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ABSTRACT: The use of high strength aromatic copolyester thermotropic liquid crystal polymers
in fibrous composite structures with polyimide adhesives as binding materials can eliminate direc-
tional mechanical property differences of liquid crystal polymers with controlling of each fibrous
layer alignment in different directions, while retaining many of the original mechanical strengths.
With this approach, a two-dimensionally isotropic liquid crystal polymer composite material can
be obtained from the highly anisotropic liquid crystal polymer fiber. Kinetics of imidization of
the polyamic acid (benzophenone tetracarboxylic dianhydride and 3,3'-methylene dianiline) for bon-
ding LCP fibers have been evaluated at 225 T, 275 € and 325 C. Sound velocity measurement
and tensile testing of composites show that higher polyimide content provides higher modulus
materials. Morphology study of LCP fiber and polyimide composites using scanning electron micro-
graph reveals poor interfacial adhesion between them.

Introduction

A need to develop new types of high strength,
low density, high service temperature, and excellent
chemical resistance polymeric composite materials
using aromatic copolyester liquid crystal polymers
is apparent for many applications. This research
is focused on means of developing isotropic liquid
crystal polymer (LCP) composites from the highly
anisotropic LCPs.

The aromatic copolyester thermotropic LCPs
have several advantages, such as high modulus,
high strength, excellent solvent resistance, and rea-
sonable processing temperature, which can be app-
lied to high performance composite materials. The
aromatic copolyester thermotropic LCP flows easily
in the direction of melt flow when heated above
the crystal-nematic transition temperature (Tky)
and it shows a dramatic drop in viscosity.! The the-
rmotropic LCPs have a highly oriented molecular
structure, due to the ability to orient themselves
in the melt.?

The ease of molecular orientation in the flow is
of a great advantage in providing excellent mecha-
nical properties; however, the highly anisotropic
nature of the processed article caused by its excel-
lent orientation capability in the melt makes it diffi-
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cult to produce a mechanically isotropic processed
part. Also, while the molecules orient them selves
in the direction of flow, providing a source of stre-
ngth, the orientation can also cause some structural
weakness in the transverse direction.

When thermoplastic LCPs are processed by injec-
tion molding, compression molding, or melt spin-
ning, the resulting polymers in the molded parts
have very high degrees of molecular orientation
and consequently exhibit extremely valuable pro-
perties such as excellent mechanical strength and
high modulus in the flow direction.> However, one
major drawback of these highly oriented molded
articles is that the mechanical properties in the
transverse direction are relatively low.

Many researchers have studied blends of con-
ventional thermoplastic polymers with an aromatic
copolyester LCP.*"® In situ composite structures
can also be obtained from melt processing of the
blend of thermoplastic polymers and an aromatic
copolyester LCP with extremely high tensile stre-
ngths#1%12 Even though a polyblend with aromatic
copolyester LCP parts may have excellent mechani-
cal properties, the extensive chain orientation in
the flow direction results in significant property di-
fferences in the material between the machine di-
rection and the transverse direction to the flow.
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Glass fiber or carbon fiber filled LCP has been
used by Etoh! in an attempt to obtain the isotropic
properties of a LCP part. Even though the isotropic
nature of LCP fabricated articles can be obtained,
the articles are much heavier than the LCP itself.

Not only bulk resin but also fiber and uniaxially
oriented film can be obtained using the ability of
LCPs to orient in the melt flow direction. Utilization
of aromatic copolyester LCP fibers with a polyimide
adhesive in fibrous composites can provide mecha-
nically isotropic composite materials and reduce the
density of the total composites while retaining
many of the original properties.

Fibrous Composite Structure. The orientation
of the fiber reinforcement affects the isotropy of
the system. The. primary advantage of the fibrous
composite is the ability to control isotropy by de-
sign and fabrication.”” The manufacturing process
(e.g., fabrication of fibrous composites) may change
orientation of the reinforcement and hence induce
control of the isotropy.

