodic
lateral banding observed at this same dimension.
Microfibrils appear, on average, to be about 0.05 um
(50 nm); these are seen in ultrathin sections (TEM,
third figure down in Fig. 8), sonicated fibres (TEM,

last figure in Fig. 8) and in etched materials (Fig. 7).
In PPTA the analogous microfibrils appear to be
about 0.03 um (30 to 40 nm) in size. The finest struc-
tures observed in the NTP fibres are of the order of
about 5nm in thickness and in PPTA these structures
are about 3nm in size.

In summary, the NTP oriented extrudate structural
hierarchy is composed of: macrofibrils, about 5 um
diameter; fibrils, about 0.5 um (500 nm) across and,
microfibrils, that are about 0.05 gm (50 nm) wide and
Snm thick. This hierarchy is illustrated in the LCP
fibre structural model, shown in Fig. 8. The serpentine
trajectory of the molecules (regular in and out of plane
tilting) and the etching results suggest that in addition
to the structural hierarchy there may be a “defect
hierarchy” inherent in LCP structure. The term “defect
hierarchy” is used to describe any periodic deviations
from a rod-like behaviour or packing observed along
the molecular axis.

3.2. Thick extrudates and moulded parts

The microstructure of thick extrudates (lateral dimen-
sions all much greater than fibre dimensions) and
moulded bars are composed of the hierarchial units
equivalent to those described for LCP fibres, with the
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Figure 8 The LCP structural model shows the hierarchial, fibrillar texture of LCP materials in an artist’s drawing (left) and in micrographs

of oriented materials (right).

added complications of structural macrolayers, major
skin core effects and orientational variations. Finite
diameter strands exhibit a highly oriented outer skin
(as in fibres), axially oriented inner skin layers and,
generally, a randomly oriented core. Similar structural
features are noted in moulded parts, with complex yet
regular variations of molecular orientation super-
imposed. The skin core texture has been commonly
observed in both extrudates and moulded parts, as
documented in the literature for LCPs [30, 31, 41, 71]
and for typical thermoplastics [72, 73].

Polished thin sections of extruded rods, viewed in
polarized light (Fig. 9), clearly show the oriented skin
(top of the micrographs) and the less well-oriented
core of the rod. A fine domain texture, observed in the
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core, and to a lesser extent in the skin, is the major
optical texture present. Incomplete orientation in the
skin causes these domains to be elongated and yet
irregular, whereas they are more rounded in the
unoriented core. Flow lines [30, 31] are observed in the
core, remarkably similar to the bands observed in
sheared films of other polymers [49, 50]. The bands
observed optically in sheared films are due to periodic
variations in orientation of the principal optical vibra-
tion directions about the shear axis while the bands in
the solid extrudates appear similar and aligned about
the fibre axis. The origin of these lateral structures
might well be the serpentine molecular trajectory
described above. The ratio of skin to core increases
with increasing drawdown ratio (increased molecular



Figure 9 Polarized light micrographs of an extruded rod thin section reveal a partially oriented skin and an unoriented core. Comparison
of the section shown in the orthogonal position (a) and at 45 degrees to the crossed polars (b) shows the orientaton of the skin (top) compared
to the core. A section of a rod containing voids clearly shows this skin (c) orientation compared to the core (d) as the voids are elongated

in the former and rounded in the latter.

orientation), and the boundaries between skin and
core are sharp and distinct.

A domain texture similar to that seen in the core of
thick rods has also been observed in NTP melts utiliz-
ing the thermo-optical system described above. The
domain textures are similar whether the melts are
derived from thin slices of the extruded rods or poly-
mer powders. Domain textures are shown in Fig. 10
where the structure in a section cut from a solid state

specimen (a) is compared to the structure observed at
elevated temperature (b). This domain texture can be
described as a schliern or nematic texture, and is equi-
valent to the textures seen with small molecule, nematic
hiquid crystals [62, 63]. This texture is more difficult to
isolate in thin sections of solid polymers at room
temperature, because of overlapping structure effects
in these thicker materials, although highly magnified
micrographs (Fig. 10a) show the texture more clearly.
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Figure 10 Polarized light micrographs show a detailed view of the nematic domain texture in a section cut from a solid state specimen (a)

and a similar texture observed at elevated temperature (b).
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Figure 11 Structures arranged perpendicular to the axis and a surface oriented skin are observed in a polarized light micrograph of a free-fall
strand (a). Fractured strands, shown in scanning electron micrographs (b to d) exhibit a sheet-like, fibriilar texture and a coherent surface

skin.

