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ABSTRACT: Unidirectional sheets (prepregs) of blends of polyetherimide (PEI) with a
liquid crystalline polymer (LCP) are prepared. The mechanical properties of prepregs
at directions of 0°, 45°, and 90° to the machine direction are investigated as a function
of draw ratio and LCP concentration. The results show that drawing significantly
increases the tensile strength and modulus of prepregs in the machine direction and
only slightly decreases these properties in the transverse direction. An increase in the
LCP content greatly enhances the tensile strength and modulus in the machine direc-
tion but decreases these properties in the 45° and 90° directions. The strain at break
of prepregs decreases with LCP content in all directions tested. An abrupt drop in the
tensile strength, modulus, and strain at break of prepregs occurs in the 45° and 90°
directions when LCP content reaches 40%. Prepregs are used to manufacture unidirec-
tional and quasi-isotropic laminates. Unidirectional laminates show mechanical proper-
ties close to those of the corresponding prepregs. The tensile modulus of quasi-isotropic
laminates exhibits a continuous increase with increasing LCP content while the tensile
strength increases with an LCP content up to 30%, then it decreases rapidly. The
morphology of LCP in prepregs is observed to change from disperse to continuous at
LCP contents of 40 and 50%. This effect is found to be responsible for the large decrease
in tensile strength of prepregs in the 45° and 90° directions and quasi-isotropic lami-
nates at higher LCP concentration. © 1997 John Wiley & Sons, Inc. J Appl Polym Sci 65:

329-340, 1997
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INTRODUCTION

Blending of polymers has become an important
and attractive route for developing new and better
materials. In the past decade, blends of thermo-
tropic liquid crystalline polymers (TLCPs) with
thermoplastics have attracted much attention.!~®
The ability to make high-performance materials
and good process economics have made this so-
called self-reinforced or in situ composite tech-
nology very promising. In the majority of investi-
gations, extrusion and injection molding are
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utilized. These processing methods are very con-
venient. However, there are still some limitations.
In particular, the lack of high extensional flow
does not allow LCP to form fibrils long enough to
give a significant reinforcing effect in the final
product. In applications where isotropic proper-
ties are desired, the high anisotropy of the me-
chanical properties of the molded product is a ma-
jor deficiency of self-reinforced composites.
Recently, a new technology was proposed to im-
prove the performance of these materials with re-
spect to anisotropy.®’ In this technology, LCP/
thermoplastic prepregs are first made by extru-
sion followed by extension. In these prepregs, very
large aspect ratio LCP fibrils can be achieved.
Then, the prepregs are compression-molded into
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laminates with the required packing sequence.
Unidirectional or quasi-isotropic laminates can be
obtained very similar to conventional fiber-rein-
forced laminates. Obviously, the technology of
making prepregs here is more convenient and eco-
nomically viable than that of making conventional
fiber-reinforcing prepregs.

Some articles have been published where this
method was utilized. Dutta et al.”® studied the
melt drawing of films of LCP/polycarbonate (PC)
and LCP/fluoropolymer. They prepared unidirec-
tional and cross-ply laminates using these films.
The mechanical properties of these laminates
were found to agree well with predictions from
conventional composite lamination theory.’ Isayev
and co-workers'®!! studied the systems of LCP/
polypropylene (PP), LCP/poly(phenylene oxide)
(PPO), and LCP/PPO-polystyrene (PS) alloy.
The properties of both unidirectional and quasi-
isotropic laminates were found to be dependent
on the compression or the reduction ratio during
lamination and the extension ratio of prepregs.
Crevecoeur and Groeninckx'? made unidirec-
tional sheets with an LCP in a matrix of polyphen-
ylene—ether (PPE) and PS. The effect of draw
ratio, slit opening, and extruder throughput were
investigated and related to the morphology and
mechanical properties. In another study, Bassett
and Yee'® spun LCP/PS blends into fibers and
compression-molded these fibers directly into a
composite. LCP fibrils were found to remain un-
disturbed by the molding process. Sabol et al.'*
produced drawn strands of LCP/PP. Then, the
drawn strands were cut and arranged uniaxially
or randomly and compression-molded. Mechani-
cal properties of the composites produced were
found to increase with both draw ratio and strand
length.