Utilization of aromatic copolyester thermotropic
LCP fibers in fibrous composite structures can eli-
minate the difference in mechanical strength bet-
ween the longitudinal and transverse directions of
LCP processed parts by controlling the LCP fiber
orientation in the web formation step while main-
taining many of the properties of the original LCPs.
A two-dimensionally isotropic fibrous web can be
obtained by depositing each fibrous layer in the
desired direction, as a nonwoven manufacturing
process. The isotropically oriented LCP fibers can
then be bonded by introducing a suitable binding
material, such as polyimide adhesive.

One aromatic copolyester LCP fiber, Celanese
Vectran, which is based on hydroxybenzoic acid
(HBA) and 2,6-hydroxynaphthoic acid (HNA), can
be applied to make a composite material. The che-
mical structure of Vectran fiber is shown in Figure
1. The Vectran fiber is assumed to be a random
copolymer with HBA and HNA. This aromatic co-
polyester forms a nematic liquid crystal on heat
ing, where the crystal-to-nematic transition depends
on the HBA/HNA ratio. Fibers with both high orie-
ntation and mechanical properties are formed by
spinning from the liquid crystalline state.'®

Utilization of this materizl with a polyimide
adhesive as a binding material in fibrous composi-
tes can eliminate directional mechanical property
differences while retaining many of the original
properties. The use of a polyimide for binding the
LCP fibers produces high strength, high tempera-
ture resistance, excellent solvent resistance, high
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Figure 1. Chemical structure of aromatic copolyester
liquid crystal polymer.

UV thermo-oxidative stability, and electrical insula-
tion polymeric composite materials. Aromatic polyi-
mide for binding LCP fibers is commercially availa-
ble and may be prepared in two steps. In the first
step, polyamic acid prepolymer is formed from a
solution polymerization of the starting monomers,
BTDA (benzophenone tetracarboxylic dianhydride)
and MDA (3,3,'-methylene dianiline). In the second
step, the prepolymer can undergo thermal treat-
ment to produce the cyclized polyimide. Polyimides
synthesized from aromatic monomers are of great
interest for high performance applications because
of their good processability and excellent bulk pro-
perties such as low dielectric constant, high thermal
stability, low moisture absorption, low thermal ex-
pansion, and good mechanical properties.'” Such
properties can therefore complement those of LCP
fiber and provide a high performance composite st-
ructure.

Experimental

Materials. Vectran HS multi-filament yarn (aro-
matic copolyester liquid crystal polymer fiber), sup-
plied by Hoechst Celanese Co., was used as a rein-
forcing high-strength fiber. The Skybond 705 polyi-
mide adhesive, supplied by courtesy of Monsanto
Chemical Co., is based on BTDA (benzophenone
tetracar boxylic dianhydride) and MDA (3,3'-methy-
lene dianiline). The solvents in Skybond 705 are
NMP (N-methyl-2-pyrrolidinone) and xylene (dime-
thyl benzene). NMP for dilution of polyamic acid
was supplied by J. T. Baker Chemical Co.

Initial drying of polyamic acid film to remove
the solvent should be done at a low temperature
to prevent cure in the presence of the solvent,
which can result in poor film formation. Solvent
removal at 60 C for 20 minutes was recommended
by the manufacturer for the initial cure. An exten-
ded cure for up to 3 hours at 225 T should be
considered, depending on the application. Tempera-
ture up to 300 T could be used for the cure.

To find the optimal composition ratio between
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two different materials for the composite, the solid
ratio between them in the composite was varied.
The percent of solids in the Skybond 705 was dete-
rmined by isothermal TGA at 200 C for 2 hours.
The solid content in the polyamic acid solution was
found to be 18%.