Low average orientation rods, produced by allow-
ing the polymer to “free fall” from a jet, also exhibit
lateral structures and a surface, oriented skin, as
shown by polarized light microscopy of a longitudinal
polished thin section (see Fig. 11a). The smooth sur-
face skin and sheet-like texture of the core of these
fractured samples is clearly indicated in the scanning
electron micrographs in Figs. 11b to d. As orientation
is increased, the ratio of skin to core increases (Fig.
12a) and longer, more fibrillar structures are observed,
as shown in the micrographs in Figs 12b to d. Fine,
submicrometre, sheet-like fibrils are observed in the
fracture surfaces (see Figs. 11b to d and 12b and c).
The variations in the layered structures and the skin
core phenomena observed can be correlated to the
process history and the polymer details [30, 31]. Using
a composite mechanics approach [74, 75], the relation-
ship between the structure and physical properties is
being established.

NTP moulded bars exhibit a layered structure, with
macrolayers of sufficient thickness to be visible to the
naked eye, as shown in Fig. 13. Fig. 13a is a low mag-
nification reflected light micrograph of a polished
moulding and Fig. 13b is a more detailed view, of
another bar, where lateral layers or flow lines, and
structures arranged longitudinally are both visible,
illustrating the importance of the detailed process
history in determining the structure of LCP mouldings
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[41]. Microtomy of moulded bars is difficult but sec-
tions exhibit a domain structure (Fig. 13¢). The domain
texture is indistinct due to the thickness of the sec-
tions. Fracture surfaces of moulded bars, observed in
the scanning electron micrographs, in Fig. 14, reveal
these layers in more detail. Fig. 14a shows the coher-
ent surface skin, while a layered texture is shown in the
fracture surface in Figs 14b and c.

The microstructure of moulded bars can be described
according to the local orientation imposed by the pro-
cess. Beginning with the uniaxial outer skin, oriented
parallel to the mould filling direction, a series of layers
are observed which differ in average orientation with
respect to one another, as well as in the perfection of
orientation within any given layer. In general, perfec-
tion decreases as one proceeds from skin to core. As
the resolution of the viewing technique is increased,
macrolayers are found to consist of thinner layers
which are themselves composed of microlayers. The
one exception to this is the central core which has little
or no orientation and is relatively featureless. Similar
results have recently been published by Weng et al.
[71], showing the texture of mouldings by SEM study.

To further elucidate internal microstructure, etch-
ing experiments and X-ray diffraction were performed
on thick extrudates and moulded parts. Polished rod
sections exhibit flow patterns and layered structures
when viewed in reflected light, as shown in Fig. 15a.



Figure 12 A more highly oriented strand, shown in a polarized light micrograph (a), is seen to have a higher skin/core ratio than the free
fall strand in Fig. 11. Fractured strands, shown in the scanning electron micrographs (b and c), have a more pronounced fibrillar fracture
(b). Detailed examination shows a coherent skin which differs from the fibrillar core (d).

The fine domain texture observed in transmitted polar-
ized light (Fig. 15b) indicates some orientation is
present in the skin. SEM studies of these polished sur-
faces revealed little about the underlying fine structure
(Figs 15¢c and d) until the surfaces were plasma etched.
The flow direction of the extruded rod is aligned verti-
cally in the SEI micrographs of the argon-etched
strand, shown in Fig. 16. The overview (Fig. 16a)
shows an area about one-third of the way into the rod
with a “grain”, or domain, texture uncovered by the

Figure 13 Reflected light microscopy of polished moulded bars
shows a layered structure (a) and structures frozen in due to para-
bolic-shaped flow lines in the polymer (b). Polarized light micro-
graphs show a fine domain texture (c) is present.




Figure 14 Fractured moulded bars, examined in the SEM, reveal a fine coherent surface skin (a) and lateral layers (b and ¢) superimposed
on a skin core texture.

i%&.
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Figure 15 A polished extruded strand is shown in a reflected light micrograph (a) to have lateral flow layers and an oriented skin. A thin
section, viewed in polarized light (b), reveals both a fine domain texture and an oriented skin, with an abrupt change from skin to core.
Scanning electron micrographs of these polished surfaces (¢ and d) complement the optical study.
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Figure 16 Plasma etching the rod shown in Fig. 15 resulted in an “uncovering” of the texture, shown in the overview SEI micrograph (a)
taken about a third way into the strand. At higher magnification (b and c) the fibrillar etch texture observed is oriented in the direction of
the flow lines. One fibril is seen perpendicular to the others. In an area near the outer edge of the strand, the fibrillar etch texture is oriented

parallel to the strand axis (d to f).

plasma etch. Higher magnification micrographs (Figs
16b and c) reveal a fibrillar texture that is parallel to
the flow lines in each region. One fibril is seen that is
perpendicular to the others. In the inner skin layers
the fibrillar structures are oriented parallel with the
rod axis (Figs 16d to f). The fact that the etch textures
observed vary in orientation, depending on location in
the strand, strongly suggests that they are not a func-
tion of directionality imposed by the plasma but,
rather, a function of the underlying morphology of the
strand.