In the present article, a high-performance en-
gineering plastic, polyetherimide (PEI), was
blended with an LCP and prepregs and laminates
were prepared. Systematic study of the mechani-
cal properties of the prepregs, including the effect
of draw ratio and LCP concentration, was carried
out. Attention was also paid to the development
of the microstructure of LCP within PEI in the
prepregs. In addition, the mechanical properties
of unidirectional and quasi-isotropic laminates
were studied in relation to those of the prepregs.

EXPERIMENTAL

Materials

The PEI used was Ultem 1000 (GE Plastics). The
LCP is a random copolyester of hydroxybenzoic

acid (HBA) and 2,6-hydroxynaphthoic acid (HNA)
(Vectra A950, Hoechst-Celanese).

Preparation of Prepregs

Melt blending of LCP and PEI was conducted in
a 1 inch Killion single-screw extruder, connected
to a static mixer (Koch Industries), followed by a
coat-hanger die and a take-up device. The die lip
has a thickness of 2 mm and a width of 150 mm.
Before extrusion, pellets of the materials were
dried in a vacuum oven at 130°C for at least 24
h; then they were physically mixed. Five LCP/
PEI compositions of 10/90, 20/80, 30/70, 40/60,
50/50 by weight were investigated. The following
temperature profile of processing was used: in the
extruder, 300, 340, 340, and 340°C; in the static
mixer, 330, 330, and 330°C, and in the die, 330°C.
The take-up device was used to uniaxially draw
films. The cooling roll was positioned 15 cm below
the die. The screw speed of the extruder was fixed
at 50 rpm. The take-up speed was varied from 20
to 120 fpm to obtain different draw ratios. The
draw ratio was defined as the ratio of the cross-
sectional area of the die lip to that of the drawn
film. It was not possible to obtain smooth and uni-
form films at each stretching condition. At a low
take-up speed of 20 fpm, pure PEI and LCP/PEI
10/90 and 50/50 films solidified so fast that they
could not be rolled and stretched. As the LCP con-
tent was increased to 50%, difficulty arose in get-
ting good films at higher take-up speeds. There-
fore, for LCP/PEI 50/50, the highest take-up
speed was adjusted to 80 fpm. All the conditions
and results are summarized in Table 1.

Laminate Preparation from Prepregs

Compression molding of prepregs was carried out
in a computer-controlled compression-molding
press (Tetrahedron, MTP 24). A molding temper-
ature of 260°C, force of 35.6 kN, and molding time
of 5 min were used. Under these conditions, a good
consolidation was achieved without delamination
or excessive flow of materials. Both unidirectional
and quasi-isotropic laminates were prepared. For
each laminate, 8 or 12 sheets of prepregs were
used depending on the thickness of the prepregs.
In the case of quasi-isotropic laminates, prepregs
were stacked in a sequence so that each subse-
quent layer was at an angle of 45° with respect to
the previous one.
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Table I Draw Ratios Used in Making Prepregs

Composition (LCP/PEI w/w)

Take-up Speed

(fpm) 0/100 10/90 20/80 30/70 40/60 50/50
20 8.7 8.0 7.9
40 17.4 17.6 17.4 159 15.7 11.9
60 17.8
80 34.8 35.2 34.8 31.8 314 26.7
120 52.2 52.8 52.2 47.7 471
Mechanical Testing 400
LCP/PE! (a)
The prepregs and laminates were cut into dumb- ® 0/100
bell-shape specimens of the ASTM D638 type IV. ss04 &% ;8123
Mechanical testing was performed in an Instron v 3070
mechanical tester (Model 4204 ), controlled by a 300 - : ;‘Sﬁgg
computer. A crosshead speed of 5 mm/min was §
used. The grip distance was set at 40 mm. Testing £ 250 -
was conducted without an extensometer. Strain g
was calculated based on the crosshead speed and %
the grip distance. For each sample, at least five % 200
specimens were tested. The reported values are 2
the average with standard deviation within 10% 150 1
in most cases (except tensile strength of LCP/PEI
50/50 unidirectional laminates and strain at 00— ———————g
break, which were more dispersive, within 20%).
50 T T T T T
Morphological Characterization 0 10 20 % ) 40 >0 o0
Draw ratio
The morphology of the LCP phase in prepregs was
observed using a scanning electron microscope 18 LCP/PEI (b)
(SEM), ISI SX-40. For this purpose, PEI was ex- ® 0/100
tracted with chloroform. A piece of the film was 16 o
immersed in chloroform for at least 12 h. Then, v 3070
the solution was decanted and fresh solvent was 147 : ggﬁgg
filled. This process was repeated three times. The —— Regr

