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ABSTRACT: In situ composite fibers based on poly(ethyl-
ene 2,6-naphthalate) (PEN) and a thermotropic liquid crys-
talline polymer (Vectra A950) were prepared using a single-
screw extruder. The fibers were taken up at selected speeds.
The spinnability, thermal behavior, mechanical properties,
and morphologies of the PEN/Vectra A950 blend were in-
vestigated. The results showed that the PEN/Vectra A950
blends were partly miscible, and the miscibility increased
with the increased concentration of Vectra in the blend. The
DSC measurements indicated that Vectra enhanced the crys-
tallization process of PEN by performing as a nucleating

agent. The Instron tensile property study, coupled with
scanning electron microscopy, revealed that the mechanical
properties of the PEN matrix were significantly improved
when Vectra existed as long and continuous fibrils. The laser
Raman results showed that the Vectra orientation began to
develop at take-up speeds above 500 m/min. © 2002 Wiley
Periodicals, Inc. ] Appl Polym Sci 86: 795-811, 2002
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INTRODUCTION

Poly(ethylene naphthalate) (PEN), a polyester pro-
duced via a polycondensation reaction, was commer-
cialized by Eastman Chemical Company in 1994 as a
so-called high performance polymer for engineering
applications. Current attention is focused on potential
applications of PEN in fibers, especially because of its
better properties compared to other polyesters. The
large and stiff naphthalene double ring in PEN makes
it more linear than poly(ethylene terephthalate) (PET),
which confers a higher glass-transition temperature
(T,), improved thermal stability, and higher melt vis-
cosity on PEN as compared to PET. Accordingly, al-
though PEN chips therefore do require higher extru-
sion temperatures, PEN can be processed on equip-
ment designed for PET.

Thermotropic liquid crystalline polymers (TLCPs)
have also attracted considerable attention in recent
years. They are the preferred reinforcing materials for
designing in situ composites, because of their ability to
be processed into highly oriented fibrils when mixed
with other thermoplastic polymers. The resulting in
situ composite system, compared to the chopped glass
filled system, facilitates processing, such as lower pro-
cessing energy requirements and lower melt viscosity,
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and has good recyclability. There were numerous
studies on in situ composites based on TLCPs and
commercial thermoplastic polymers. Many of those
can be found in the review by Dutta et al." Reports on
fiber formation from TLCP/thermoplastic polymer
blends are scarce, which is probably due to the narrow
processing window of these two kinds of polymers.
Because of their rigid backbone structure, TLCPs usu-
ally require high processing temperatures while most
thermoplastic polymers degrade at those tempera-
tures. Difficulties regarding the spinning of TLCP/
thermoplastic polymer blends were reported by La
Mantia et al.?

The objectives of this article are to present the re-
sults of our investigation into the spinnability of PEN
blended with various amounts of TLCP using a single-
screw extruder and to report on our analysis of the
relationship among the processing parameters, mor-
phology, and mechanical properties of PEN/TLCP
composite fibers.

EXPERIMENTAL
Polymers

The TLCP used in this work is Vectra A950 produced
by the Ticona Company. It is a random liquid crystal-
line copolyester containing 73 mol % 4-hydroxyben-
zoic acid (HBA) and 27 mol % 6-hydroxy-2-naphthoic
acid, with a T, of 113°C, a melting temperature (T,,) of
282°C, and a specific gravity of 1.4 g/cm? as reported
by Ticona. The PEN was obtained from Eastman Com-
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TABLE I
Take-Up Speeds Employed for Composition Values of
PEN/TLCP Blended Fibers

TLCP content (%)

Take-up speed (m/min)

5 300
10 300
20 300
30 250

300

400

500

40 300
50 300
50 300
400

500

600

700

800

75 300
100 300

pany (Kingsport, TN). The reported T, and T,, of this
PEN are 120 and 267°C, respectively, and the specific
gravity is 1.34 g/cm®.

Rheology

Rheological measurements were carried out using an
Instron model 3210 capillary rheometer. Before the
measurement, the PEN and Vectra polymer chips
were dried for 24 h at 120°C in a vacuum oven. A die
with a length to diameter ratio (L/D) of 40 was used.
The measurements were carried out at 310, 315, and
320°C. The barrel friction test, which was run by let-
ting the plunger go through the empty barrel after
each measurement, was used to correct the force ex-
erted on the polymer melt. The common correction for
the shear rate was also made.

Melt spinning

The PEN and Vectra A950 chips were mixed by man-
ual stirring and then dried in a vacuum oven at 120°C
for 24 h prior to melt spinning. The weight percent-
ages of Vectra A950 used in the study were 0, 5, 10, 20,
30, 40, 50, 60, 75, and 100. The melt blends were
extruded using a Hills, Inc., 1-in. single-screw ex-
truder with a L/D ratio of 30:1 in the Fiber & Polymer
Science research facilities of the School of Materials
Science & Engineering at Clemson University. A
three-hole spinneret with a hole diameter of 1 mm and
a L/D ratio of 4 was used to obtain the fibers. A
four-zone temperature profile (290, 306, 306, and
306°C) on the extruder was used for spinning the
PEN/Vectra A950 blends. Fibers were collected at
selected take-up speeds (TUSs) to effect changes in the
spin line tension (Table I).
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Differential scanning calorimetry (DSC)

The thermal properties of all the fibers and the starting
materials were investigated using a TA Instruments
DSC 2920 calorimeter in a nitrogen atmosphere. Sam-
ples with masses of 3-5 mg were initially heated from
25 to 310°C at a heating rate of 5°C/min, and then they
were held isothermal at that temperature for 5 min.
This was followed by cooling to room temperature at
a rate of 10°C/min. Three runs were performed for
each data point.

