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ABSTRACT

In this paper it has been demonstrated that it is possible to generate in situ
fibre composite from blends of a thermotropic liquid crystalline polymer
(TLCP) and polypropylene by using combination of a modular multi-fed twin-
screw extruder with an extensional flow mixer (EFM) as a novel process.
Experimental results revealed that almost all TLCP droplets passing through
the converging-diverging regions of the EFM are deformed into fibrils oriented
to flow direction, indicating that this process does not suffer the limitation
imposed by viscosity ratio of the blend components and TLCP concentration.
The results obtained from the flow analysis performed on the converging
regions of the EFM showed that LID distribution of the TLCP fibrils can be
predicted in terms of the lineal stretch parameter calculated on the basis of
kinematical approach.
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INTRODUCTION

In recent years, the blending of thermotropic liquid
crystalline polymers (TLCP) with thermoplastics has
been the focus of intense academic and indi :^t r ;~ l

interest [1-12] . This interest is mainly focused on the
fact that under appropriate melt processing condition
the TLCP dispersed phase can be deformed into fine
oriented fibrils, which upon solidification acts to
reinforce the matrix . Since, such oiiented fibril-matrix
morphology is generated during the process, resulting
in blends with higher mechanical properties compared
to those with spherical morphology, these blends are

often referred as in situ composites . In addition
TLCPs can improve the processability of the matrix
polymers because of their low viscosity under
processing conditions [1-5].

In the conventional method, the required fibril-
matrix morphology for in situ composites is common-
ly generated with conventional dispersing mixing
equipment like single and twin-screw extruders . In
these processing techniques the TLCP is first
dispersed as fine droplets which are elongated into
microfibrils in a subsequent extensional flow steps
and finally frozen-in upon solidification. It has been
recognized that, application of strong extensional
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flow in the final stage of processing established in
converging die or by drawing outside the die are
necessarily not only for the formation of high aspect
ratio TLCP fibres but also to induce a high degree of
molecular orientation in the fibres [2, 3, 13-161
Champagne et al . [17] demonstrated that the fibre
content of the in situ composites increases with
increasing the draw ratio to some extent above which,
depending on the TLCP concentration, it remained
unchanged.

The mechanism by which high aspect ratio
oriented fibrils are formed in blends of TLCPs and
thermoplastics is still uncleared . This is because many
factors such as hydrodynamic forces, rheological
properties of the blends components, interfacial forces
between phases, mixing history and TLCP concen-
tration can play a role in generating fibril-matrix
morphology and final microstructure of the blends.
Contribution of many of these parameters on develop-
ment of reinforcing TLCP fibrils in resultant blend
has been studied by a number of researchers who have
reported several contradictory findings [14-19].

It has been reported that the viscosity ratio of
the components can have a great influence on the
fibril/matrix formation of these blends [20-25].

There have been several reports focused on the
effect of TLCP concentration on generating the
fibril/matrix morphology [26] . The role of TLCP
concentration on process of in situ fibre formation
from droplet/matrix dispersion can be qualitatively
described using the theory of deformation and droplet
break up originally developed by Taylor [20].
Accordingly, for each blend system there is a certain
minimum TLCP concentration below which the TLCP
droplet size produced in the melt blending step
becomes so small that the viscous stresses imposed
during processing can not overcome interfacial forces
and, therefore, the TLCP droplets do not form fibrils.

At increasing TLCP concentration, the fibre
formation tends to be easier due to the presence of
larger TLCP droplet size which can easily be
deformed into fibrils in an extensional flow field.

In contrast with conventional in situ composite
process, a novel dual extrusion process has been
developed by Baird and his co-workers [27-30] in

which the TLCP fibrils are not generated from
dispersed droplets but are formed by a mainly
distributive mixing in the actual melt blending
process . In this process, the TLCP and matrix are
plasticateJ in two separate extruders before mixing in
a series of static mixing elements. The static mixing
elements act as distributive mixing, operating by
repeated splitting, stretching and recombining the
polymer melt streams . A similar process has been
used by Machiels et al . [23] for several blends
containing TLCP.

In the present work an attempt has been made
to use an extensional flow mixer (EFM), combined
with a co-rotating multi-fed twin-screw extruder, as a
novel process to produce in situ fibre composites.
Special attention has been made to determine if this
process can be utilized to generate a fibrillar TLCP
morphology from blends having viscosity ratio greater
than unity, the result which can not be obtained by
direct melt blending in extruders.

