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Abstract

The development of morphology during fiber spinning of blends of polyesters (PET and PBT) with LCP (PET/HBA) was studied. The
quantitative predictions of the blend morphologies under isothermal and non-isothermal conditions were obtained using a droplet deforma-
tion criteria based on the reduced capillary number and the affine deformation theory. The temperature, radius, velocity, and strain rate
profiles of 60/40 polyester/LCP fibers along the spin line were calculated using Kase and Matsuo’s theory for fiber spinning under the steady-
state condition. Simulation of breakup of LCP phase during fiber spinning of the blend based on the dimensionless breakup time indicated the
absence of their breakup. The flow curves of the blends at various temperatures required to carry out simulation were obtained by a capillary
rheometer. An Arrhenius type equation was established for the viscosity variation with the temperature. An interfacial tension between the
components was calculated from the interfacial thickness observed by SEM. In the calculation, various viscosity ratios between thermo-
plastics and LCP components were applied. Initial and final sizes of LCP phase were examined by SEM and image analyzer. The calculated
diameters of LCP fibrils in the fibers were found to be in agreement with the measured v@laeé80 Elsevier Science Ltd. All rights
reserved.
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1. Introduction ship between the processing conditions and morphologies in
thermoplastic/LCP blends.

The morphology of immiscible polymer blends largely Taylor [5,6] performed the pioneering research on the
influences the mechanical or barrier properties of the blends.deformation of a drop in a Newtonian fluid. Taylor [5]
Therefore, the modeling and controlling of the morphology calculated the velocity and pressure fields inside and outside
development during melt processing are important. the droplet by solving Stoke’s equation for creeping flow.
However, the prediction of the final morphology is not Taylor [6] also obtained expressions for the deformabllity
clearly established due to the complexity of the temperature of the droplet for low-strain conditions. The deformabily
and flow field; the competition between deformation, is expressed as:
breakup, and coalescence of the dispersed phase; and the
viscoelastic nature of phases. A better understanding ofp = L-B
the deformation phenomenon of droplets can lead to an (L+B)
optimization of blend’s properties.

The fibrillation of the LCP phase in polyester matrices
promotes the mechanical properties of the blends to a grea
extent (for review see Ref. [1]). Specifically, the properties
of the blend depended on the degree of deformation, the
size, and the shape of the LCP phase. These morphologie
are primarily controlled by the melt processing conditions.
Proper control of these conditions can lead to an optimiza-
tion of the blend properties [2—4]. However, there has been
no effort in the literature to establish a quantitative relation- ca hydrodynamic stress 1,,7R

interfacial stress o

D

wherelL is the length and the breadth of the deformed
ellipsoid. Taylor’s results indicated that the droplet defor-
tmation and the shape of droplet depend on two dimension-
less parameters, the capillary (Weber) number, Ca, and the
viscosity ratio,p. The capillary number is the ratio of the
Shydrodynamic stress to the interfacial strefR. In the case

of the steady shear flow of Newtonian phases, the capillary
number is expressed as:

2
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Chin and Han [10] and Van der Reijden-Stolk and Sara
[11] computed the flow field in a conical channel for Newto-
nian fluids using the Cox theory [7] for time-dependent

MIm . . . .
flows. The viscoelastic droplets or matrices are considered
whereny is the viscosity of the dispersed phase. by Chin and Han [10], Elmendorp and Maalcke [12], and

When the interfacial tension effect dominates the viscous Milliken and Leal [13].
effect, i.e. Ca< 1, the deformationD and the orientation The analysis of Taylor and Cox is restricted to the case of
anglea of the droplet are expressed as; small deformations. For large deformations, slender body

19 + 16 mechanics were used to develop a mathematical analysis
D= Ca(m) [14] with small capillary numbers and small viscosity ratios.

In polymer blend processing, the cases of low viscosity
Over the entire range @ffrom zero to infinity, the quan-  ratios and large capillary numbers which develop the fibril-
tity (19 + 16)/(16p + 16) in Eq. (4) varies from 1.0 to

: lation of the domain are encountered.
1.187; thereforeD is nearly equal to Ca. According to Huneault et al. [15], drop deformation and
For the case where the interfacial tension forces are equalbreakup depend on the reduced capillary number;,, Ca

to viscous forces, i.e. Ca 1, p> 1 [6], which is following:

ca= =2
Cq
Taylor observed that the experimental results of droplet pepending upon the value of € both shear and elonga-
deformation agreed with his theory at low rates of deforma- tjon, the droplets will be either deformed or broken accord-
tion in both uniform shear and plane hyperbolic flow. ing to following criteria:
However, Taylor’s theory is not applicable to the case in
which the interfacial tension effect and the viscous effect are 1.
comparable. 2.
Cox [7] extended Taylor's analysis and developed a first- 3.
order theory for the deformation of a droplet with a full
range of viscosity ratios in the general time-dependent 4.
shearing flow field. For the steady shear flow, the droplet
deformation is represented as:

5(19 + 16)

the ratio of the viscosities of the two phases expressed as:

p= 1 &)

m™

= 4

) (1)

If Ca” < 0.1, droplets do not deform.