Thermogravimetric analysis (TGA)

The thermal stability of PEN and Vectra during the
residence time in the extruder was determined via
TGA. The TGA system we used was a TA Instruments
TGA 2950 analyzer. The PEN and Vectra A950 sam-
ples were initially immediately heated to 330°C and
then held isothermal at that temperature for 1 h under
an air flow.

Mechanical properties testing

The mechanical properties of all fibers were measured
using an Instron model 5582 tensile testing machine.
Prior to testing, the diameter of the monofilament was
determined with an optical polarizing microscope
(MP 3500 series) at an original magnification of 100.
The denier (g/9 km) of the fiber was calculated ac-
cording to the following equation:

denier = (dia)®> X 9 X 7 X 10° X p/4 (1)

where dia is the diameter of the fiber (cm) and p is the
specific gravity (g/cm?), which can be calculated for
the blends by a simple addition law. (The data in Table
II are normalized to the mass of PEN. When consid-
ered on the basis of the absolute value of enthalpy, the
rule of mixing does apply.) Each fiber was tested at a
gauge length of 10 mm and a cross-head speed at 10
mm/min. All the reported mechanical data were the
average of at least eight independent measurements.

Scanning electron microscopy (SEM)

The microstructures were characterized by SEM on a
Hitachi 3500N microscope at 15 kV and with an aper-
ture size of 3. The samples were collected by rapidly
quenching the extrudate in ice water as it exited the
spinneret. The extrudates were then freeze-fractured
in liquid nitrogen and gold sputtered in preparation
for the microscopy. The morphologies of the TLCP in
the drawn fibers were also determined by SEM of the
fracture surface from the fiber tensile tests. The frac-
tured surface was coated with gold and observed by
SEM as above.
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TABLE 11
Thermal Properties of PEN/Vectra A950 Blends

T, T Crystallization enthalpy® T,, for PEN/Vectra Melting enthalpy?®
PEN composition TLCP °C) (°O) J/g) °O) J/g)
100/0 116.2 169.3 34.95 264.88/Undetectable 45.54
95/5 116 158.5 27.87 265.3/Undetectable 43.66
90/10 116.7 156.84 25.48 264.6/Undetectable 42.68
80/20 116.9 153.31 21.62 264.15/Undetectable 43.52
70/30 116.04 151.66 19.48 264.10/Undetectable 45.55
60/40 117.2 151.02 20.24 264.04/Undetectable 47.53
50/50 117.2 149.67 20.61 263.9/Undetectable 52.44
40/60 118.7 150.4 25.76 263.3/Undetectable 57.3
25/75 ND 139.25 18.99 260/282 46.12

ND, not detected.
? The enthalpy is normalized to the mass of PEN.

Laser raman spectroscopy

The Raman spectra were collected using a Renishaw
System 1000 Raman spectrometer coupled to a Leica
DMLM microscope. The other components of the sys-
tem included a 26-mW 785-nm diode laser, a stigmatic
single spectrograph, a two-dimensional thermoelectri-
cally cooled CCD camera, and a personal computer.
Raman spectra were obtained from a single fiber spec-
imen using a 50X objective. The spectral range cov-
ered 400-1800 cm ™' with an approximate spectra res-
olution of 5 cm™'. The typical data acquisition time
was 55 s. We utilized Raman spectroscopy in other
studies of fiber microstructure.®> All data acquisition
was performed using the Renishaw WiRE v1.3.15 soft-
ware. Data were subsequently transferred into
GRAMS/32 (Galactic Inc., Salem, NH) for processing
and analysis. The raw Raman data were smoothed
(binomial), followed by subtracting a linear baseline
from each spectrum. The areas under the peak of
interest (1599 cm™') were then estimated using the
standard curve-fit routine in GRAMS/32. The peak
was fitted multiple times to ensure the reproducibility
of the fit. A mixed Gaussian-Lorentzian function was
used throughout, although the peaks were found to be
predominantly Lorentzian. The area enclosed by the
1599 cm ™! band, which was calculated in the same
manner in subsequent calculations of orientation, was
used as the reference intensity value. This is discussed
further in the Results and Discussion section.
Polarized Raman spectra are denoted using the
standard “Porto” notation.* For backscattering geom-
etry as used in the Raman microscope and the Z axis
as the macroscopic fiber axis (i.e., draw direction) we
can write Y(ab)Y’, where Y and Y’ denote the direc-
tions of propagation of the incident and scattered
light, respectively, and a and b denote the direction of
the polarization of the electric vector of the incident (a)
and scattered (b) laser radiation. Thus, Y(ZZ)Y' (ab-
breviated as the ZZ spectrum throughout this article)
denotes the Raman spectrum of PEN/TLCP fibers

obtained when the incident laser polarization was set
parallel to the draw direction of the fiber and the
scattered radiation was polarized parallel to the inci-
dent laser radiation (i.e., the draw direction that was
analyzed). By the same token, Y(XX)Y’ (abbreviated
here as XX) indicates that the incident laser polariza-
tion and the analyzed Raman scattering are both po-
larized perpendicularly (radial) to the fiber draw di-
rection.

