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ABSTRACT

Thermotropic 1liquid crystal polymers have been modeled as an
array of highly ordered polyhedric nematic domains immersed in a less
ordered, nearly isotropic matrix. A function has been defined which
expresses the elastic modulil of drawn fibers as a function of orientation
and geometry of the nematic domains. When such a material is hot drawn in
extension the domains orient and elongate to produce an orthotropic
fibrous phase. Equations are proposed to relate the elastic modulii of the
fibers to the draw ratio and the extrusion conditions. Upon annealing the
hot drawn fibers, shrinkage occurs. It is proposed that the shrinkage is
the result of a physical transformation from the fibrous state back to the
nematic domain structure present before extrusion and drawing. The Avrami
equation is used to describe the nucleation and growth processes
controlling the shrinkage at constant annealing temperature. The model is
shown to correlate experimental data on the elastic properties and the
shrinkage of hot drawn PET/PHB60 1liquid crystal polymer with the

processing conditions.




THE EFFECT OF HOT DRAWING ON THE PROPERTIES
OF
THERMOTROPIC POLYMER FIBERS

A.T. DIBENEDETTO
UNIVERSITY OF CONNECTICUT
DEPT. OF CHEMICAL ENGINEERING
INSTITUTE OF MATERIALS SCIENCE
STORRS, CT.
L. NICOLAIS, E. AMENDOLA, C. CARFAGNA, M.R.NOBILE
UNIVERSITY OF NAPLES

DEPARTMENT OF MATERIALS & PRODUCTION ENGINEERING
NAPLES, ITALY

INTRODUCTION

Thermotropic polymers produce a high degree of molecular
orientation during processing in the melt state and are able to maintain
this orientation during solidification. Relatively rigid backbone
molecules produce anisotropic or orthotropic structures capable of being
formed into high stiffness and strength fibers. Since they can be
processed In conventional processing equipment they are prime candidates
for reinforcement of conventional thermoplastic and thermoset polymers
(1-6). Over the past few years a number of research groups have studied
the processing characteristics of thermotropic polyester and copolyester
fibers. McFarlane et.al.(l), Ide and Ophir (2), Ide and Chung (3),
Calundann and Jaffe (4), Baird and Wilkes (5) and Zhou et.al. (6) have all
examined the effects of polymer composition and shear and extensional flow
on the mechanical properties of extruded and drawn thermotropic polymers.

When the nematic 1liquid crystal phase is extruded, either alone

or in a blend, it will undergo both shear and elongational flow. The

orientation and texture upon exiting the extruder will be complex because
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of the variation of flow field within the extruder and at the die exit.

Within the extruder the orientation of the nematic phase will vary from
highly oriented at the walls to much less oriented at the center. The
variation "In structure, resulting in a skin-core effect, has been studied
by a number of investigators (2-5). When the melt is hot drawn in an
extensional flow field the nematic domains are oriented in the direction
of extension and appear to be drawn into an oriented fibrous form with a
high 1length-to-diameter ratio. Since the relaxation of the fibers and
reversion back to a disoriented isotropic state is negligible in the solid
state, they provide an attractive alternative to glass, graphite and other
more traditional reinforcements.It has also been shown that liquid crystal
polywers containing chemically disordered chains can undergo a phase
transition from a nematic to an 1isotropic state over a broad range of
temperature, which results in the formation of a two-phase material (7-8).
Based on the general appearance of the highly drawn fibers, we propose
that upon exiting the extruder the thermotropic melt can be considered an
array of polyhedric nematic domains interconnected through nearly
isotropic boundaries of less ordered material. When an extensional stress
is imposed, the material behaves much like an elastic network during draw,
and 1is capable of relieving internal stresses after drawing by relative
movement of the deformed nematic regions through shearing of the oriented,
but weak, matrix boundaries. We will describe the elastic properties of
hot drawn thermotropic fibers as a function of draw ratio, temperature and
extrusion conditions. We will also describe the relaxation behavior of
these materials as a function of annealing time and temperature. The model

will be compared to data on drawn PET/PHB60 thermotropic polymer fibers.