Fabrication of Fibrous Composite Materials.
The Vectran HS multifilament yarn was cut into
1.5-inch lengths. The entangled multifilament yarn
was opened in the carding machine. Passing the
multifilament yarn through the carding machine th-
ree times was found to be sufficient to fully open
short fibers. Almost all of the fibers in the fibrous
layer became aligned in the machine direction du-
ring the carding machine processing. The unidirec-
tional fibrous layer was collected from the layer
collection drum in the carding machine. The LCP
fiber orientation could be controlled by aligning the
fibrous layers to the desired direction. Each of the
fibrous layers was laid in a different direction. At
this step, biaxially oriented LCP fibrous layers or
multiaxially oriented LCP fibrous layers could be
obtained by depositing each fibrous layer to a desi-
red direction.

Six LCP fibrous layers were laid down in the
desired directions, and polyamic acid (BTDA/MDA-
based polyimide precursor) diluted with NMP was
sprayed onto the fibrous layers. The solid ratios
of LCP and polyimide were: 45/55, 36/64, and 30/70
by weight. The aromatic copolyester LCP fiber/pol-
yamic acid composite samples were imidized at 275
‘C for 3 hours.

Characterization. Phase transitions of the poly-
mers were determined for initial study on a DuPont
Instruments differential scanning calorimeter 910.
The DSC was used with a Thermal Analysis 2000
as a data station, and a DuPont DSC standard data
analysis program version 4.0 was employed for ana-
lyzing data curves.

Thermogravimetric evaluations were performed
on a DuPont Instruments TGA 2950 thermogravi-
metric analyzer. The TGA was used with a TGA
standard data analysis program version 4.0 for an
analysis of the data curve, and a Thermal Analysis
2000 data station was employed for collecting data.
The TGA thermal analysis was performed under
air. A temperature scan was performed from room
temperature to 800 T in most cases.

Polyimide thin films were cast from NMP on a
NaCl crystal for FTIR analysis. In order to obtain
60~80% transmittance, the polyamic acid was dilu-
ted in NMP in a 1: 1 ratio. The diluted polyamic
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Figure 2. Schematic diagram of sound velocity measu-
rement equipment.

acid was applied to the NaCl crystal, which was
placed in a vacuum oven to remove the NMP. All
spectra were recorded on a MATTSON Galaxy se-
ries model 2020 FTIR spectrophotometer using 16
scans.

Sound Velocity Measurement. The sound ve-
locity measurement is an easy method of determi-
ning the performance of high modulus and low de-
nsity materials, since the sound velocity is the
sguare root of the modulus divided by the density.
The specific modulus can be easily determined by
the sound velocity measurement as shown be-
low.

Sound velocity= £ ] M
p Density

The sound velocity measurement can comple-
ment dynamic mechanical analysis or Instron ten-
sile testing, because of the relationship between the
sound velocity and the specific modulus. The sound
velocity depends on the elasticity and density of
the medium through which the sound wave is being
propagated.

The indirect sound velocity measurement equip-
ment using resonance is schematically illustrated
in Figure 2. One edge of the sample is held by
a vibrator holder, and the length of the sample is
measured. The computer sends a signal for a cer-
tain frequency, and then the vibrator shakes one
edge of the sample, vibrating the sample at the
intended frequency. The node point of the vibrating
sample is detected by the laser detector, and then
the wavelength of the sample is calculated and
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Figure 3. High temperature degradation of LCP fiber,

polyimide, and LCP fiber/polyimide composites. Expe-
riment performed under air; heating rate 10 C min.

shown on the oscilloscope. The sound velocity can
be easily obtained from this known frequency and
de tected wavelength.

For this experiment, a 300-kHz He-Ne laser sou-
rce was employed. A mini shaker type of vibrator
(model 4810) was manufactured by Bruel Kjaer Ins-
trument Inc. in Denmark. -Frequency generation
and analysis were accomplished with special soft-
ware, which was programmed by BOSE Corp. for
the IBM PC. Each sample was cut into pieces using
a cutting die, that are 1 inch long and 0.2 inch
wide.