RESULTS AND DISCUSSION

Effects of processing parameters on fibril
formation of TLCPs in matrix polymer

As we mentioned earlier, when blended with thermo-
plastic materials the TLCP molecules have a tendency
to align and orient to form fibrillar structures under
appropriate processing conditions, thereby imparting
enhanced mechanical properties to the thermoplastic
polymer blends. Many studies were conducted to ex-
plore various possibilities for control of TLCP fibril
formation in the matrix polymer. Generally speaking,
fibril formation is determined by the flow conditions,
the viscosity ratio of the TLCP to the matrix polymer,
the Weber number (the ratio of the viscous stress to
the interfacial stress between the two phases), the
mixture composition, and the initial size of the TLCP
droplets. Among these factors, the most important is
the viscosity ratio of TLCP to the matrix polymer.
Imposed stresses cause dispersed domains to de-
form and break into smaller ones, and coalescence is a
competing process. The generation of a new interfacial
area requires the expenditure of mechanical energy
with increased energy requirements in highly viscous
fluids. It was proved® that when the viscosity and
elasticity of the minor component are greater than that
of the major component, the minor component will be
coarsely dispersed; when these characteristics are re-
versed, the minor phase will be finely dispersed. Be-
cause the viscosity of TLCP is highly temperature
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Figure 1 A comparison of the shear viscosity versus the shear rate of PEN and Vectra A950 at 310, 315, and 320°C: () PEN
at 310°C, (W) PEN at 315°C, (A) Vectra A950 at 310°C, (+) Vectra A950 at 315°C, and (O) Vectra A950 at 320°C.

dependent, the fibrillation of TLCP must be highly
dependent on this parameter.

Baird and Sun® established the processing window
for a Vectra A950/polyetherimide blend using the
temperature dependence of the dynamic mechanical
properties of the materials. The upper processing tem-
perature for each polymer was the temperature at
which the rheological property of the polymer re-
mained stable over a certain period of time. To deter-
mine the lower processing limit, they measured the
storage modulus (G") and loss modulus (G") of the
polymer as it was cooling from the melt. The temper-
ature at which G’ was equivalent to G” was defined as
the lower processing limit. The overlapped processing
temperature range for both polymers was the process-
ing window for the blending system.

The capillary rheological study undertaken in our
lab to find the optimum spinning temperature of
PEN/Vectra A950 blend provided us with a good
understanding of the relationship between the spin-
ning temperature and the flow behavior of the poly-
mers (Fig. 1). The data show that PEN is essentially a
Newtonian fluid over the entire shear range em-
ployed; in contrast, Vectra A950 deviates from a New-
tonian fluid by exhibiting shear thinning. The data
also show that at 310°C the viscosity of Vectra A950 is
lower than that of PEN, independent of the shear
rates. On the other hand, at 315°C Vectra only exhibits
a lower viscosity than PEN at the higher shear rate
range, suggesting that the spinning temperature

should not be higher than 310°C to obtain a finely
structured minor phase Vectra. This result is consis-
tent with other literature reports. Sarlin and Tormala’
reported that the melt strength of Vectra A950 was
drastically reduced at temperatures higher than
310°C, and Haile and Caldwell® reported that PEN
was easily spun at temperatures ranging from 305 to
310°C. Our rheology data and the literature results
corroborate that the processing temperature we chose
for PEN/TLCP blends is effective in achieving a fibril-
lar structure for TLCP.

There is an additional reason that the processing
temperature is extremely important for polymer
blends containing TLCPs. Lin and Winter® reported
the formation of crystallites with fewer defects after
annealing of Vectra A above the solid—nematic transi-
tion temperature. There was also a recent 1‘ep0rt10
concerning the degradation of Vectra A950 during
heating. Carbon dioxide was the dominant product in
all the degradation processes; other reactions, such as
crosslinking and oxidation, occurred at different
stages of degradation. Therefore, the viscosity ratio,
which was demonstrated to have a strong influence on
droplet deformation, would be significantly affected
by degradation. Our TGA results (Fig. 2) did not show
any significant weight loss due to degradation for
Vectra A950 while the PEN degraded much faster
compared to Vectra at extended times. Even so, the
observed weight loss was not considered significant
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Figure 2 The weight loss versus time for (M) Vectra A950
and (®) PEN at 330°C.

over the relatively short times corresponding to the
residence time in the extruder (Fig. 2).

The TLCP concentration in the blends is the next
important factor contributing to the formation of
fibrils. There are some inconsistencies in the literature
regarding the critical concentration of the TLCP phase
for fibril formation. Blizard and Baird'' studied the
development of TLCP morphology in nylon 6,6 and
polycarbonate (PC) blended with 60% HBA/PET.
They found that at 10 wt % TLCP the TLCP phase was
dispersed as droplets. The reason proposed by those
authors was that the concentration of TLCP was too
low to allow the coalescence of droplets necessary for
fibril formation. There were other studies'? showing
that fibrillation did occur at correspondingly low
TLCP concentrations. The results of our SEM study of
fibrillar morphology development show tacit agree-
ment with those of Blizard and Baird'! [Fig. 3(a—f)]. It
can be clearly seen that TLCP fibrillation begins at 20
wt % TLCP and a TLCP network structure starts to
form at a composition of 60 wt %; we conclude that at
this composition a phase inversion takes place that
changes the TLCP from the minor phase to the major
phase.