If 0.1< Ca’ < 1, droplets deform without breakup.

If 1<Ca <4, droplets deform, but they break
conditionally.

If Ca" > 4, droplets deform affinely with the rest of the
matrix and extend into long stable filaments.

In the present study, the development of a polyester/LCP
blend morphology in fiber spinning was studied. The quan-
titative predictions of the LCP phase dimensions under
isothermal and non-isothermal conditions were performed
based on the above criteria. The results were compared with
the experimental data.

D:

20\?
ap+ 1y ) sy ©

a= % +05 tan’l< 19pCa>'

20

The capillary number has a critical value beyond which 2. Experimental
the droplet can no longer sustain further deformation, and it
breaks up into a number of smaller droplets. Taylor [5]  Two polyesters were used as matrices: PET (Eastapak
found that forp= 1, the shape of a droplet in steady PET Polyester 7352/Eastman Chemical Company) with
shear flow becomes unstable for a critical capillary number, 1.V. of 0.74 and T, of 253C and PBT (Ultradur KR

Ca, of the order of unity. The value of Cdepends strongly
on the viscosity ratip and the type of flow (simple shear or

4036-Q692/BASF AG) with L.V. of 1.24 and,, of 225°C.
The thermotropic LCP used as a reinforcing phase was 18/

extension). The empirical relationships are expressed by82 PET/HBA copolyester (Rodrun LC-5000/Unitika Ltd)

Utracki and Shi [8].
For values of the capillary number below Cthe drop

with a random chain structure afg, of 278C.
The materials were dried in a vacuum oven at°Cfbr

usually reaches a steady and only slightly deformed equili- 24 h. Then they were physically mixed to make 60/40
brium shape in which the deformation is determined by the polyester/LCP composition by weight. Melt blending was
order of Ca. If Ca is slightly higher than Cahe breakup performed using a one inch single screw extruder (Killion
into smaller droplets can be expected due to a growing Inc.) followed by a static mixer (Koch) at the melt tempera-
disturbance at the interface. If GaCg, the interfacial ture of 285C in the screw zones. The die diameter was
stress becomes negligibly small compared to the hydrody- 10 mm. The extrudate from the die was cooled in a water
namic stress, and it is usually assured that the drop will bath located about 1.0 cm from the die and drawn by a take-
deform affinely with the applied macroscopic deformation up device at various speeds. The extension ratio was calcu-
[9]. lated as a ratio of die area to fiber cross-sectional area.
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Table 1
Parameters used in melt spinning simulation

Value Unit
Data 60/40 PET/LCP 60/40 PBT/LCP
Air temperatureT, 25 25 °C
Glass transition temperaturg, 78 55 °C
Die temperatureTy 240 270 °C
Specific heatCp 1965 1350 J/IKg K
Initial spin line tensionF; 1.0x 107! 1.0x 107! N
Density,p 1400 1389 Kg/m
Melt flow rate, W 0.400x 1072 0.887x 107 Kagls
Interfacial tension between polyester and LGP, 0.175x 10°° 0.0597x 10°* N/m
Die diameterd 0.01 0.01 m
Heat conductivity of air at Z&, ke 26.14x 1073 26.14x 1073 W/m.K
Kinematic viscosity of air at 2, v¢ 15.71x 10°® 15.71x 10°® m?/s
Initial LCP droplet diameterD, 3.96x 10°° 13.52x 10°° m
Viscosity ratio,p 0.01-100 0.01-100 -
Correction factor, (& K) 100.5 100.5 -
An Instron Capillary Rheometer (model 3211) was used to a cylinder, which is approximated by:
to measure the viscosity vs. shear rate for polyesters, LCP, 9334
and 60/40 polyester/LCP blends at three temperatures.Nu = 04R (10
Three capillary dies (1.0668 mm in diameter; L/D ratios  Reynolds numbeiRe is defined as:
of 15.7, 30, 44.5) were used. The diameter of the barrel 2R
was 9.525 mm. Five plunger speeds (2.54, 7.62, 25.4,Re= — (11
76.2, 254.0 mm/min) were applied. The Bagley end correc- VF
tion was applied for the calculation viscosities. and Nusselt numbeNu, as:
Morphology of the fractured surface of the polyester/LCP 2hR

fibers were observed using SEM (Hitachi S-2150). A coat- Nu= —— (12

ing device was used to coat the fractured surface with a
gold—palladium alloy. An image analyzer (Leica

Q500MC) was used to calculate the average droplet dimen-

sions.