EXPERIMENTAL

Materials
The thermotropic liquid crystalline polymer (TLCP)
used was Vectra A 950 supplied by Celanese . The
Vectra A 950 is an aromatic random copolyester
consisting of 73% 4-hydroxy benzoic acid (HBA) and
27% 2-hydroxy-6-naphthoic acid (HNA) . It has
exhibited a crystalline to liquid crystalline transition
at 285 C, as measured with DSC in the first heating
scan . The second heating scan, after quenching from
the liquid crystalline melt, revealed a melting point of
280 'C . The polypropylene as a matrix material was a
homopolymer with melt flow index of 4 g/l 0 min at
210 ' C and Mw =450,000 supplied by I imont Co.

Extensional Flow Mixer
An extensional flow mixer (EFM) with characteristics
almost similar to that introduced by Utraki [3i] was
constructed and fitted to a co-rotating modular multi-
fed twin-screw extruder (Brabender TSE 25) . A
schematic representation of the EFM used in this
work is shown in Figure I . For more details see ref.
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Figure 1 . Schematic diagram of the EFM.

31 . In this device the molten polymers enter the F.FM
from the TSE through an adapter . The nick is
smoothly distributed to slits located between cone and
the mounting ring. Next the melt enters the annular
space inside the EFM body, flows towards the center
which undergoing convergent and divergent (c-d)
regions before sorting out through the central bore
and the fitted circular.

Blend Processing
Blends of Vectra A950 and PP were produced using a
co-rotating twin-screw extruder (TSE 25) combined
with an extensional flow mixer (EFM) . The MCP
was fed to the extruder by means of an adjustable
dozing feeder . The PP was fed into the molten TLCP
through the second dozing feeder . This method of
feeding was used in order to reduce PP residence time
in extruder and therefore minimizing the PP thermal
degradation . Maximum temperature of the melting
zones of the twin-screw extruder and the EFM was set
to 290 C . The composition of the blend materials was
closely monitored and maintained during the process
by adjusting the rate of the dozing feeders . A number
of blend samples were also produced by direct blend-
ing in 'USE fitted with a capillary but without using
the EFM, in order to evaluate c efficiency of the
EFM . All blend samples were quenched HI cold water
in order to prevent additional stretching . The blend
samples were produced at constant temperature but at
different extensional deformation imposed in the

EFM, which could be manually adjusted by the EFM
gap setting and monitored by means of a pressure
transducer fitted into the adapter . In this work results
obtained from three sets of blend samples, all contain-
ing 20 wt% TLCP but produced using different
processing conditions, have been reported . These
include blend samples produced by direct blending, a
sample produced using the EFM in the process at
pressure equal to 50 bar and a sample produced using
EFM at pressure equal to 100 bar . All sarnples were
produced at constant screw speed of 120 RPM.

Morphology Study
The morphology of the blend was studied using
scanning electron microscopy technique (SEM 360
Cambridge Instrument). The SEM samples were
prepared by cryogenic fracture after immersion in
liquid nitrogen for at least 10 min . The fractured
samples were fixed to aluminium stubs and coated
with a layer of gold to enhance conductivity.

RESULTS AND DISCUSSION

Morphology
Scanning electron micrograph shown in Figure 2
represents morphology of the core region of fracture
surface of the extruded sample produced by direct
blending in twin-screw extruder (simple mixing) . The
TLCP phase is in the torn of spherical droplets

Figure 2 . SEM Micrograph of the TLCP/PP (20180 w.w)

blend sample produced by direct blending .
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dispersed in the PP matrix . The T 1LC1' particles pulled

out of the matrix during fracture, as evidenced by the

holes left in the matrix, indicating that interfacial
adhesion between the two phases is poor.

Figure 3 shows the SEM micrograph of a part
of cross section of the same extruded sample . A

pronounced skin layer observed for this sample

indicates that for the sample produced by simple
blending process ; some of the TI .C1' phase tends to

migrate toward the die wall forming a continuous skin

layer. Similar skin-core morphology has also been

reported by other researchers using simple blending

process [271.
Figure 4 shows SEM micrograph of fracture

Figure 5 . SEM Micrograph of the TLCP/PP (20180 w :w

blend sample produced using EFM tP=50 bar.

surface of the extruded blend sample produced using

combination of TSE and FFM at AP-50 bar . Close

examination of this micrograph revealed that for this

sample almost all 'llCP droplets are deformed into
fibrils . which are oriented in the flow direction . As

can he observed in Figure 5 . in this sample the'FI .CP

fibrils are well distributed through extruded cross
section with no appreciable skin effect.