Other processing parameters such as quench and
prespinning drying conditions also play a role in
forming TLCP fibrils. Blizard et al.'® studied the effect
of heat transfer on the rheology of TLCP and PC. It
was surprising to them to find that TLCP exhibited a
sharp increase in viscosity when it was cooled and
crystallized. At a particular temperature, the viscosity
of TLCP was equal to that of PC; hence, no further
deformation of the TLCP phase could happen. In our
work we maintained the molten state of Vectra A950
for an extended duration during spinnng by using no
quench air and a higher throughput rate.

It was reported that, as the two kinds of polyesters
were mixed and passed through the spinneret capil-
lary, an interchain reaction (ester-exchange reaction or

transesterification) was introduced. The constitution
of the blend is therefore subject to change because of
the formation of a block copolymer structure resulting
from the transesterification.'* This reaction may be
significantly accelerated by any residual moisture in
the polymer.'® Transesterification could lead to a loss
of the mesophase through dilution of the rigid molec-
ular fragments (i.e., TLCP) by the more flexible ones
(PEN). To minimize the degree of this reaction during
the mixing of two polymers in the extruder, we pro-
cessed the blends at relatively high extruder speeds to
reduce the residence time. The SEM photomicro-
graphs clearly show that the TLCP phase was elon-
gated by passage through the spinneret, implying the
success of this strategy in controlling transesterifica-
tion.

DSC study

Study of the thermal transition behavior of polymer
blends may provide important information concern-
ing compatibility, as well as crystallization. The DSC
measurements made on our composite fibers over the
whole composition range are shown in Figure 4. The
fibers comprised mixtures of PEN and Vectra A950
having melting temperatures of 265 and 282°C, respec-
tively. The numerical data are summarized in Table II.
Three kinds of transitions are observed in the DSC
heating curves: a glass transition (T,), characteristic of
blends, at around 115°C; an exothermic peak, corre-
sponding to the cold crystallization (T,.) of PEN; and
an endothermic peak from the melting of PEN (T,,).
The T,. of the composite fibers is at least 10°C lower
than that of pure PEN, irrespective of composition; the
change in T, is not remarkable or constant. The ob-
served single melting point of PEN shows a minimal
decrease from 265 to 263°C up to 60 wt % Vectra. A
further increase in the amount of Vectra to 75 wt %
results in phase separation of the PEN and Vectra, as
evidenced by the occurrence of two melting peaks in
the DSC curve. The lower one (260°C) is the melting
peak of PEN, and the higher one (282°C) corresponds
to the melting peak of Vectra.

Melting temperature depression in a blend is asso-
ciated with a strong interaction between the two
phases. Tang et al.'® studied the NMR of a PET and
Vectra A950 blend. The results from their NMR exper-
iments indicated that PET in the gauche conformation
was the preferred conformation at the Vectra-PET
interface. Because the free volume of gauche conform-
ers was relatively large, the diffusion of Vectra into the
amorphous regions of PET during melting was facili-
tated. Those Vectra molecules in the amorphous re-
gion of PET acted as “impurities” and lowered the
melting temperature of PET. We are confident that the
same argument is applicable to our PEN/Vectra
blend.
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Figure 4 DSC curves for PEN/TLCP blend fibers at a TUS
of 300 m/min. The curves from bottom to top are for PEN,
PEN/5TLCP, PEN/10TLCP, PEN/20TLCP, PEN/30TLCP,
PEN/40TLCP, PEN/50TLCP, PEN/60TLCP, and PEN/
75TLCP.

To quantitatively characterize such an interaction
between PEN and TLCP, we use the Nishi and Wang17
equation, while recognizing that it may be more suit-
able for a two polymer blending system for which
thermodynamic interdiffusion exists. The equation
was derived from Scott’s equation'® based on an ex-
tension of the Flory-Huggins lattice theory. According
to that theory, the equation for melting temperature
depression is

11 1] BVa ,
S| T, 10|~ T AHLT, 2)

_ BV, .

where T,, and T), are the melting temperatures of pure
PEN and PEN in the blends, respectively; AH, is the
heat of fusion of 100% crystallized PEN (190 J/g from
Bucher et al.'®); V, is the molar volume of the polymer
repeat unit for PEN; V; is the molar volume of the
minor phase; and R is the gas constant. The Flory—
Huggins parameter x describes the degree of interac-
tion between the two polymers. A negative value of x
suggests that two polymers are accorded a strong
interaction. As a result, a blend based on those two
polymers would have good miscibility: the more neg-
ative the value, the better the miscibility. Conversely,
a positive value of y indicates that the two polymers
exhibit gross phase separation; that is, the two poly-
mers are totally immiscible on the macroscopic scale.