remaining dispersion was placed directly on an
SEM sample holder. After the solvent was evapo-
rated, the sample was coated with a gold—palla-
dium alloy for observation.

RESULTS AND DISCUSSION

Mechanical Properties of the Prepregs

Figure 1(a) and (b) shows, respectively, the ten-
sile strength and modulus in machine direction of
LCP/PEI prepregs of various compositions, as a
function of draw ratio. For comparison purposes,
the properties of neat PEI film are also shown. It
can be seen that the properties of pure PEI are

Modulus, GPa

Draw ratio

Figure 1 (a) Tensile strength and (b) modulus in
the machine direction vs. draw ratio for prepregs at
different LCP concentrations.
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independent of the draw ratio, with a tensile
strength of about 102 MPa and a modulus of 2.7
GPa, indicating that drawing has no effect on this
amorphous polymer. The tensile strength and
modulus of the blends show an almost linear in-
crease with the draw ratio. The extent of this in-
crease is stronger at higher LCP content. For
LCP/PEI 10/90, the tensile strength increases
from 102 to 112 MPa and the modulus from 2.9
to 3.4 GPa for the draw ratio variation from 17.4
to 52.2. While for LCP/PEI 30/70, at nearly the
same draw ratio range from 15.9 to 47.7, tensile
strength increases from 178 to 266 MPa, and the
modulus, from 6.4 to 9.9 GPa.

The increase in the mechanical properties of
prepregs with the draw ratio has been reported
by many authors. However, in most studies, only
one LCP concentration was considered.”®!%
Here, one can see that the effect of the draw ratio
is highly sensitive to the LCP content in the PEI
matrix.

Since the properties of pure PEI are not af-
fected by drawing, obviously, the increase in the
tensile properties of LCP/PEI prepregs is caused
by the change of structure and of the properties of
LCP fibrils formed during drawing. It is known "'
that during drawing both the molecular orienta-
tion of rigid LCP chains and the aspect ratio of
LCP fibrils increase with the draw ratio. The in-
crease in the aspect ratio of LCP fibrils is related
to the deformation of the dispersed LCP phase,
which depends on the viscosity ratio of LCP to
PEI and the size of LCP particles. The larger the
particle size, the larger deformation the particle
can afford. So, at higher LCP concentrations, the
LCP dispersed phase has a volume sufficient to be
deformed into longer fibrils at larger draw ratios.
Moreover, the substantially lower viscosity of the
LCP melt in comparison with that of the PEI melt
also assists in the elongation of the LCP dispersed
phase.'®

The effect of LCP content on the strength and
modulus of prepregs in the machine direction at
different draw ratios is shown in Figure 2(a) and
(b). Since it is difficult to maintain a constant
draw ratio for prepregs of various compositions,
the data in Figure 1 are interpolated at constant
draw ratios. Tensile strength and modulus at con-
stant draw ratios of 16, 32, and 48 are thus ob-
tained. Figure 2 clearly shows that both the ten-
sile strength and modulus increase greatly with
increase in LCP content. It is seen that no matter
what draw ratio is used a significant increase in
properties occurs only when the LCP content ex-
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Figure2 (a)Tensile strength and (b) modulus in the
machine direction vs. LCP concentration for prepregs
at different draw ratios.

ceeds 10%. At a draw ratio of 48, the tensile
strength and modulus increases, respectively,
from 101 MPa and 2.7 GPa of pure PEI to 110
MPa and 3.3 GPa for 10/90 LCP/PEI and to 323
MPa and 12.5 GPa for 40/60 LCP/PEI. At an LCP
content higher than 40%, this increase in proper-
ties seems to slow down.