The following morphological analysis of the nematic structure of
a PET/PHB60 liquid crystal polymer (LCP) is the basis for the mathematical
modelling of the LCP hot drawing process. The nematic phase is assumed to
be composed of highly oriented domains interconnected through boundaries
of less ordered material. The orientation, size and shape of the nematic
domains are sensitive to temperature, pressure, shear and elongational
stresses and electromagnetic fields. The effects of time and temperature
on the structure of PET/PHB60 are shown in Figure 1. When a thin film of
the LCP {is observed at 220°C between cross polarizers a faint texture is
evident and 1is the result of the slight shear stresses imposed on the
material while preparing the sample for microscopy. No macroscopic
orientation 1is detectable when rotating both the cross polarizers,
indicating that the nematic domains are randomly oriented throughout the
film. As the temperature is Iincreased, the fine structure of the submicron
domains transforms to a much coarser texture. For example, after 25
minutes of annealing at 260°C the domains appear to agglomerate into
well-defined, macroscopically oriented domains of up to 10 to IS}Lm. The
black spots in Figure 1b are highly anisotropic zones, as clearly shown by
rotating both polarizers. The black areas turn light upon rotation of the
polarizers, indicating that the molecules in the domains are oriented
perpendicular to the analyzers. One can clearly see a distribution of
domain sizes and, with time, the smaller domains evolving into larger,
wore stable zones. (We will show later that hot drawing of the material at
this temperature results in a fibrous structure with a broad distribution

of fiber diameters.) As the temperature 1is increased further to 300°C
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and held for 10 minutes (Figure lc), black brush-like areas appear, which

are well-known characteristics of a nematic phase (7-9). The brush lines
meet at disinclination points still present in the structure. The
boundaries between the domains are now much broader, and large portions of
highly oriented material are clearly detectable.

When the material is extruded and hot-drawn at 260°C, a highly
oriented fibrous structure results (10). In Figure 2a a portion of an LCP
fiber drawn at a draw ratio of 250 is shown before and after rotating the
polarizers by 45°., The texture of the specimen is clearly fibrous, and
both long and short fibers can be identified (Figure 2a). Rotating the
polarizers 45°, one can see boundaries between the oriented fibers in
which the molecules are oriented at angles other than the draw axis
(Figure 2b). Both scanning electron micrographs (Figure 3a) and optical
micrographs (Figure 3b) of fracture surfaces of the drawn fibers confirm
the presence of a fibrous texture. As can be seen the highly drawn fibers
appear to have two distinct characteristics. There are fibrous elements
with diameters of the order of a few to 10 microns that consist of bundles
of very fine filaments in the sub-micron region. These bundles appear to
be held together in much the same fashion as in fiber reinforced
composites, thus forming a high strength composite filament. Upon
annealing the drawn fibers, shrinkage accompanied by structural changes
occurs. Ellipsoidal shaped nuclei develop around well-defined points in
the fiber structure. These are possibly disinclination points still

present in the drawn material. These nuclei appear to evolve into




5
three-dimensional symmetric nematic domains, randomly oriented throughout

the fibrous structure. Figure 4a shows the first stage of the shrinkage
phenomenon. Ellipsoidal particles are detectable at 230°C after 15
minutes annealing. Spherical particles are formed if the temperature is -
raised to 270°C (Figure 4b), and with a further increase in the
temperature the spherical domains appear to agglomerate as a consequence
of the low viscosity of the fluid phase. The fluid polymer quickly spreads
over the glass surface of the cover slide and the resulting structure,
being determined primarily by the interfacial tension with the glass
substrate, is no longer representative of the original fiber.

On the basis of these observations we will propose an analytic
"composites” model to characterize the properties of drawn LCP fibers and
will use an Avrami-type nucleation and growth model to describe the
kinctics of nucleation and growth of included nematic domains in the

f!brous structure during annealing.