Our data presented as a plot of 1/¢4[1/T,,—1/ T,On]
versus ¢,/T,, (Fig. 5) shows a linear relationship. The
60% blend deviates from this line or relationship be-
cause of phase inversion, which means that TLCP no
longer acts as a diluent. Forcing the regression line
through the origin, one can obtain the value of B from
the slope of the line. From this, the value of x can be
obtained. The y value determined for the PEN/Vectra
blending system is —0.146. The negative sign, together
with the small magnitude, indicates limited miscibility
exists between the two phases.

Other evidence of interaction between PEN and
Vectra is that Vectra facilitates the crystallization of
PEN, possibly by functioning as a nucleating agent.
One effect of this can be seen in the melting enthalpy
of the blend. These heats of fusion (AH,,) were nor-
malized to the mass of PEN. The plot first shows an
initial drop in the AH,, value as TLCP is added to the
PEN. This is followed by a continuous increase from
30 wt % TLCP up to 60 wt % TLCP. The enthalpy
(AH,,) then drops again when the TLCP concentration
is 75 wt %. Phase separation begins at this concentra-
tion.

It is well known that the crystallization of polymers
depends on the probabilities of nucleation and subse-
quent growth of the nuclei. The growth of nuclei is a
transport process, which means the polymer chains or
chain fragments self-diffuse onto the existing nuclei
and pack themselves into the crystal lattice. Theoreti-
cal study shows that the crystallization rate is strongly
dependent on the activation energy for the diffusion
process at the interface and the free energy of forma-
tion of a surface nucleus.”® A surface nucleus refers to
a location on a preexisting crystalline structure, which
functions as a nucleation site as opposed to the nu-
cleus that initiates the crystallization. The above heat
of fusion data demonstrate that the crystallization pro-
cess of PEN is facilitated in the high TLCP concentra-
tion blend. As we mentioned earlier, the TLCP appar-
ently functions as a nucleating agent during the
crystallization of PEN/TLCP blends. The TLCP con-
centration influences the crystallization of PEN in two
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Figure 5 The determination of the Flory-Huggins interac-
tion parameter by using the Nishi-Wang equation.
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Figure 6 The effect of the TLCP concentration on the shape
of the melting peak.
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processes. The preceding SEM microphotographs [Fig.
3(a—f)] show that the TLCP phase is more finely dis-
persed in the blend with a higher concentration of
TLCP, which means the interface area per volume is
enlarged; therefore, the formation of surface nuclei is
accelerated. Meanwhile, because the number of sur-
face nuclei is increased with the increase of the TLCP
concentration, the reptation type diffusion of polymer
chains onto the surface nuclei becomes easier because
of the decrease in the mean free path length of the
molecules. It is thus possible for us to conclude that
the nucleation efficacy of TLCP is greater for blends
with a higher TLCP content.

It is noteworthy that the shape of the melting peak
shows a change corresponding to a TLCP concentra-
tion over 30 wt % (Fig. 6). Notice that there is a subtle
melting peak appearing around 267°C as the TLCP
content is over 30 wt %. This peak becomes more
obvious as more TLCP is added to the blend, until at
75 wt % TLCP, phase separation takes place and the
peak disappears. We believe that the appearance of
this subtle peak may be a consequence of the im-
proved miscibility of PEN and TLCP phases occa-
sioned by the increase in TLCP content. During Her-
lingen et al.’s study?' on poly(butylene terephthalate)
(PBT)/PET blends, they also found a second peak
appearing on the DSC curve when the concentration
of PBT and PET were equal. They believed that the
peak could be attributed to the transesterification re-
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action at the interface of PET and PBT, which would
produce a mixed copolymer. There are several recent
reports pointing to a far greater compatibility between
polyesters and TLCP that is attributable to the trans-
esterification occurring at the interface.”** Our DSC
data show a significant change in the T,, and AH,, as
the TLCP concentration reaches 30 wt %. It may be
concluded that the subtle peak is due to the transes-
terification between PEN and TLCP at their interface.

Figure 7 describes the relationship between (AH,,
— AH,) and the TLCP content. These data were col-
lected at a constant TUS. The AH,, is the heat flow
when all the crystallites are melted, and AH, is the
heat flow associated with crystallization developed
during DSC measurement. Hence, the value of (AH,,
— AH,) gives some indirect information on the crys-
tallinity before DSC measurement: we believe this
crystallinity is that developed during spinning. The
increase of the (AH,, — AH_) value with the TLCP
content is fairly noticeable. The relationship presented
here further confirms the ability of TLCP to function
as a nucleating agent, enhancing the formation of crys-
tallites and the overall crystallization process of PEN.

The difference between the enthalpy of melting and
that of the crystallization (AH,, — AH,) plotted against
different TUSs shows the change in crystallinity of the
PEN matrix consequent to stretching the PEN/TLCP
blends: the (AH,, — AH,) value increases with increas-
ing TUS (Fig. 8). The primary reason for this is pre-
sumably the orientation-induced crystallization of
PEN. To discover the role TLCP plays in introducing
this type of crystallization, we compared the data for
the enthalpy change of three blending systems: pure
PEN, PEN/30TLCP, and PEN/60TLCP. A linear re-

— — [l N [O%) V8]

[en) i [en) wn [en) w

o I 1 i ]
.