The effect of LCP concentration on the proper-
ties of drawn fibers and films of blends have been
studied in many articles.®'"'>7 Different tenden-
cies were observed. In particular, in LCP/PC fi-
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bers, Lin and Yee'® found a steady increase in
both modulus and tensile strength with an in-
crease in the LCP content from 10 to 80%. They
attributed this tendency to the consistent genera-
tion of fibrillar morphology in this concentration
range. On the other hand, for LCP/PET fibers,
an abrupt increase in the mechanical properties
between LCP content of 60 and 85% was observed
by Li et al.'” as the result of the morphological
changes of LCP from discontinuous fibrils to con-
tinuous fibrils. The effect here is similar to that
reported by Li et al.; however, it occurs at a lower
LCP content. From the morphological observation
which will be shown later, one can see that at an
LCP content of 10% the LCP particles are so small
that they are only deformed to a certain extent,
leading to fibrils with a small aspect ratio. So,
these fibrils cannot generate a significant rein-
forcing effect. When the LCP content is increased
from 10 to 40%, the aspect ratio of LCP fibrils
is greatly increased during drawing—hence, the
large increase of properties occurs in this concen-
tration range. When the LCP content exceeds
50%, LCP fibrils tend to become continuous, and
the effect of the aspect ratio on properties is re-
duced. In the latter case, the LCP content domi-
nates the properties and their increase slows
down.

Figure 3(a) and (b) gives, respectively, the ten-
sile strength and modulus of prepregs in the
transverse direction as a function of the draw ra-
tio at various concentrations of the LCP. It is
noted that the draw ratio only slightly affects the
properties of the prepreg in the transverse direc-
tion. In particular, for LCP/PEI 40/60, the modu-
lus decreases from 2.2 to 2.1 GPa when the draw
ratio increases from 7.9 to 47.1. Tensile strength
is found to be almost constant at all the draw
ratios examined, except in the case of LCP/PEI
50/50. The slight decrease in the modulus with
the draw ratio was also observed by Dutta et al.
in LCP/PC 10/90 prepregs.” But the large de-
crease in both tensile strength and modulus in
LCP/PPO-PS prepregs was reported by Isayev
and Viswanathan.™

In Figure 4(a) and (b), the transverse proper-
ties of prepregs are plotted as a function of LCP
concentration. It is clearly seen that both the
strength and modulus in the transverse direction
decrease significantly with increase in the LCP
content, especially when the LCP content reaches
40 and 50%. Isayev and Viswanathan'' observed
the decrease in properties in the transverse direc-
tion with the LCP concentration in LCP/PPO-PS
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Figure 3 (a) Tensile strength and (b) modulus in
the transverse direction vs. draw ratio for prepregs at
different LCP concentrations.

prepregs. But Dutta et al.® found a slight increase
in the transverse modulus with increasing LCP
content. In the case of conventional fiber-rein-
forced unidirectional composites, the transverse
modulus increases with increase in fiber volume,
while the transverse strength may decrease.'®
Available literature gives little discussion con-
cerning the properties of LCP/thermoplastics pre-
pregs in the transverse direction. There are two
possible reasons for the reduction of the modulus,
namely, the low transverse modulus of LCP fibrils
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Figure4 (a)Tensile strength and (b) modulus in the
transverse direction vs. LCP concentration for prepregs
at different draw ratios.

and the poor interface adhesion between LCP fi-
brils and matrix. According to the composite the-
ory,'® the transverse modulus of the composite,
E., can be given by

1 VvV, V,
— =Ly 1
E. E, E, (1

where E; and E,, are the transverse modulus of
the fiber and matrix, respectively, and V;and V,,
are the corresponding volume fractions. Usually,

in conventional fiber-reinforced unidirectional
laminates, the transverse modulus of fibers such
as glass or carbon is much higher than that of the
matrix. So, one can assume that E, =~ E,,/V,,. It
means that the transverse modulus of a laminate
is dominated by the transverse modulus of the
matrix and its volume fraction. But LCP fiber
properties are highly anisotropic with the trans-
verse modulus being much lower than the longitu-
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Figure 5 (a) Tensile strength and (b) modulus vs.
the angle between the testing and machine direction
for prepregs at different LCP concentrations and a draw
ratio of 16.
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Table II Strain at Break (%) of Prepregs in Different Testing Directions
and Corresponding Quasi-isotropic Laminates at a Draw Ratio of 16