3. Results and discussion
3.1. Numerical simulation of melt spinning

For fiber spinning under the steady-state condition, Kase

wherevis the filament velocityR the radius of the filament,
v the kinematic viscosity of ambient air, afkd the heat
conductivity of ambient air. Substituting the definitions of
NuandRein Eg. (10) and multiplying the right-hand side of
the same equation by the correction factar+ K), h is

described as:
0.334
) (1+K)

2W

—_— 13
mp Ve ( )

and Matsuo [16] established the temperature and radiusHere, the correction facto(l + K), is introduced to take

profiles of fibers in the spin line as the following:

dT  2J@ANT - Ty

e WG (8
and

dA _ Fp

© - W 9

whereT is the filament temperatur&, the air temperature,
the spin line distance from the spinnerét,the filament
cross sectional are#, the heat transfer coefficienty the
melt throughput,Cp is the specific heatE the spin line
tension,p the density, and)z the elongational viscosity.
The heat transfer coefficienh, is calculated from the
Nusselt—ReynolddNu—-Ré relation for air flowing parallel

into account the effect of transverse air velocity on heat
transfer. The cooling rate of the spin line is determined by
the correction factor. In calculation, the correction factor,
(1 + K), is adjusted to match the distance between the die
and water bath.

The Egs. (8) and (9) are ordinary differential equations of
the first order and they are solved numerically by the
Runge—Kutta method [17]. These equations are an initial
value problem. Initial temperaturd&,, and radiusR,, are
known, but the initial value of the spin line tensidf, is not
known. The Newton—Raphson iterative method is used with
an initially guessed value &, The calculation is continued
until the calculated radius of fibers closely approximates the
radius calculated from the melt throughput and draw down
ratio. The value of the initial spin line tension is adjusted
until those radii are matched.
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Fig. 1. The algorithm for calculation of LCP droplet deformation under
uniaxial elongational flow.

The numerical solution is obtained at each point of the
axial increment intervalAz, to get the temperature and
radius along the spin line. Once the filament radius profile
is obtained, the velocity profile at each point on the spin line
can be calculated from the mass conversion equai\os,
pV,A,. Strain rate is calculated as:

I Vz+1_vz _ de
€&,= ————= = . 149
Az dz
108
104 |
F 60/40 PET/LCP
« ® :250°C
$ m :260°C
A 270°C @

PET

Viscosity,
3

101 n Lol n sl n Lol
102 108
shear rate, s

104

Fig. 2. Viscosity vs. shear rate curves for PET, LCP, and 60/40 PET/LCP at
three different temperatures.
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(b) 60/40 PET/LCEP fiber, extension ratio = 440

Fig. 3. SEM photomicrographs of 60/40 PET/LCP fiber before (a) and after
(b) elongation.

Parameters used in melt spinning simulation are given in
Table 1.

3.2. Numerical simulation of LCP droplet deformation

The LCP droplet deformation in a polyester matrix under
the melt spinning process is simulated based on Taylor's
[5,6] theory in which Newtonian fluid was considered.
The initial size of the LCP droplet at the die exit required
for the calculation of droplet deformation is determined
from SEM and the image analysis.

The deformation of a droplet depends on the reduced
capillary number, Ca(Eq. (7)). The capillary number,
which depends on strain rate, elongational viscosity, and
droplet size, is calculated at each time step. The critical
capillary number, Ca depends on the viscosity ratip, In
the elongational flow, Gais calculated from the Grace’s
empirical equation [18]:

Ca
Iog( 5 )

—0.64853— 0.02442l0g p)

0.00056
(logp — 0.00645

+0.02224 logp)*— (15)
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(a) Extension ratio = 1

Average diameter = 3.96 um
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Fig. 4. Diameter of LCP phase in the fiber spinning of 60/40 PET/LCP at the extension ratios of 1 (a) and 440 (b).