Enthalpy Difference (J/g)

(o))

o

T T 1

0 0.2 0.4 0.6 0.8
TLCP Weight Fraction

Figure 7 The variation of the crystallinity by the (°) en-
thalpy difference of PEN with a TLCP fraction at a take-up
speed of 300 m/min.
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Figure 8 The enthalpy difference versus the winding speed
for (¢) PEN/60TLCP, (M) PEN/30TLCP, and (O) PEN.

gression analysis of these data yields the following
relationship for the three systems:

(AH,, — AH,)penjomcr = 00122V, +29.654  (4)
(AHm - AHC)PEN/3OTLCP = OOZZBVL + 18.577 (5)
(AH, — AH,)pen = 0.035V, — 3.7485 (6)

where V; represents the TUS. The observed difference
in the slopes, that is, the rate of increase of the crys-
tallinity with the TUS, indicates orientation-induced
crystallization is restricted with the presence of the
TLCP phase and that there is a coincident reduction in
the orientation of PEN. A causal explanation is prob-
ably wind-up speed suppression (WUSS),** which
was observed in other TLCP-containing systems. The
WUSS is a consequence of shear being introduced into
the elongational flow by the presence of minor phase
fibrils, because the dispersed phase and the continu-
ous phase are not deformed to the same extent. The
result of this shear is a decrease of the molecular
orientation of the matrix polymer along the fiber spin-
ning direction. On the other hand, in the PEN/
60TLCP blending system, in which we noted phase
inversion, TLCP is the continuous phase while PEN
exists as spherical inclusions. As the blend fiber is
stretched, the actual force being exerted on the PEN
phase is not the same as the force exerted on the fiber.
Therefore, the extent of orientation of the PEN phase
depends on how effectively the stress can be trans-
ferred from the TLCP major phase to the PEN minor
phase, which in turn depends on the strength of the
interface between the two phases. Generally, for an
imperfectly miscible system this force is smaller than
the actual force. If the preceding premises are ac-
cepted, the retardation of orientation-induced crystal-
lization of PEN in the PEN/TLCP blends can be
readily understood.

The melting temperatures of PEN/30TLCP and
PEN/60TLCP blends decreased with increasing wind-
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Figure 9 The variation of the melting temperature of PEN/
TLCP blend fibers with the take-up speed for (¢) PEN/
60TLCP and (M) PEN/30TLCP.

ing speed (Fig. 9). This phenomenon suggests the pos-
sibility of improving the miscibility of PEN/TLCP
blends by increasing the TUS.

Raman spectroscopy

Raman spectroscopy is widely used to provide infor-
mation on the average molecular orientation of both
the amorphous and crystalline phases in a semicrys-
talline polymer.” However, there are only limited
reports concerning its application in TLCP.*® We used
laser Raman spectroscopy in our study to provide

Vectra
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Figure 10 Unpolarized Raman spectra of PEN and Vectra
A950.
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Figure 11 Raman spectra for the PEN/60TLCP fiber at a
take-up speed of 300 m/min.

qualitative information about the orientation of TLCP
in the PEN matrix in a manner based on our previous
work.?

In order to determine the degree of molecular ori-
entation, it is necessary to focus our attention on a
specific peak in the spectrum. The Raman spectra of
PEN and Vectra indicate that the 1599 cm ™" vibration
band is unique to Vectra (Fig. 10). This band is asso-
ciated with the C1-C4 stretching vibration of the ben-
zene ring in Vectra.”” As a result, this peak can be used
to analyze the orientation of Vectra in the PEN matrix.
In addition, there are two other reasons for choosing
the 1599 cm™' band. First, this ring stretch is not
greatly perturbed upon substitution; therefore, this
vibration is indicative of the presence of an aromatic
ring. Second, this band is strong, fairly well resolved,
and its intensity can be determined accurately.

Raman spectra utilizing selected polarization geom-
etries (ZZ, ZX, XX) were obtained from the PEN/
60TLCP blended fiber produced at various winding
speeds. Comparing these spectra for winding speeds
of 800 and 300 m/min (Figs. 11, 12), it is obvious that

EWJ l'JUU;JLJUJ\\MMfM
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4
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1500 1000

Counts

Raman Shift cm-1

Figure 12 Raman spectra for the PEN/60TLCP fiber at a
take-up speed of 800 m/min.
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Figure 13 Raman spectra for the PEN/60TLCP blended
fiber at selected take-up speeds.

the 1599 cm ™! vibration band is much more intense in
the ZZ spectrum when compared to the spectra direc-
tion in the ZX or XX spectra. This indicates that the
vibration is much stronger along the direction of
drawing, implying a significant degree of molecular
orientation along the stretching direction. There is a
progressive change of the relative Raman intensities in
the ZZ and ZX direction as the winding speed in-
creases, showing the effect of the TUS on the orient-
ability of Vectra in the PEN matrix (Fig. 13). Thus, in
order to estimate the relative orientation in these fibers
we selected the ratio (I,,);599 t0 (I,,)1509, Where I, and
I, are the areas under the 1599 cm ™! vibration band in
the ZZ and ZX direction, respectively. To account for
the effect of the variable focus and incident laser
power on the intensities of these bands, the 525 cm ™"
band was used as an internal standard. This band is
unique to PEN, and its intensity appears to be rela-
tively unaffected by orientation in the sample.