Prepregs
LCP/PEI

(w/w) 0 45 90 Laminates

0/100 59.1 26.5 18.3 9.4
10/90 46.7 36.9 24.5 12.0
20/80 4.7 27.8 10.0 59
30/70 3.0 16.8 6.9 3.7
40/60 2.8 3.1 3.9 2.5
50/50 2.7 1.3 1.0 1.5

dinal modulus. Lin and Yee™ estimated that the
transverse modulus of LCP fibers (Vectra B950)
is 2.2 GPa. Using eq. (1) and experimental data
for pure PEI and the prepreg of LCP/PEI 40/60,
in which LCP fibrils are assumed to be continu-
ous, one can calculate that the transverse modu-
lus of LCP fibrils is only 1.5 GPa, which is lower
than that of pure PEI. So, the transverse modulus
of prepregs will decrease with increasing LCP con-
tent.

Equation (1) is based on the assumption that
there is a perfect contact between fibers and ma-
trix. But for LCP/thermoplastics system, the in-
terface adhesion is usually very weak, which may
further contribute to the reduction in the load-
bearing capacity of prepregs in the transverse di-
rection. This effect will increase with the LCP con-
tent since the interfacial area increases with LCP
concentration. The most probable reason for the
slight decrease in the transverse modulus with
draw ratio is that drawing does not affect the
transverse modulus of LCP fibrils significantly.
Also, at a constant LCP content, the interfacial
area between LCP fibrils and matrix is not af-
fected greatly by drawing.

The large decrease in the transverse strength
with LCP content is also related to the weak

transverse strength of LCP fibrils. For conven-
tional fiber-reinforced unidirectional composites,
failure in the transverse direction is initiated as
a result of matrix or interface failure. In some
cases, they may fail by fiber transverse failure, if
the fibers are highly oriented and weak in the
transverse direction.!® Similarly, in the case of
LCP fibrils, one can expect the fiber transverse
failure and interface failure to be more pro-
nounced, since the splitting of LCP fibrils may
easily occur. So, the higher the LCP content the
prepreg has, the more significant is the decrease
in transverse tensile strength. But when the draw
ratio increases, LCP fibrils become longer and
finer. Therefore, the ease of fiber splitting is re-
duced, and, hence, further drawing would affect
slightly the tensile strength in the transverse di-
rection.

Figure 5(a) and (b) gives the variation of ten-
sile strength and modulus of the prepregs at a
constant draw ratio of 16, with the angle between
the testing and the machine direction. Properties
are measured at 0°, 45°, and 90° to the machine
direction. One can see that pure PEI shows iso-
tropic properties for both the strength and modu-
lus. For LCP content up to 30%, the properties in
the machine direction are increased significantly

Table III State of LCP Phase After Extraction of PEI

Shape of Phase

LCP Sample Shape Remaining
Content Before After State of LCP
(%) Extraction Extraction Phase
10 Film Particles Dispersed
20 Film Particles Dispersed
30 Film Particles Dispersed
40 Film Cottonlike Partly continuous
50 Film Loose film Mostly continuous
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Figure 6 SEM microphotographs of LCP fibrils in
LCP/PEI 10/90 prepregs after extraction of PEI at
draw ratios of (a) 17.6 and (b) 52.8.

while the properties measured in the 45° direction
are only slightly higher than those in the trans-
verse direction, but still close to those of pure PEL
When the LCP content is increased to 40 and 50%,
both the strength and modulus in the 45° direction
drop significantly and are much lower than those
of the prepregs with LCP content less than 40%.
At these high LCP contents, properties in the 45°
direction and the transverse direction are nearly
the same.