THEORY
1l.Characterization of the Thermotropic Phase Using an Orientation Function

Immediately upon exiting an extruder the partially orlented
nematic phase 1s assumed to consist of highly ordered domains more or less
randomly dispersed iIin a less-ordered transition region, as shown
schematically 1in Figure 5. The ordered domains are assumed to be
polyhedric, occupy a volume fraction Xy, independent of the processing
conditions, and have an orientation relative to the draw axis
characterized by an orientation function Sy. The less-ordered zones

surround the domains, are assumed to have very low shear and transverse

modulii and have an orientation characterized by an orientation function
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S,-The overall molecular orientation of the thermotropic material is the

volumetric average of the orientations of the two reglons and 1is
characterized by Sp. We will propose a composite model to describe the
modulus of this thermotropic phase as it deforms in the extensional stress
field generated during hot drawing. In the absence of stress the highly
ordered nematic zones would probably take on a nearly spheroidal shape,
but in the shear and extensional fields within the extruder they are
deformed into a complex shape which 1is probably not far from being
ellipsoidal with the major axis oriented in the direction of flow. Because
of a high degree of extension at the extruder walls the surfaces of the
extrudate are highly oriented, while toward the center the orientation is
more random . A common view of the structure of the thermotropic material
at rest 1s that of randomly oriented micron or sub-micron size domains of
highly ordered molecules surrounded by boundaries of lesser order. The
domains elongate by slippage of the orlented molecules past one another
since the shear modulii of both the oriented domains and the surrounding
non-ordered material are low. The process is shown schematically in Figure
5. Under the extensional field the domains will rapidly orient and
elongate in the direction of flow and the fiber will approach, in the
1imit of very high elongation, an assembly of cylindrically symmetric,
orthotropic bundles of chains preferentially aligned in the direction of
flow, akin to the aggregate model originally proposed by Ward (11,12). The
overall molecular orientation of the domains can be characterized by a
wvector, called the director, which 1s a measure of the orientation
relative to the draw axis. Before the start of flow these vectors are
randomly distributed 1if no previous flow history is present. In the limit
of very high draw ratio the vectors tend to line up in the direction of

drawvw.
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Let us assume that immediately upon exiting the extruder the

nematic domains of the thermotropic materfal can be characterized by
average director angles, 9% . An orientation parameter, Sy can be
defined in terms of the average values 'of the coszy% of all vectors
which characterize the directions of the molecules which make up the
domains. (The longitudinal direction is defined as the direction of draw.)

The orientation function SN is defined as follows:

Sy = (1/2)*(3 <cos2§a)- 1) (1)

where:

n
o [g(y) cod'y sinp dp
3(5&) sing o/f

wvhere 5(90) is an angular distribution function for the molecular vectors.

(cos

(2)

For perfect orientation in the direction of flow, 90 =0 and Sy=1. For
perfect orientation perpendicular to the direction of flow, 90 .;1(72 and
Sy~ -1/2. For random orientation, g( 90 ) 1s a constant and Sy= 0. If
the boundaries that surround the nematic domains were perfectly isotropiec,

they could be represented by an orientation function §,~0.

2. Relation of the Orientation Functions to Processing Conditions,
When an extrudate is drawn at constant temperature and a draw
ratfo (DR) of greater than one there 1s an elongation of the nematic

domains in the direction of flow under the iInfluence of a unifora




c tege e =

8
extensional stress fleld, as shown schematically in Figures 5 and 6.