The normalized Raman band intensities as a func-
tion of the TUS is plotted in Figure 14. Our data imply
that the orientation of TLCP in the PEN matrix in-
creases with the TUS. Further, over a limited range in
the TUS in the neighborhood of 600 m/min, there is
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1.3 4

1.2

Peak Area Ratio

1.1 4

0.9 4

0.8 T T T T T T
250 350 450 550 650 750 850

TUS (mjhin)

Figure 14 Raman estimation of the relationship between
TLCP orientation and the take-up speed.
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apparently a change in the rate of orientation devel-
opment. To illustrate this we constructed two straight
lines through the data as shown. A more detailed
study on fibrillation of the minor phase and its depen-
dency on composition using Raman spectroscopy is
being carried out in our lab to further explore this
hypothesis.

Morphology study

The SEM photomicrographs in Figure 3(a—f) illus-
trated the evolution of the TLCP morphology in the
spinneret as the concentration of TLCP increases. The
fracture surface presents a speckled appearance that is
due to a large number of small TLCP domains scat-
tered throughout the PEN matrix. At low concentra-
tion (<20 wt %) the TLCP appears to exist as smooth
spheres anchored in the PEN matrix without any pre-
ferred orientation. Upon close examination, some
open rings appear around the TLCP, presumably as a
result of poor adhesion between the PEN and TLCP,
which means much of the energy of stretching is dis-
sipated in separating the TLCP from the PEN matrix
rather than in deforming the TLCP into fibrils. At
higher concentrations the TLCP domains are elon-
gated and pulled out of the matrix during fracture, as
evidenced by the smoothly tapering tips on some do-
mains and the holes left in the matrix. Even so, the
TLCP domains increase in number as the TLCP con-
centration increases and are highly aligned parallel to
each other. At 60 wt % TLCP the phase inversion
begins; the photomicrograph shows that TLCP forms
the continuous phase. The variety of structures results
from the complex interplay between the rheological
properties of PEN and TLCP and the shearing and
elongation flow inside the spinneret. Van Eijndhoven-
Rivera et al.®® reported the result of a study of the
correlation among the rheology, morphology, and mi-
nor-phase orientation in TLCP-based polymer blends
in simple shear and capillary flow using wide-angle
X-ray diffraction methods. They found that the degree
of molecular orientation depended on the amount of
TLCP present in the blends and on the stress transfer
condition between the two phases. The formation of
continuous fibrils was accompanied by a high degree
of orientation of the TLCP.

In the photomicrographs of Instron fractured blend
fibers [Fig. 15(a—f)] one can see the effect of concentra-
tion on the morphology. For the 5 wt % blend, TLCP
was sparsely dispersed as spheres on the fracture sur-
face, implying no reinforcement between PEN and
TLCP; for the 10 wt % blend, the TLCP achieved a
small aspect ratio and protruded a little from the
matrix. As the TLCP concentration approached 30 wt
%, a significant morphology change took place: the
morphology of the TLCP phase became one of highly
elongated and highly parallel domains extending a
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Figure 16 The relationship between the mechanical prop-
erties and TLCP concentration: (a) the modulus versus the
TLCP content and (b) the tenacity versus the TLCP content.

considerable distance from the surface of the matrix.
In addition, it can be seen that elongated sheetlike
structures were being formed at a TLCP weight con-
centration over 50%. As a rule, it is generally accepted
that the mechanical properties of in situ composites
are greatly influenced by morphology.

Mechanical properties of pen/vectra a950 composite
fibers

Our main purpose of utilizing TLCP as a blend com-
ponent is to reinforce the matrix polymer by forming
a fibrillar structure. In this final section we offer our
present understanding of the mechanical properties of
our PEN/TLCP composite fibers relative to their cor-
responding morphologies.

It is well accepted that blends of compatible poly-
mers exhibit good mechanical properties; in particu-
lar, notice is taken of marked improvement in the
tensile strength. Compatible systems exhibit tensile
strength as a function of the blend composition that is
a weighted average of the strength values of the two
components. This phenomenon is a consequence of
strong specific interaction that tends to lead to better
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Figure 19 The relationship between the mechanical properties and winding speed. (a) the modulus versus the feed roll
speed for PEN/60TLCP and (b) the Tenacity versus the feed roll speed for PEN/60TLCP.

molecular packing.?’ In contrast, blends of incompat-
ible polymers reportedly exhibit a broad minimum in
tensile strength as a function of composition.>**!

The tensile strength and modulus of all PEN/TLCP
blend fibers are plotted versus the TLCP weight con-
centration in Figure 16(a,b). As expected, a fairly good
linear relationship exists between the tenacity and
TLCP concentration, suggesting a degree of miscibility