Table II lists the strain at break of prepregs
tested at 0°, 45°, and 90° to the machine direction
and at a draw ratio of 16. It is noted that the
strain at break in these three directions decreases
with increase in LCP content. In the machine di-
rection, the strain at break maintains its large
value of 46.7% at an LCP content of 10%. It
abruptly decreases to 4.7% when the LCP content
increases to 20% and then stabilizes at higher
LCP contents, reaching a value of 2.7% at an LCP
content of 50%. At 45° and 90° to the machine
direction, the strain at break for an LCP content
of 30% is 16.8 and 6.9%, respectively. Yielding is

still observed during testing at this LCP content.
When LCP content is increased to 40%, the strain
at break at 45° and 90° to the machine direction
drops to 3.1 and 3.9%, respectively, which is close
to that in the machine direction. At an LCP con-
tent of 50%, the corresponding strain at break is
only 1.3 and 1.0%, which is much lower than that
in the machine direction. This change in strain at
break correlates with the above-mentioned large
decrease in the strength and modulus at 40 and
50% LCP content.

Microstructure of Prepreg

In this study, selective dissolution of PEI was
used to observe the microstructure of prepregs.
This observation reveals the size and shape of
LCP fibrils and also gives information concerning
whether LCP is the dispersed or continuous
phase. Results obtained from the observation are
summarized in Table III.

It is interesting to note that in the composition
0of 50/50 LCP becomes the continuous phase. After

o
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Figure 7 SEM microphotographs of LCP fibrils in
LCP/PEI 20/80 prepregs after extraction of PEI at
draw ratios of (a) 8.7 and (b) 52.2.
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Figure 8 SEM microphotographs of LCP fibrils in
LCP/PEI prepregs after extraction of PEI: (a) 30/70,
draw ratio of 47.7; (b) 40/60, draw ratio of 47.1; (¢) 50/
50, draw ratio of 26.7.

extraction of PEI, the remaining film retains the
shape of the original film although the compact
structure is lost to some extent. For LCP/PEI 40/
60, the remaining film is not capable of main-
taining its shape. However, it looks like a pile of
cotton and seems to be partially continuous.

In polymer blends, it is known that the phase of
low viscosity has a tendency to become continuous
even if it is a minor phase.?® Bassett and Yee'®
found that in LCP/PS fibers discrete LCP fibrils

were formed at an LCP concentration up to 40%.
At 50% LCP content, LCP fibrils begin to form a
continuous network. He et al.?’ observed that
phase inversion takes place at 50/50 composition
in LCP/polyethersulfone extrudates. According to
Ref. 16, at a shear rate of about 100 s !, the vis-
cosity ratio of LCP to PEI is around 0.01. There-
fore, in the LCP/PEI system, LCP could easily
become the continuous phase when its concentra-
tion reaches 50%.

The SEM photomicrographs of the LCP phase
after extraction of PEI are shown in Figures 6—
8. At an LCP content of 10% and draw ratio of
17.6, the LCP phase appears as deformed or elon-
gated particles [Fig. 6(a)]. When the draw ratio
is increased to 52.8, a further elongation of the
particles is observed, but the aspect ratio is still
not large [Fig. 6(b)]. At an LCP content of 20%,
the LCP forms very long and rigid fibrils even at
a draw ratio as low as 8.7 [Fig. 7(a)]. An increase
in the draw ratio to 52.2 leads to a reduction in
the diameter of the fibrils with their diameter be-
ing more uniform [Fig. 7(b)]. The morphology of
LCP at 30 and 40% is similar to that at 20%. At
these concentrations, LCP forms almost continu-
ous fibrils [Fig. 8(a) and (b)]. It is also noted that
even at an LCP content of 40% the LCP seems to
be isolated fibrils. But detailed observation shows
that some thick LCP fibrils split into finer fibrils,
indicating that they are partially interconnected.
At an LCP/PEI content of 50/50 [Fig. 8(c)], LCP
exists as an assembly of hierarchical structures
of partially interconnected LCP fibrils. Obviously,
due to the fact that LCP has molecular chains of
high rigidity, they can orient easily in the highly
extensional flow field. This leads to the high an-
isotropy of the continuous LCP phase. LCP is
more continuous in the longitudinal direction and
only partially connected in the transverse direc-
tion. This is the reason why the properties of pure
LCP moldings in the transverse direction are so
weak.??