Analysis of the surface zone 1is quite complex because of the rapidly
changing temperature and state of stress. Analysis away from the surface,
however, 1s less difficult because the temperature change {s slow and a
nearly uniaxial state of stress exists. Furthermore, during the drawing
stage of the process the thermotropic melt will behave mechanically much
like an elastic network Iin a state of uniaxial tension. Thus, let us
imagine that the molecular vectors will behave as rigid rods rotating in a
homogeneous medium exposed to a uniaxial extensional stress (Figure 7). In
such a fleld of stress a rigid rod aligns itself in the direction of the
tension. If the rod enters the extenslonal stress field at an angle to the
applied tension it will orient continuously and its final angular position
depends on the draw ratio imposed. It has been shown (13) that for a thin
sheet or a cylindrically symmetric fiber the relation between the final

angle of orientation and the inital angle is given by:

tan(V) - tan (f)/DR‘l.S 3
f o

Since one ordinarily starts at the exit of the extruder with a material
possessing a distribution of liquid crystal domain orientation angles, the
final material will have a distribution of LC fiber orientation angles
described by Equation(2). One can relate the final orientation function to

the initial distribution and the draw ratio DR in the following manner:
50 - TAN‘I(TANz/DR“l.S) (4)

cos? ? - DR‘3/(TAN2T + DR*3) (5)
; (o]




/g (@) cos*Ssin& d&
¢ 0082509 — (6)
3(9) sin&d&

where: 6?’ - 3? , and g(&) 1s the orientational distribution function
expressed in terms of the initial distribution of orientation angles and
the Iimposed draw ratio. Thus, from data on the orientation distribution at
the exit of the extruder, g(sg), one can calculate the final orientation
function for the nematic domains, (SN)f' as a function of draw ratio.

A simple approximation of the 1integrals can be obtained by
replacing the true initial angular distribution with an "“average™ constant

value ?9 . We define this average value in the following manner:
o
cos¢p - < cos? AR =[c2syo +13/3] 172 )
(4

Substitution of equation (7) 1into the previous equations

generates equation (8):

(2.5 IO (1~ Su)
*7 (2 St ORI 2(1- Swo

Equation (8) expresses the effect of draw ratio on the

orientation function for the nematic domains.
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We assume that in the absence of external stresses the nematic

domains are randomly oriented polyhedra with an average aspect ratio
(1.e., 1length to diameter ratio) of onme. In the presence of a stress field
the domains simultaneously rotate and elongate. Figure 5 shows that
(SN)f will range from O when (l/d)=1 and the domains are randomly
oriented, to 1.00 when (1/d) —>» 00 and they are perfectly oriented along
the axis of draw. As the domains rotate and translate in the extensional
field, the 1length-to-diameter ratio increases as a function of the draw
ratio. If the directors rotate as rigid rods, (Sy)g will approach 1.00

at a relatively 1low draw ratio. If the oriented domains are easily

deformable and can be drawn at constant volume, one may assume that the
major axes (1) will wvary directly with the draw ratio. Since

1p4dp 2 - 1;*d° 2, the aspect ratio of the ellipsoid, (1/d),
will wvary with (DR)I‘S. On the other hand, if the nematic domains are
rigid and thus non-deformable, their shape will be independent of draw

ratio and the aspect ratio remains constant during the drawing process. We

will assume that at constant temperature the final aspect ratio of the
nematic domains, (1/d)f, varies as a power law function of the draw

ratio:

(1/d)g = (1/d) *(DR)37/2 (9

vhere (n) is equal to zero for a nondeformable domain and equal to one for
a readily deformable domain. The lower limit n=0 can occur both at low
drawing temperature where the domains are too rigid to be deformed in the
extensional stress field and at high drawing temperatures where the shear
modulus (or viscosity) of the disordered boundaries is too low to transmit

the necessary extensional stress to the immersed nematic domains.

S
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Equations (8) and (9) thus relate the orientation and deformation

of the nematic domains to the extrusion and hot drawing conditions. The
disordered material 1in the boundaries must also deform and orient, but it
is not' as easily represented by rigid rod rotation and probably relaxes
back to a random orientation much more readily at process conditions. We
will assume that the boundary material remains nearly 1isotropic at
processing temperatures, and if biaxial orientation appears likely its

structure may be assumed to be orthotropic.