A micro X-ray diffraction experiment provided
further information regarding the orientation in the
skin and core of the moderately onented extruded rod,
shown in Figs 15 and 16. Patterns were recorded from
individual 100 um diameter areas of the skin and core.
These patterns (Fig. 17) showed that the molecular
axis is oriented parallel to the rod axis, with the degree
of orientation varying from a high of about 13 degrees
in the skin (Fig. 17a), to much lower in the core (Fig.
17b). Overall, the micrographs shown in Figs 13 to 16
are representative of the structural hierarchy typical of
LCP mouldings. Variations in orientation are by com-
plementary microscopy and X-ray diffraction exper-
iments.

The structural textures, and their representative
sizes, typical of NTP thick extrudates and moulded
parts are quite uniform and they can be described by
the hierarchical structural model shown in Fig. 18. The
extrudate structure is shown in the artist’s view, on the
upper left, and in the scanning electron micrographs
and optical micrographs, on the upper right, respect-
ively. The moulded bar structure is shown in the lower
drawing and scanning electron micrographs. In both
cases, the sheet-like layers, observed in SEM views of
the fracture surfaces, and lateral band structures seen
optically, are on the order of 0.5um. Finer lateral
striations and the fibrillar textures in the f{ractures,
observed in the SEM, are on the order of 0.05 um. The
domain textures in all these materials are about 1 to
Spm across, depending on the orientation. These
macrostructures, at Sum are composed of smaller
units, at two orders of magnitude smaller size. This is
clearly seen in the “grains”, or domains, uncovered in
the etched strands, which were shown to be composed
of microfibrils. Note that the characteristic layer
thicknesses are consistent with the fibrillar structures
representative of the fibre structure and shown in the
fibre model in Fig. 8. The macrostructures and skin
core textures observed in extrudates and mouldings
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Figure 17 Micro X-ray diffraction patterns are shown recorded from 100 ym diameter areas in the skin (a) and the core (b). Note that due
to the polishing method used a small portion of the opposite side of the strand was sampled by the X-ray experiment of the core region,

resulting in some evidence of orientation which is due to the skin.

differ only in degree and, most importantly, the basic
building blocks of all the fabricated forms investigated
appear to be the same.

4. Discussion

A comparison of the observed morphology of LCP
fibres, thick extrudates and injection mouldings
reveals a consistent microstructure composed of
fibrallar units organized in a hierarchical structure, as
illustrated in Fig. 8. Although the evidence is less
clear, it appears that a “defect hierarchy”, a periodic
spacing of defects through the microstructure, is also
quite representative of LCP structures in the solid
state. It is evident, however, that the details of how the
hierarchical units are arranged within a given specimen
is a strong function of the process and polymer history
of that sample.

From the evidence presented here, not much can be
said about the length of the fibrillar units other than
to observe that fibrillar ends are rarely, if ever, seen.
Laterally, the fibrils are identified by a characteristic
minimum dimension which defines the hierarchy, and
a larger, more variable lateral dimension which is
related to process history. It is universally observed
that highly oriented polymers possess a microfibrillar
morphology: for details see the chapter, “Comparisons
between Synthetic and Natural Microfiber Systems”,
by Sawyer and George [76], the recent books by Ciferri
and Ward [2], and Zachariades and Porter [3]. Major
unanswered questions are:
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1. What parameters control fibrillar dimensions?

2. Are thinner fibrils caused by fractures of larger
fibrils, i.e. are the structural observations a priori or a
posteriori events?

The evidence presented here suggests the fibril-
lar structures exist prior to sample preparation for
microscopy. The similarity of fibrillar minimum
lateral sizes observed over a broad range of LCP
samples suggest that a minimum stable size exists for
microfibrillar structures. The larger, lateral dimension
of the fibrillar structures seem to be a consequence of
the geometry and gradients of the stress and tem-
perature fields during formation. For example, the
“fibrils” are fibre-like in fibre samples, tape-like in
thick extrudates and sheet-like in injection-moulded
bars. Periodic defect structures are commonly observed
in highly oriented systems. Etch patterns very similar
to those observed with the NTPs have been published
for PPTA [23, 70] and the persistence of long periods
in ultra-drawn polyethylene has been noted (see for
example Ciferri and Ward [2] and others [3], etc.). In
polyethylene, the origin of the long period is not attri-
buted to the persistence of the original lamellar struc-
ture from which the highly oriented structure is drawn,
but rather to the thermal history of the newly drawn
material [55, 56]. Interestingly, the models advanced
to explain conventional polymer drawing, such as the
elegant treatment by Peterlin [53—56], define a fibrillar
hierarchy in the final state which is caused by the
organization of the precursor material prior to drawing.
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Figure 18 The LCP polymer structures of extrudates (top) and mouldings (bottom) are shown in both the artists views (left) and by

micrographs (right).