Accordingly, one can understand why the pre-
preg with LCP content of 40 and 50% indicates
an abrupt reduction in properties in the 45° and
transverse direction. For LCP content up to 30%,
the LCP exists as isolated fibrils with PEI being
the fully continuous phase, such that PEI domi-
nates the properties of prepregs in the 45° and
transverse direction. But when LCP content in-
creases to 40 and 50%, the LCP starts to become
the continuous phase and the transverse proper-
ties of prepregs are dominated by the LCP. Thus,
the poor transverse properties of LCP cause lower
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Table IV Comparison of Properties of Unidirectional Laminates and Corresponding Prepregs
in Machine (0°) and Transverse (90°) Directions at Draw Ratio of 32

LCP Content (%)

10 20 30 40 50
Tensile Strength (MPa)
0°C Prepreg 105 142 220 277 328
Laminate 109 142 226 272 181
90° Prepreg 86 80 68 54
Laminate 91 58 53 35
Modulus (GPa)
0° Prepreg 3.1 4.5 7.9 10.7 14.2
Laminate 3.1 4.6 7.2 10.0 12.8
90° Prepreg 2.7 2.5 24 2.1
Laminate 2.6 2.6 2.5 2.3

properties of prepregs at these contents. This phe-
nomenon, as shown later, also affects the proper-
ties of quasi-isotropic laminates.

Mechanical Properties of Laminates

The tensile strength and modulus of unidirec-
tional laminates, manufactured from prepregs ob-
tained at a draw ratio of 32, in the fiber and trans-
verse direction are listed in Table IV, along with
the properties of corresponding prepregs. It is
seen that the unidirectional laminates tested in
the machine direction exhibit a tensile strength
and modulus close to those of corresponding pre-
pregs, except for the tensile strength of laminate
with 50/50 composition. This indicates that the
properties of the prepregs are retained in the lam-
inates under the molding conditions used here. In
the case of LCP content of 50%, breakage of the
specimen is accompanied by the splitting of the
laminate along the loading direction. This type of
fracture is typical for pure LCP and their blends
when the LCP phase is continuous.’” When tested
in the transverse direction, the unidirectional
laminates show somewhat lower tensile strength
and higher modulus in comparison with those of
the prepregs. Table IV also clearly shows that
properties of unidirectional laminates as well as
prepregs are highly anisotropic. This anisotropy
increases with LCP content and is a major defi-
ciency of LCP products. Thus, the quasi-isotropic
laminates from these anisotropic prepregs are
made. The tensile strength and modulus of quasi-
isotropic laminates at various draw ratios as a
function of LCP content are shown in Figure 9(a)
and (b), respectively. It is seen that the modulus

of the quasi-isotropic laminates increases contin-
uously with increasing LCP content [Fig. 9(b)].
At a draw ratio of 16, the modulus increases from
2.7 GPa for pure PEI to 5.0 GPa for an LCP con-
tent of 50%. Also, for each LCP concentration, the
modulus of the laminates increases with draw
ratio.

Since in the laminate each ply has the same
in-plane strain,?® the modulus of the laminates
can be predicted from the modulus of each prepreg
layer. For the quasi-isotropic laminates prepared
in this work, the contribution of the modulus con-
sists of one-fourth from the prepreg layers having
a fiber direction parallel to the testing direction,
one-fourth from those in the transverse direction,
and two-fourths in the 45° direction. Therefore,
the modulus of the quasi-isotropic laminates, E,
can be calculated as follows:

E = iEo + {Eg + 3E4s (2)

where E,, E 5, and Ey, are the moduli of prepregs
tested at 0°, 45°, and 90° to the machine direction,
respectively. For two-dimensional randomly ori-
ented discontinuous fiber composites, the modu-
lus can be predicted by the following approximate
expression '®:

E:gEo"‘%Ego (3)

Using egs. (2) and (3), the modulus of quasi-iso-
tropic laminates made from prepregs at a draw
ratio of 16 is calculated and compared with the
experimental data. The results are listed in Table
V. It is seen that the experimental data agrees
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Figure 9 (a) Tensile strength and (b) modulus vs.
LCP concentration for quasi-isotropic laminates at dif-
ferent draw ratios.

well with predictions of eq. (2) up to an LCP con-
tent of 40%. At an LCP content of 50%, the experi-
mental modulus is higher than the calculated
modulus. This may be because the low value of
the modulus of the prepregs at the 45° and 90°
directions is increased to some extent during lam-
ination. Further, it is noted that the experimental
data are also close to the values calculated ac-
cording to eq. (3) for all LCP concentrations ex-
cluding 40%. At this LCP content, the unexpect-
edly low modulus of the prepregs in the 45° direc-

tion is obtained as indicated by Figure 5(b). In
general, these results indicate that the quasi-iso-
tropic laminates can be treated as random fiber-
reinforced composites.