3. Relatiopn of Elastic Modulii of the Fiber to Processing Conditions,

The thermotropic material 1is visualized as a distribution of
polyhedric 1liquid crystal domains embedded in a less ordered matrix. Upon
hot-drawing, the nematic domains are oriented in the direction of draw.
Although the matrix (boundaries) can also be oriented, it is assumed that
it has properties more akin to those of an ordinary amorphous polymer so
that rapid relaxation will maintain a nearly isotropic mass. We then use
the well-known Halpin-Tsai equation to calculate the modulii of the
"composite” thermotropic phase (14). For the longitudinal and transverse
modulil of the drawn fiber in which the nematic liquid crystal domains are

perfectly oriented in the direction of extension, (i.e., SN-I), we use:




( EZ:L)F - 4 + /q E; )(N

(10)

Eilar .i - fz’ )(IU

where J=L (Longitudinal) or T (Transverse), and:

B-= _(E-N/EA)J -1 a1
(EN/Ep)J.+ A

The quantity A 1s equal to 2#%(1/d) for the longitudinal direction

(J=L) ,where (1/d) is the length to diameter ratio of the polyhedric liquid
crystal domains, and A=2 for the transverse direction (J=T).The quantity
Xy 1s the volume fraction of the oriented liquid crystalline domains of
the thermotropic material, and the E,; and Ey; are the longitudinal
and transverse modulii of the matrix (boundaries) and liquid crystalline
domains respectively. Wide angle X-ray scattering (WAXS) data on highly
oriented fibers can be used to estimate the voiume fraction of the
oriented 1liquid crystalline domains.The measured value of the molecular
director of the fiber is the average of the molecular vectors in both the
nematic domains and the less-ordered boundaries. If the molecular director
is Sy for the nematic domains and S,=0 for the disordered matrix
boundaries, one can express the net director Sg as:

Sp= Xy*Sy + (1-XN)*§A - Xy*Sy (12)
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For example, we have found that the highly drawn fibers used in

this study appear to approach a maximum value of (Sp)g~0.81 to 0.83
(as measured by WAXS). At a draw ratio of 300 (the maximum experimental
value) Sy should be virtually equal to one, so that Xy should be
approximately equal to 0.81 to 0.83.

The longitudinal modulus of the fiber, (E{)p, can chen be
expressed as a function of the orientation and distortion of the nematic
domains. When the nematic zones are perfectly oriented the fiber may be
treated as an orthotropic material and its longitudinal and transverse
modulii can be calculated with reasonable accuracy using equations 10 and
11. Vhen the nematic zones are distributed about the draw axis,
(SN<1.00), a weighting function has to be defined in order to account
for the decrease in stiffness associated with the off-axis fiber elements.

For continous fiber elements:

(gL)F = Ep*Xy*f 4+ EA*(I-XN) (13)

where:

JELZE
[

The quantity g(sp) is the orientation distribution function of
f

(14)

the nematic domains. In the absence of sufficient information to calculate
(f) and when the average orientation angle,i&. is relatively small, an
alternate approach to calculating the effective longitudinal modulus is to

consider the fiber as an orthotropic body loaded at angle ég to the
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longitudinal axis. The general expression for the angular dependence of

the modulus is then:

4 _ cos'g , sin'% 4
@ EL’ " . +L(

1 2/))”' .2 =
— - —"JSin2
G,, E, ) o

where Ep, ET and GLT are the longitudinal, transverse and shear
modulii of the fiber respectively, and 3) LT is the Poisson ratio. A

satisfactory approximation to equation (15) has been proposed by Lees(15):
(EL(%))F - EL*ET/wL-(zL-ET)*cos“,;& ) (16)

Equation (16) will produce values within 10 percent of those
using equation (15) wheng is two degrees or less. Since in most practical
situations a draw ratio of at least ten is required to produce a good
fiber, the average orientation angle? for the nematic domains will likely
be less than two degrees and equation (16) should be adequate for
estimating the longitudinal modulus. The modulus, (E;)p, calculated
using equations (13) or (16) can be equated to the apparent longitudinal
modulus deduced from changes in the meridional X-ray scattering as a
function of tensile stress (12). Ward has shown that (EL)F can be
estimated from measurements of longitudinal and shear modulii on liquid
crystals with known orientation. Equation (16) provides the relation
between the longitudinal modulus and the average angle of orientations-g..
Calundann and Jaffe (4) have provided experimental data on the dependence

of tensile modulus on the molecular orientation angle as determined by
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wide angle X-ray diffraction. The results obtained in this work are not

comparable with theirs since they reported the angular dependence of very
highly oriented 1liquid crystal polymers (§>0.9), while the polymers
used in this study had a maximum value of Sp=.83. However, the decreases

in (EL)F with the changes in Sy were quite similar.