Also implicit in these models, and experimentally
verified, is that the diameter of the microfibrils will
vary with draw ratio [7]. While it is beyond the scope
of this work to address these points in detail, if one
hypothesizes that the ““domain” structure of the LCP
mesophase is analogous to the spherulitic starting
state of highly drawn conventional polymers, a unified
concept of highly oriented polymer structure forma-
tion could result.

The key to the understanding of the structure—
property relationships of LCPs, and other highly
oriented polymer systems, is the mechanism of stress
transfer between structural units. It has been shown in
detail by Ciferri and Ward [2] that the mechanical

properties of highly oriented polymers follow compo-
site mechanics concepts (aggregate model [74, 75]). In
high-modulus polyethylene taut tie molecules in paral-
lel with the oriented crystal structure (intrafibrillar
ties), coupled with many chains traversing several
crystalline regions (interfibrillar ties), is the accepted
stress transfer model [2, 55, 56]. Similarly, duPont
scientists explain the high mechanical properties of
PPTA in spite of an axially periodic defect layer,
within the fibrillar structure, in terms of chains achiev-
ing crystallographic registry in several crystalline
regions in axial proximity, i.e. the persistence length of
the molecular chain is greater than the average axial
distance between the crystallites. The similarity of
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NTP behaviour to PPTA, in this regard, implies
mechanistic equivalence; it is evident that the true,
three-dimensional crystallographic registry of PPTA
is not necessary for this stress transfer to efficiently
occur. The solid state order of the NTPs is less than
fully three-dimensional, as described by Stamatoff [29]
and Blackwell [66]. For the stiff chain polymers, the
important question of interfibrillar stress transfer has
not been fully resolved. Possible mechanisms include:

1. Interfibrillar tie molecules, in analogy to poly-
ethylene;

2. Interfibrillar “tie fibril”, as hypothesized by
Weng et al. for NTP mouldings [71];

3. A fibrillar network, as hypothesized by Allen et
al. in PBT [20];

4. Interfibrillar friction due to the tortuosity and
proximity of fibrillar units;

5. Interchain interactions — strong evidence points
to chain slippage as the ultimate failure mechanism of
LCPs (see the work of Yoon [33]).

It has been shown that as the process history of an
NTP becomes more complex, the sample microstruc-
ture also becomes more complex, as evidenced by
macro-layers, orientational variations, skin core
effects, etc. To a large extent, the observed solid state
complexity is a reflection of the ease with which NTP
molecules will orient in an elongational flow field [30,
31, 41]. The often observed skin core structure is a
consequence of the very high mechanical anisotropy
of N'TPs; as the outer layer of a specimen is aligned its
modulus increases dramatically. This leads to a non-
uniform stress distribution across the specimen with
the proportion of the forming stress supported by the
high modulus “skin” increasing. This causes an effec-
tive lowering of the stress on the sample interior;
hence, a lower orientation in the core. As the orienting
field is increased this “orientation front” will proceed
through the sample. The apparent sharpness of the
skin core boundary is also a consequence of the very
high mechanical anisotropy of the LCP molecules.
The very complex orientational variations observed in
LCP mouldings is a consequence of the complexities
of mould filling flows, as discussed by Ide and Ophir
[30, 31], Garg and Kenig [32], Thapar and Bevis [41]
and Weng ez al. [71]. Once the orientational distribu-
tion in the layers is elucidated, mechanical properties
may be understood in terms of composite theory [2,
74, 75].

5. Conclusions

It has been shown that the microstructure of a broad
range of LCP specimens, including fibres, thick extrud-
ates and injection-moulded parts, may be described by
a hierarchial model which is composed of similar fibril-
lar subunits, as shown in Fig. 8. The layering, orienta-
tional variations and skin core effects, observed in
thick samples produced in complex flow fields, are
shown in the model in Fig. 18. These structures are a
consequence of the response of the basic hierarchical
units to the formation environment. Superimposed on
the structural hierarchy there appears to be a defect
hierarchy, as manifested by both a banded texture
(500 nm and 50 nm) and regular etch patterns (50 nm).
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These conclusions are consistent with structural infor-
mation published on other high modulus polymer sys-
tems, such as PPTA [23, 43), ordered polymers [18, 20],
and ultra-oriented polyethylene [2, 3, 56]. It is sug-
gested that the basic structure of all highly oriented
polymer systems might be described by a single struc-
tural model.
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