The behavior of the tensile strength of quasi-
isotropic laminates with LCP concentration is
very different from that of the modulus. As seen
from Figure 9(a), tensile strength increases with
LCP content up to 30%. Then, at an LCP content
of 40 and 50%, it abruptly drops to a value even
lower than that of PEI. So far, this unusual phe-
nomenon has not been reported in the literature.
In the case of LCP/PPO-PS blends, Isayev and
Viswanathan'! found that both the strength and
modulus of quasi-isotropic laminates increase
with increase in LCP content up to 80%. From the
properties of prepregs discussed above and the
lamination theory,'® one can understand why in
the present case the drop in tensile strength oc-
curs. From the lamination theory, it is known that
the failure of a laminate occurs due to the initial
breaking of the prepreg layer which has the lowest
strain at break. When LCP content in prepregs is
below 40%, the strain at break of the prepreg in
the fiber direction is much lower than that in the
45° and 90° directions (see Table II). Therefore,
upon application of load, the prepreg layers in
which LCP fibrils are parallel to the direction of
load are expected to fail first. Accordingly, the
strength of the laminate in this case is dominated
by the strength of these prepreg layers. When
LCP content reaches 40%, at which the LCP
phase starts to become continuous, the strain at
break of prepregs in the 45° and 90° directions
drops to values close to that in the fiber direction.
At an LCP content of 50%, the strain at break of
prepregs in the 45° and 90° directions is lower
than that in the fiber direction. In these cases,
the prepreg layers in these two directions may fail
first. Thus, the laminate will break at a very low
value of strain and, as a consequence, the prepreg
layers having high strength in the fiber direction
cannot fully contribute to the tensile strength of
this laminate. This phenomenon is exactly re-
flected by the values of strain at break of lami-
nates with LCP contents of 40 and 50% given in
Table II.

CONCLUSION

Prepregs of PEI reinforced by highly oriented and
almost continuous LCP fibrils were prepared
through melt extrusion and subsequent stretch-



340 BU AND ISAYEV

Table V Experimental and Calculated Modulus (GPa) of Quasi-isotropic

Laminates
Composition (LCP/PEI)
10/90 20/80 30/70 40/60 50/50
Experimental 2.8 3.1 3.6 4.1 5.0
Eq. (2) 2.8 3.1 3.5 4.1 4.1
Eq. (3) 2.8 3.1 3.8 4.7 5.0

ing. Using these prepregs, unidirectional and
quasi-isotropic laminates were made. Quasi-iso-
tropic laminates with an LCP content of 30% ex-
hibit more than a 50% increase in tensile strength
and modulus in comparison with those of pure
PEI The results indicate that the method used
here provides a viable technique for preparation
of self-reinforced laminates with improved iso-
tropic mechanical properties. These laminates
can be utilized for making products by thermo-
forming or other shaping techniques.

The investigation of properties of prepregs at
45° and 90° to the machine direction also shows
the difference between this material and conven-
tional fiber-reinforced composites. Since LCP fi-
brils in PEI are formed during flow, the low-vis-
cosity LCP phase tends to become continuous at
a concentration even less than 50%. In this case,
the very weak transverse properties of pure LCP
dominate the transverse properties of prepregs
and led to the large decrease in the properties of
prepregs in the 45° and transverse directions. The
latter effect is responsible for the decrease in me-
chanical properties of quasi-isotropic laminates at
higher LCP content. Such a behavior may limit a
further improvement in the performance of in situ
composites with a higher LCP content. However,
since drawing significantly increases the mechan-
ical properties of prepregs in the machine direc-
tion without decreasing their properties in the
transverse direction, achieving the highest draw
ratio can be an effective and economical way of
manufacturing high-performance in situ compos-
ites.
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