4. Relaxat ng Anne ot Drawn Thermotropic
In supercooling the drawn fibers a highly distorted 1liquid

crystal structure 1is frozen in. Upon annealing at a high enough

temperature there will be a tendency for relief of the internal strain by
a disorientation which results in a shrinkage of the fiber. We assume that
the principal mechanism for strain relief will be a physical
transformation from the cylindrically symmetric fibrous state (Sg=1) to
the original randomly oriented nematic domains which made up the liquid
crystal melt (Sg~0). Reformation occurs around point sources still
present in the drawn fiber, each of which acts as a nucleation site. Using
the kinetic theory developed for 1isothermal crystallization, one can
obtain a general equation for the fraction of material x(t) transformed

isothermally at time t (16-17):

x(t) = x(00)*(1-exp- (kt>/x(00))) ~ an

The parameter x(00) 1is the maximum mass of material transformed at the
annealing temperature and k {s a growth rate constant.

The shrinkage of the fiber is caused primarily by the change in
shape from the cylindrical geometry with the high (1/d) ratio to
polyhedric domains with (1/d)=1. If one neglects shrinkage of the

untransformed ms.s, the linear shrinkage is given by:

e ————_
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R=14(t=0)/1¢(t)=(1/d) ¢/ (x(£)*(1/d) ¢}/ 3+(1-x(£))*(1/d)g) (18)

We assume that the drawn fiber has a fixed number of potential
nucleation sites around which micron-size domains can form. An increaing
number of these sites will nucleate as the annealing temperature is
raised, so that x(00) increases with temperature (and perhaps draw ratio
at constant temperature). Shrinkage data will be used to evaluate k and

x(00) as a function of temperature and draw ratio.

EXPERIMENTAL PROCEDURES

The thermotropic 1liquid crystal polymer (LCP) was supplied by
Tennessee Eastman Company. It 1is the well-known copolyester (PET/PHB60)
first synthesized by Jackson and Kuhfuss in 1976 and 1s composed of 40
mole percent polyethyleneterephthalate and 60 mole percent
p-hydroxybenzoic acid. The transition temperatures of the polymers were
measured with a Differential Scanning Calorimeter (DSC), Mettler TA 3000
System. The temperature range 0 to 500°C was scannad at a rate of
10°C/min. The LCP fibers were spun in a CEAST Rheoscope 1000 capillary
viscometer equipped with a melt spinning unit using a flat entry die with
a diameter of 1 mm and a length-to-diameter ratio of 10. Fibers were
extruded at a rate of 45 cm/min and a temperature of 260°C. Filaments were
extruded Into alir at room temperature and collected on a take-up spool
placed at a distance of 30 cm from the die exit. The take-up velocity was
varied in order to obtain draw ratios (DR) ranging from 10 to 300. The
true draw ratio was determined by measuring the final diameter of the
fiber, dg, by means of an optical microscope, and calculating

DR=d¢2/(1.0nm)2.