The value of Ca is compared with C determine if the Ca < 0.1, no droplet deformation takes place. There-

deformation or breakup occurs [15]. fore, calculations of droplet deformation were not
For Cd between 0.1 and 4.0, the deformation is calcu- performed.

lated by the linear deformation equation as suggested by The calculation of the deformation is continued until

Taylor (Eq. (4)). In the region 1.& Ca’ < 4.0, the kinetics either the LCP fibrils’ breakup or solidification occurs. If

of the breakup depend on the viscosity ratio. The dimension- breakup occurs according to Utracki and Shi's breakup

less breakup time is calculated as [8]: criterion (Eq. (16)) [8], then a new morphology is calcu-
lated. The calculation is terminated at solidification and the

¢ Y _ 8400345 Ca 0% 16 final dimensions of the LCP fibrils is plotted as a function of

b~ Ca A ( Ca, ) (16 spin line distance. From this procedure, the sizes of the LCP

droplets under different processing conditions in fiber spin-
where t, is the time for breakup and’ the strain rate.  ning can be obtained.
Breakup does not occur if there is not enough time provided The simulation is performed based on the following
for the breakup before solidification. assumptions.
As indicated by Huneault et al. [15], for Ca 4, affine
deformation occurs and the deformation is calculated by 1. No coalescence of LCP droplets and no slip at the bound-
the exponential function for uniaxial deformation. For ary occurs.
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(a) Isotherm al
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Fig. 5. Variation of LCP phase diameter along the spin line in the fiber spinning of 60/40 PET/LCP in isothermal (a) and non-isothermal (b) simulation.

2. Shear-induced orientation and crystallization are shear viscositiesyo, was obtained as:
negligible.

420474
3. Radial temperature profile in melt spinning is negligible. 1, = 1.5810x 10 3le™ 1 an
4. If breakup occurs, new spherical droplets of equal . . ]
diameter are generated. The elongational viscosityye, was calculated as
Mg = 370 (18

The algorithm of the simulation is shown in Fig. 1. o ) »
As shown in Fig. 2, the viscosities of the 60/40 PET/LCP

blend at 250, 260, and 270 showed higher values than

those of the LCP in the whole range of shear rates and
3.3. 60/40 PET/LCP fiber PET at shear rates lower than 100.sThe latter would

indicate that the slip does occur in this blend. This high

The viscosity of the PET, LCP, and 60/40 PET/LCP is viscosity is also due to the high melting temperature of

shown in Fig. 2. The zero shear viscosity of the blend was the LCP (278C). Under the melting point of the LCP,
calculated from the extrapolation of the flow curves at 250, the LCP particles behave like a filler which increases the
260, and 278C. The temperature dependence of the zero viscosity of blends.
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Fig. 6. Viscosity vs. shear rate curves for pure PBT and 60/40 PBT/LCP at
three different temperatures.

SEM photomicrographs of the 60/40 PET/LCP fiber
before and after elongation are shown in Fig. 3. Without
extension, the LCP domains are spherical droplets.
However, they deformed into long fibrils with an extension (b) 60/40 PBT/LCP fiber, extension ratio = 204
ratIO.Of 440 as_ clearly S(.aen aft.er solvent extraction. The PET Fig. 7. SEM photomicrographs of 60/40 PBT/LCP fiber before (a) and after
matrix was dissolved in boiling phenol for 24 h and the (y cjongation.
phenol was washed out by methanol. As seen from Fig.
3b, orientation of the LCP fibrils are somewhat distorted.

There are two reasons for this to occur. During solvent decrease in the LCP phase diameter along the spin line is
extraction, stirring was applied to get a faster dissolution due to a fast increase in the viscosity during cooling under
of the matrix leading to the distortion. Also, a possibility the non-isothermal spinning. In both the isothermal and
exists that some distortion took place during the transforma- non-isothermal spinnings, the final LCP fibril diameter
tion of the sample onto microscope slide after extraction. was 0.22um at a take-up velocity of 1.2 m/s. This value
The distributions of LCP droplet diameters before and after was close to the experimental diameter of 0u38.

elongation are shown in Fig. 4. The average diameter of the In both isothermal and non-isothermal cases, the LCP
LCP droplets without extension was 3.@61. With an droplet was assumed to have a cylindrical shape and the
extension ratio of 440, the average diameter of the LCP deformation was calculated based on Utracki's criterion
fibrils was 0.33um. [15] with conservation of volume. In all cases, the reduced

The interfacial tension between PET and LCP was calcu- capillary number, Ca was larger than 4.0. Therefore, the
lated from interfacial thickness according to Wu'’s relation diameter,d, and length,L, of the LCP fibril after the
[19]: deformation was based on affine deformation theory:

Yip = 556.'70.86 (19 d=d, ex%— g) (20

where the interfacial tensiony;,, is in dyne/cm and the
interfacial thicknessg, is in A. The interfacial thickness
observed by SEM was 800 Aeading to y;, = 0.175X whered, andL, are the original droplet diameter and length
10 3 N/m. ande the strain, which is calculated from the change of fiber
Fig. 5 shows the variation in the calculated LCP phase diameter. Various viscosity ratios between LCP and PET
diameter along the spin line. The monotonic decrease wascomponents (0.01-100) were applied in the simulation,
observed under the isothermal spinning, while a fast but no influence of the viscosity ratio on the LCP droplet
decrease was observed at the spin line distance range frondeformation was found. It is evident that the LCP droplet
0 to 0.5 cm under the non-isothermal spinning. This fast deformation in PET matrix does not follow Taylor's

L = Lo exple) (21)
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deformation theory, but follows the affine deformation neat PBT. This result is contrary to the PET case. In the
theory. In simulation, no LCP breakup was observed. The blending of PBT/LCP, a partial miscibility was inferred by

final length of the LCP fibril was 130@m at a take-up

some researchers [20—24]. This partial miscibility might be

velocity of 1.2 m/s in both the isothermal and non-isother- a reason for the power-law behavior of viscosity and its
mal calculations. It was not possible to measure the actuallower variation with temperature. The obtained temperature
length of the fibrils because their ends were not found in the dependence of zero shear viscosity is

SEM photomicrographs. The maximum calculated aspect

ratio of about 6000 was obtained at a take-up velocity of
1.2 m/s.

3.4. 60/40 PBT/LCP fiber

Fig. 6 shows the flow curves of the 60/40 PBT/LCP and
the neat PBT. Similar to LCP (Fig. 2), the blend of 60/40
PBT/LCP (Fig. 6) showed almost power-law behavior. A
smaller variation of viscosity with temperature variation
was observed in the 60/40 PBT/LCP blend than in the

131869
T

Mo = 1.1077x10 " e (22)
A zero shear viscosity was taken at the shear rate of 6.5 s
Fig. 7 shows the shapes of the LCP domains in the PBT
matrix before and after extension. The PBT matrix was
extracted by 1/3 trifluoroacetic acid/methylene chloride
solvent. The initial size of the spherical LCP droplets was
much larger than that in the 60/40 PET/LCP blend. With an
extension ratio of 204, the LCP fibrils were formed. The
average diameter of the initial LCP droplets in the PBT
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matrix was 13.52vm, and it was reduced to 0.98n after
the elongation. .

The interfacial thickness was 2800 Arom Wu'’s rela-
tion [19], the calculated interfacial tension was 0.0597
10"3N/m. It is a lower value than that of the PET/LCP
blend. Therefore, it can be inferred that due to the partial
miscibility the better adhesion exists in the PBT/LCP blend
than in the PET/LCP blend.

The variation of the calculated LCP domains along the
spin line under the isothermal and non-isothermal condi-
tions is shown in Fig. 8. In the non-isothermal spinning,

the diameter decrease was largest at the distance rang

from O to 0.5 cm, and stabilized after 0.6 cm. With the
take-up velocity of 2.0 m/s, the diameter of the LCP fibrils
was 0.86.m, and it was well matched to the experimental
value of 0.98.m.

The maximum calculated fibril length of 33@dn was
obtained with the take-up velocity of 2.0 m/s. In the compu-
ter simulation of the 60/40 PBT/LCP, no break up of LCP
fibrils was observed, and the deformation of the LCP
domain was performed based on the affine deformation
theory, which is shown in Egs. (20) and (21). The maximum
aspect ratio of 3900 was obtained with a take-up velocity of
2.0m/s. In the PBT/LCP blend, a lower aspect ratio of
the LCP fibrils was obtained than in the PET/LCP blend.
The partial miscibility between the components hinders the
fibrillation. The partial miscibility led to less viscosity
change with temperature. Therefore, a smaller strain wa
applied in the simulation leading to a lower aspect ratio of
the LCP fibrils.

4. Conclusions

In the polyester/LCP blends, the LCP droplet deformation

e

2619

Instead, the affine deformation theory revealed a well-
matched LCP deformation in the PET matrix. A lower
aspect ratio of LCP fibrils in the 60/40 PBT/LCP fiber
was obtained as compared to that in the 60/40 PET/LCP
fiber. This was caused by the partial miscibility between
the PBT and the LCP phase.
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