Figure 6 shows the SEM of a sample which was
produced using the same processing condition as that

used for the former sample with only increased extent

of extensional rate imposed in FFM (AP=100 bar).
From comparing this micrograph with that shown in

Figure 4 . it can he found that increasing the extent of

A

Figure 3 . SEM Micrograph of the TLCPIPP (20180 w,w)
blend sample produced by direct blending.

Figure 4 . SEM Micrograph of TLCPIPP (20180 w :w) blend

sample produced using EFM LP=50 bar .
Figure 6 . SEM Micrograph of TLCPIPP (20180 w w) blend

sample produced using EFM AP=100 bar
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extensional rate of deformation imposed in the EFM
increases the extent of the TLCP fibrillation and
therefore, it has an enhancing effect on generating the
in situ fibre composites.

Finally, the uniform LID distribution of the
TLCP fibrils observed for the blend samples produced
using EFM reveals that, there is a strong correlation
between the size of TLCP droplets produced in TSE
and the dimension of the fibrils generated in the EFM.

Modeling
In this part of our work an attempt has been made to
estimate the aspect ratio (LID) of the TLCP fibrils and
their LID distribution over extrudate cross section in
terms of the lineal stretch (A) on the basis of kine-
matical concepts and make a qualitative comparison
between these parameter and experimental results.
The reason for doing this flow analysis was that, from
the above experimental results it seems that almost all
TLCP droplets passing through the converging
regions of the EFM are deformed into the fibrils,
which do not undergo any breakage . For this purpose
a dihedron converging flow field described in Figure
7 has been considered as one of its EFM converging
zones .

It has been shown that [32] for such region the
rate of deformation tensor (D) and component of
velocity field (v) can be given as follows:
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( I )

va = 0,vv = yz-Ey,vz ='Yz+Ey

	

( 2 )

Where, v i's are the components of velocity vector ; v, y

and are the extension and shear rates of deform-
ation, respectively . In this case the components of the
position vector x=x(i) can be obtained from the

equation xi =xei+Jvi dt considering their initial values
xo=x(o) where 'rim 's are the components of position
vector at time t=0 and xi 's are the components of
position vector at time t, which at its maximum level
equals to element residence time, thus:

x=xo ; y=yo+yz- ey ; z=zo +yz+Ey

	

(3)

Where y, E are the total extensional and shear
deformation at time t, respectively . By differentiating
xi ' s with respect to xa,' s we can obtain components of
deformation gradient tensor, F, defined as F ;I
may, therefore:

F,,, = 1 ; Fri = F ye _ (l - s)I(1 - E 2- ,y');

Fry = [(I - c)/(1 + E)1{y/ [( 1 -
E)z -

1,2 1);

Fu = (I + e)/[ 1 - (E 2 + 12)] ; others equal to zero .

	

(4)

The deformation gradient tensor and its
transpose can be combined to yield the right relative
Cauchy-Green strain tensor C as Ci FTil F i, therefore
the non-zero component of C may be as follows:

- 1 ; C, [(I-02+12]/(I-g2-72)2;

Cn= C,. = 2(1 + c2 )y/(1 +E)(I-E2 'y2)2 ;

Cu = [( 1+e)4 +'I2(i-c)2]/[(l+e)Z (1 - s2 - y 2 )2 ]

	

(5)

By considering X 2 = C, m 0 mo ;, the lineal stretch
can be calculated as follows:

= {[(1 +E)°+y2() -e)2]/[(1 +s)(I -s2-y2)z])(~rz)

(6)

Since the extent of a and y vary depending on
position (x), geometrical factor and processing
conditions (pressure drop and flow rate ; AP, Q), the A
will have a distribution over any cross section of flow
field. Our main objective was to predict the distri-
bution of A on the cross section A-A as 4shown in
Figure 7 . The eqn (6) can be solved using following
assumptions:
- The TLCP droplets sizes are too small compared

with the gap of cross section A-A.
- All TLCP droplets passing through the converging

region are deformed to fibrils with no break-up.