| : . | —




17
The 1longitudinal modulus of the LCP fiber was determined by

measuring the elastic component of the complex modulus in a Dynamic
Mechanical Spectrometer (Dynastat) at room temperature and a frequency of
1.0 Hz, wusing ASTM D 3399 as a standard procedure. Shrinkage measurements
over a range of annealing temperatures of 180 to 2409C were made on LCP
fibers drawn at a DR of 60 and 25. The initial length was chosen as 3
mn. (Longer  specimens gave a spiral-like deformation upon shrinkage,
probably due to inhomogenieties in the samples.) The 3 mm specimens were
submerged in a silicon oil, Wacker APS 200, in an aluminum crucible. The
oil did not swell the fibers to any measurable extent. To avoid the
sticking of the fibers to the aluminum crucible, a thin Teflon film was
placed 1in the bottom. The temperature of the heating medium was controlled
with a Mettler FP 84 hot stage, and the change of diameter as a function
of annealing time was observed with an optical microscope. The average of
20 measurements at each temperature was recorded. The standard deviation
of each set was generally of the order of 10 percent. Data were reported
as R=- dt:z/do2 versus time, where d. 1is the fiber diameter at a
given time and d, is the initial diameter.

The morphology of the LCP fibers was observed by means of both a
Scanning Electron Microscope (SEM), Stereoscan 100, and an optical
microscope (OP) with cross polars, Nikon LABOPHOT, equipped with a LINKAM
™S 90 hot stage. Transverse sections of the fibers were obtained by
fracturing the specimens in liquid nitrogen. Wide angle X-ray diffraction
patterns were obtained with a Siemens AED Automatic Diffractometer with
CuKg( radiation at room temperature. The order parameter "Sp" was
calculated using numerical methods. Because of the small dimensions of the
drawn fibers, (about 100 }Ln diameter), exposure times of 8 to 24 hours

were required.
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I1SCUSS R

The PET/PHB60 1liquid crystal polymers were extruded and then
rapidly hot drawn at high draw ratios. A ‘typical result for a fiber
extruded at a temperature of 260°C is shown in Figure 8. One sees a
rapid 20-fold increase of tensile modulus, reaching a plateau at about a
draw ratio of 100. Equations 8 to 11 were used to correlate the tensile
modulus with draw ratio. A value of Xy=0.83 was obtained from WAXS data
of the highly drawn fiber. The transverse properties of the oriented
fibers have a relatively minor effect on the longitudinal tensile modulus
at high draw ratio (DR>5), but a substantial effect at low draw ratio
wvhere calculations wusing equation 16 are suspect. It appears, however,
that a value of E;-0.5GPa for the transverse modulus of the oriented
fiber provides an adequate fit of the modulus versus draw ratio at values
of DR>10. Based on WAXS Vdata, the initial value of the order parameter
upon exiting the extruder was Sp~0.12, indicating a relatively low
degree of order. We obtained a value for the modulus of the nematic
domains, E;=55GPa, from the 1limiting fiber modulus at very high draw
ratio and then chose the best value of the distortion parameter n~0.5 to
obtain a good fit over the whole range of draw ratio. As can be seen, the
equations correlate well with the experimental data. Assuming that the
drawing zone is isothermal, one can interpret the value n=0.5 as a measure
of the resistance to distortion of the nematic domains at the drawing
temperature of 260 ©C. At a lower drawing temperature one would expect a
greater resistance to deformation and thus a smaller reinforcing effect.
As the temperature 1is raised one would expect (n) to increase toward one

and then decrease very rapidly toward zero as the shear modulus (or
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viscosity) of the disordered reglons becomes too low to permit deformation

of the nematic domains. Actually, however, the drawing temperature was not
well controlled, so the measured ~value of (n) may not have absolute
significance. It was found, however, that the acceptable draw temperature
range was rather narrow.