between the PEN and TLCP phases. The 75 wt %
blend deviates from this trend by exhibiting an abrupt
drop-off in both the tensile strength and tensile mod-
ulus, presumably as a consequence of the phase sep-
aration we remarked upon earlier. The curve of the
modulus versus the TLCP concentration can be di-
vided into several regions with each region represent-
ing a particular TLCP morphology. The first region
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covers the composition range from 0 to 10 wt % TLCP.
The SEM photomicrographs [Fig. 15(a,b)] show a uni-
form dispersion of TLCP rigid spheres buried in the
PEN matrix. There is no reinforcement between TLCP
and PEN. In the second range of 20-50 wt % TLCP,
TLCP exists as long fibrils with a rather large aspect
ratio and most of those fibrils align themselves in the
direction of flow [Fig. 15(c,d)]. The TLCP fibrils are
formed in two steps. In the converging zone of the
spinneret entrance the elongational flow deforms the
dispersed TLCP spheres into fibrils. Because of the
long relaxation time of TLCP, these fibrillar structures
are preserved in the ensuing shear flow through the
spinneret capillary. As soon as the TLCP fibrils
emerge from the spinneret, they are further extended
by the elongational flow field in the spin line. The
reinforcing effect in this region is remarkable because
the extensive formation of TLCP fibrils and their en-
hanced orientation necessitate a significant amount of
stress transfer from the PEN matrix to the dispersed
TLCP phase, which eliminates the possibility of slip-
page at the PEN-TLCP interface. This mechanism was
evidenced by van Eijndhoven-Rivera et al. during
their study of the morphology of a PBT/TLCP blend.*®
From 50 to 60 wt % TLCP there is a significant increase
in modulus of the blend fibers. The previous SEM
photomicrographs suggest that phase inversion oc-
curs at 60 wt % TLCP; the TLCP now being the major
phase, the mechanical properties of the blend fibers
are dominated by the TLCP phase. Finally, at the
phase separation point the modulus shows an obvious
drop, as shown by the DSC results.

The stress—strain behavior in these three regions
also shows some changes corresponding to changes in
the composition. In the first region the stress—strain
curve is generally similar to that of PEN (Fig. 17).
There is a yield point, followed by elongation at al-
most constant stress; finally, the fibers exhibit strain
hardening and then break. However, the strain at the
breaking point is significantly decreased from 381%
for neat PEN to 4% at 5 wt % TLCP (Fig. 17). On the
other hand, the composite fibers have a higher mod-
ulus compared to pure PEN. In regions II and III,
where the composite fibers contain a large amount of
TLCP, the stress—strain behavior is totally different.
No vield point on the stress—strain curve or necking
appears on the fibers: the curve swings upward rather
sharply near the end of the deformation (Fig. 18).

The modulus [Fig. 19(a)] of the blend fibers in-
creases significantly with the TUS; however, the effect
on the tenacity is not so remarkable [Fig. 19(b)]. A
much higher TUS than our equipment can presently
attain would appear to be required to achieve a sig-
nificant increase in tenacity. The TLCP gives rise to a
highly organized liquid phase upon melting, the do-
mains of which tend to spontaneously pack parallel to
one another and form highly ordered domains. Under
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elongational processing conditions these oriented do-
mains develop a fibrilar morphology with a high as-
pect ratio (L/D). The correlation of our Raman data
(Fig. 14) with the measured mechanical properties
[Fig. 19(a,b)] suggests the two-step development of the
TLCP microstructure within the PEN matrix. At a TUS
below 600 m/min there is not much difference in the
TLCP orientation in the blend fibers collected at se-
lected wind-up speeds; accordingly, the tenacity of the
fiber within this TUS region remains approximately
constant. However, the modulus shows a continuous
increase with the increase of the TUS. We believe this
increase is probably attributable to the continuous
deformation of TLCP droplets to high aspect ratio
TLCP fibrils, while the orientation of these fibrils
within the fiber is not fully developed. The depen-
dency of the fiber modulus on the aspect ratio of the
TLCP fibrils was quantitatively described in the Tsai-
Halpin equation.®® At a TUS above 600 m/min the
modulus of the fiber levels off while the tenacity value
shows a slight increase. The Raman data in this TUS
region shows an accelerating development of TLCP
orientation. In summary, TLCP fibril orientation be-
gins to evolve when TLCP droplets are deformed to a
certain extent. In order to obtain fibers with both high
modulus and tenacity, the existence of highly oriented
TLCP fibrils is necessary. Attaining this morphology
requires use of a high TUS.

CONCLUSION

A series of fibers based on PEN and Vectra A950 was
prepared. Fibrillation of Vectra A950 began when its
concentration in the blend was over 10 wt %. The
effects of the Vectra A950 content and winding speed
on the morphology and properties of composite fibers
were examined. We found that the PEN/Vectra A950
blending system was partly miscible and that the Flo-
ry-Huggins interaction parameter determined by the
Nashi-Wang equation was —0.146. Two primary ef-
fects resulting from adding Vectra A950 into PEN
were observed: Vectra A950 acted as a nucleating
agent to enhance the crystallization process of PEN
during melt spinning, and the reinforcing effect was
evidenced by an enhancement in the mechanical prop-
erties. A fairly good linear relationship was found
between the tenacity and weight concentration of Vec-
tra A950. Increasing the TUS improved the mechanical
properties of PEN/TLCP blend fibers and the misci-
bility of the blending system.

The net degree of molecular orientation of TLCP in
the blend was evaluated from laser Raman spectros-
copy. The peak area ratio representing the molecular
alignment could be determined using the ZZ and ZX
spectrum of the 1599 cm ! vibration band, which was
related to the benzene ring stretching. The results
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show that a high TUS is necessary to orient the Vectra
A950 phase.

The authors would like to thank the National Science Foun-
dation for funding.
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