- Influence of the diverging regions on deformation
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Figure 8. The lineal stretch (A) distribution predicted for the
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A-A cross-section of the last converging region of EFM at
three different pressure and Q=1000 cm3lhr .

L

Figure 7 . Cross-sectional view of a converging region.

of the TLCP droplets is assumed to be negligible.
TLCP and PP both exhibit power law behaviour in
the extensional and shear flow [29-31]. Thus by
considering the rheological, geometrical and operat-
ing parameters (AP, Q), it is possible to predict a and y
[32] and therefore, the lineal stretch (A) distributions
on the cross section A-A in the Figure 7.

In order to apply the above concept to the EFM
which has P successive similar converging regions,
the total lineal stretch (A 1,) can be calculated on the
basis of the lineal stretch evaluated for a single
converging region as discussed above using the
following relation:

gy p- ( a, )P

	

( 7 )

Figure 8 shows the distribution of 7~P(LID) over

the cross section A-A of the last converging zone of a
triple zone EFM predicted from eqn (7) for three
different pressures, but constant throughput (Q=1000
cm 3 lh). These results suggest that the EFM is capable
of producing a uniform distribution of 7y, and there-
fore, ability of generating in situ fibre composites
with a uniform fibre LID distribution.

The above predicted results also suggest that
the LID of TLCP fibres increase with increasing AP.

CONCLUSION

It has been demonstrated that the in situ fibre
composites from TLCP/PP blends can be generated
by using the combination of a co-rotating modular
multi-fed twin-screw extruder (dispersive mixer) and
an extensional flow mixer (fibrils generator) as a
novel process.

Experimental results revealed that this process
does not suffer from the limitations imposed by
viscosity ratio of the blends components and the
TLCP concentration with no need for post-drawing of
extrudates. Flow analysis performed on the EFM
suggests that the LID distribution of the TLCP fibrils
generated in the EFM can be predicted in terms of the
total lineal stretch (7vp ) calculated on the basis of
kinematics concept.

REFERENCES

I . Kiss C ., "In situ composites: Blends or isotropic polymers
and Ihcrmotropic liquid crystalline polymer" . Pnlym . Eng.

Sen s 27, 410 (1987).

Kohli A ., Chung N . and Weiss R .A ., "rhe effect of

deformation history on the morphology and properties of
blends of polycarhonate and a thermotropa liquid crystalline

polymer", Polym . Eng. Sri., 29 . 573 (1989).

V1fnise RA. . Huh W . and Nicolais ] .., "Novel reilrforeed polymer

based on blends of polystyrene and a thermotropic liquid
crystalline copolyestcr', Polym. F.ng. Sri., 27. 684 (1987) . -

tlatta tl ., Fruitwala H ., Kohli A. and Weiss R .A, "Polymer

I bleodcontaining liquid crystals: A review", .Polym.'Erlg: Sci .,

30, 1005 (1990).

120

	

Iranian Polymer Journal/ Volume I1 Number 2 (2(102)



M"usavi A_ el al.

5. Hong S .M ., Kim B .C ., Hwang S .S . and Kim K.U ..

"Rheological and physical properties of polyarylatelTLCP

blend system", Polym. Eng. Set., 33, 630 (1993).

6. Turek D.E ., Simon G.P . and Tiu C ., "Physical properties of

blends of polycarbonate and a liquid crystalline copolyester"

Polym . Eng. Sri., 35, 52 (1995).

7. Nobile M .R., Amendola E. and Nicolais L., "Influence of

processing history on the properties of a thermotropic copoly-

ester/polycarbonate blend", Polym. Eng. Set, 29, 244 (1989).

B . Blizard K.G ., Federico C ., Federico O. and Chapoy L .L.,

"The morphology of extruded blends containing a TLCP

polymer", Polym . Errg. Sci., 30, 1442 (1990).

9. Cevecocur G . and Groeninckx G ., "Sheet extrusion of in situ

composite: Influence of processing parameters" , Polym. Eng.

Sci ., 33, 937 (1993).

10. Duna D., Weiss R.A . and Kristal K., "TLCP/fluoropolymer

blends: Preparation and properties", Polym. Eng. Sri ., 33,

838 (1993).

11. De Souza J .P . and Baird D.G., "In situ composite based on

blends of a polyetherimide and TLCP subjected to shear free

deformation", Polym. Comps., 17, 578 (1996).