Figures 9 and 10 show the shrinkage of the fibers as a function
of time at constant annealing temperatures. As can be seen, the shrinkage
is very rapid, reaching a plateau almost immediately. Only at the highest
combined temperature and total shrinkage (R>3 and T>240°C) do we observe
a lag time greater than a few minutes 1in reaching the plateau. From
Equation 17 we deduce that the growth rate constant (k) is large enough to
allow the exponential term to decrease to zero within a minute or two of
reaching the annealing temperature. A value of k=0.15 min“3 at T
240°C produces an appropriate lag time at that temperature. The maximum
shrinkage at constant annealing temperature can be correlated with the
Avrami parameter x(00) as shown 1In Figure (11). Also shown 1is the
temperature dependence of x(00). Virtually no shrinkage (thus no
transformation) occurs below 180°C, while maximum shrinkage (thus
complete transformation) occurs at temperatures approaching 255°C
(528°K). As can be seen, x(00) appears to vary linearly with the inverse
of absolute temperature of annealing. Experimentally, it was found that
the drawn fibers appear to revert spontaneously to their original shape at
amnealing temperatures above 250°C, well below the onset of the 1liquid
crystal - {isotropic transformation temperature (shown in Figure 12), and
within the range where the model predicts a very rapid change in shrinkage
with increasing temperature. From equation 18 one finds that the shrinkage

will increase with increasing draw ratio at constant x(00), but not to the




20
extent shown in Figure 10. Thus it appears that x(00) may be a function of

draw ratio as well as temperature, which i{s not unreasonable.

CONCLUSJONS

Liquid crystal polymers with chemically disordered chains, such
as the processable thermotropic copolyesters, have been modeled as an
array of  Thighly ordered polyhedric nematic domains immersed in a
less-ordered, nearly 1isotropic matrix. A function has been defined which
expresses the elastic modulii of drawn fibers as a function of orientation
and geometry of the nematic domains. When such a material is hot drawn in
extension, the domains orient and elongate to produce an orthotropic
fibrous phase. Equations are proposed to relate the elastic modulii of the
fibers to the draw ratio and the extrusion conditions. Upon annealing the
hot drawn fibers, shrinkage occurs. It is proposed that the shrinkage is a
result of a physical transformation from the fibrous state back to the
nematic domain structure present before extrusion and drawing. The Avrami
equation 1is wused to describe the nucleation and growth processes
controlling the shrinkage at constant annealing temperature. The model {s
shown to correlate experimental data on the elastic properties and the
shrinkage of hot drawn PET/PHB60 liquid crystal polymer with processing

conditions.
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LIST OF FIGURES

1. Nematic domain structure of an unoriented film of PET/PHB60 as seen
under cross polars. (a) 200°C for 10 min. (b) 260°C for 25 min.
(¢) 300°C for 10 min.

2. Drawn fibers of PET/PHB60 (DR=250) as seen under cross polars;
(a)fiber axis at 45° with respect to the polars
(b)fiber axis aligned with the polars

3. Fracture surfaces of PET/PHB60 drawn fibers, (a)Scanning electron
micrograph (DR=300). (b) Optical micrograph with cross polars(DR=250)

4. Annealed LCP fibers (initial DR=250) as seen under cross polars,
(a)Recoiled fiber at 230°C for 15 min. (b)Recoiled fiber at 270°C
for 1 min.

5. Model of the LCP as it is being hot drawn. Sy=order parameter for
the nematic domains. § order parameter for the fiber. 1/d= aspect
ratio of the nematic domains during hot drawing.

6. Composite model for the oriented thermotropic material.
(EL)F-Longitudinal elastic modulus of the fiber
(ET)FﬂTransverse elastic modulus of the fiber.
S,=Order parameter for the phase boundaries
Xy=Volume fraction of nematic domains.

7. Model for the rigid rod rotation of nematic domains during hot drawing.

8. Effect of draw ratio on the longitudinal elastic modulus of PET/PHB60
fibers.® Experimental values; Theoretical.

9. Shrinkage of drawn LCP fibers (DR=60) as a function of time and
temperature. A 180°C; O 200°C; D 220°C; v 230°C; () 240°.
X(00)= maximum volume fraction transformed to nematic domains during
annealing.

10. Shrinkage of drawn LCP fibers as a function of time at 240°C and
DR=25 (%) and DR=60 (Q); Calculated for DR=60.

11.Correlation of shrinkage with volume fraction of transformed material
DR=60; o Experimental temperatures vs.X; Theoretical shrinkage
vs. transformed volume fraction.

12.The DSC spectrum for unprocessed PET/PHB60. Scanning rate=10°C/min.
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