12. Singer M . and Simon P ., "The effect of compatibilization on

the behavior of a polycarbonatefLCP blend" Polym. Eng.

Sci., 36, 1038 (1996).

13. La Mantia F.P ., TLCP Blend, Technomic, Lancaster, PA .,

U .S.A. (1993).

14. Isayeve A. and Viswanathan R ., "Self-reinforced prepregs

and laminates of a poly(phenylene oxide)-polystyrene alloy

with a liquid crystalline polymer", Polym., 36, 1585 (1995).

15. Seo Y ., Hwang S . and Kim K., "Effect of die geometry on

structural development of a thermotropic liquid crystalline
polymer in a thermoplastic elastomer matrix", Polym ., Eng,

Set, 35, 1621 (1995).

16. Sukhadia A .M ., Done D. and Baird D.G, "Characterization

and processing of blends of polyethylene terephthalate with

several liquid crystalline polymer" Polym. Eng. Sci., 30, 519

(1990).
17. Champagne M.F ., M .M . Dumoulin, and L.A . Utracki,

"Generation of fibrillar morphology in blends of block
copolyetheresteramide and liquid crystal polyester", Polym.

Eng. Sci., 36, 1636 (1996).

IR. Beery D., Kenug S., Nervky M . and Siegmanu A., "The

mechanism of skin-core morphology formation in extrudates

of polycarbonateJliquid crystalline polymer blends", Polym.

En.g. Sci., 33, 1548 (1993).

19. Duda D ., Fruilwala H ., Kohli A . and Weiss R .A ., "Effect of
die geometry on the TLCP blend morphology", Polym. Eng.

Sci. . 33, 1548 (1990).

20. Taylor G .1., "The viscosity of a fluid containing small drops

of another fluid " , Proc. Roy. Soc., (London), A 146, 501

(L934).

21. Palieme J .F ., "Linear rheology of viscoelastic emulsions with

interfacial tension" Rireol. Acta, 29, 204 (1990).

22. Handlos A .A. and Baird D.G ., Intern., "Injection moulding of
microcomposites based on polypropylene and thermotropic

liquid crystalline polymers", Inter. Polym. Proc., XI, 82, I

(1996).

23. Machiels A.G .C ., Deny K .F.I., Van Dam J., Blizard K.G .,

and Baird D.G ., "Formation, stability and properties of in-
situ composites based on blends of a thermotropic liquid

crystalline and thermoplastic elastomer", Polym. Eng. Set.,

27, 653 (1987).

24. Bafna S .S., Sun T. and De Souza. "Mechanical properties of in-
situ composites based on partially miscible blends of glass-

filled polyetherimide and TLCP", Polymer, 34, 708 (1993).

25. Chapleau N ., "Properties of a thermotropic liquid crystalline

polymer blended with different thermoplastics" , Polym. Eng.

Sci., 32, 1876 (1992).

26. Jiasong H. and Weshengbu, "Factors influencing
microstructure formation in polyblends containing liquid

crystalline polymers", Polym. Eng. Sci., 35, 1695 (1995).

27. Sabo] E .A . and Baird D .G., "Morphology in blends of a

thermotropic liquid crystalline polymer and polypropylene",

Intern. Palym . Proc., X, 124, 2 (1995).

28. Chinsirikul W., Hsu T.C . and Harrison, "Liquid crystalline

polymer(LCP) reinforced polyethylene blend blown film:
Effects of counter rotating die on fibre orientation and film

properties", Polym. Eng ., Sci_ . 36, 2708 (1996).

29. Baird D .G . and Sukhadia A .M., "Mixing process for

generating in situ reinforced thermoplastics", U.S. Patent 5

225 488(1993).

30. Narkis M ., Beery S. and Siegman A., "Shear and

elongational viscosities of a thermotropic liquid crystalline

polymer and its blend with polycarbonate", Polym . Eng. Sci.,

32, 14 (1992).

31. Luciani A. and Utracki L.A ., "The extensional flow mixer,
EFM", Inter. Polym. Proc., XI, 299 (1996).

32. Binding D .M ., "An approximation analysis for contraction

and converging flows", J. Non New. Fluid, Mech ., 27, 173

(1988).

Iranian Polymer Journal / Volume 11 Number 2 (2002) 121


	page 1
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7