Tensile Testing. Tensile tests were performed
on strip specimens using an Instron tensile tester,
Instron universal testing instrument model 1137
using a 200 1b load cell. The holding area of the
jaws was 1 inch wide by 1 inch long. The jaws
were padded under the face area with paper tape
to prevent slippage. If a specimen slipped in the
jaws, the test result was discarded, and another
specimen was taken. The tensile testing for aroma-
tic copolyester LCP fiber and polyimide composites
was performed using the following conditions: cross
head speed 1 inch/min., chart sweep rate 10 s/inch,
sample size 5 inchX1 inch, and gauge length 3
inch.

Morphology. The SEM photos were taken using
an International Scientific Instruments Co., ISID S
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130C model dual stage scanning electron micros-
copy, under vacuum of 1078 Torr.

Results and Discussion

Thermal Analysis of Materials. The thermal
properties of each material used were studied using
DSC and TGA, in order to establish composite fab-
rication conditions. The crystal-to-nematic transition
temperature, Tk, of aromatic copolyester LCPs and
the glass transition temperature, T, of polyimide
(BTDA/MDA) were obtained from DSC studies.
The Vectran HS fiber shows a Tgy at 320 C and
the Skybond 705 polyimide has a T, at 302 C.

The nature of the degradation in air of aromatic
copolyester LCP film, polyimide, and various com-
positions of LCP/polyimide composites are shown
in Figure 3.

The aromatic copolyester LCP fiber used for this
research, Vectran HS fiber, begins to degrade at
453 C without low temperature weight loss. The
polyimide shows approximately 7% weight loss
from 254 C to 344 C, after which it is totally deg-
raded above 543 . The initial 7% weight loss of
polyimide is likely due to the unimidized portion
of the polyamic acid being degraded in the early
stage of TGA measurement even though the polyi-
mide was cured at 275 C for 3 hours.

Curing Study of Polyimide Using FTIR Spe-
ctroscopy. To optimize processing conditions, it
is important to characterize the kinetics of imidiza-
tion of polyamic acid. The Imidization (ring forma
tion) of polyamic acids is an important process cha-
racteristic of the degree of completion of a two-
stage synthesis, determining mechanical and the-
rmo-chemical properties. The two-stage reaction,
monomers to polyamic acid and polyamic acid to
cyclized polyimide with solvent removal, is drawn
in Figure 4.

The rate of curing is dependent on curing tem
perature, time, and film thickness. The more rapid
reactions with thicker polyamic acid film can be
attributed to the increased retention of solvent, per-
mitting increased molecular chain motions.”® To
avoid the effect of film thickness on the curing
study, the same sample was used for a specific imi-
dization temperature to obtain consistent intensity
change from the FTIR measurement for each cu-
ring temperature studied. Curing studies of polyi-
mides (BTDA/MDA) using FTIR were conducted
at 225 T, 275 T, and 325 C.

The most structurally revealing change in the
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Figure 4. Imidization reaction of benzophenone tetra-
carboxylic dianhydride and 3, 3’-methylene dianiline.
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Figure 5. Relative intensity changes of the FTIR
peaks at 1670 cm™! and 1725 cm™! of polyimide that
have been imidized at 275 T.

IR spectrum during polyamic acid imidiza tion oc-
curs in the region between 1800 to 1200 cm ! in
the FTIR spectrum. FTIR spectra that were recor-
ded as a function of time at 275 C are shown in
Figure 5, representatively. The significant changes
that were observed with imidization were as fol-
lows:!® 2

780 cm™! v (C=0) in-phase,
1724 cm™! v (C=0) out-of-phase,
1670 cm™! v (N-H)

1512 ecm™! v (C-C in CgHs),

1375 cm™! (CNXOC).NC,

100

0.8
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Figure 6. Logarithmic plots of cyclization rate as a
function of time at 225 C, 275 T, and 325 €.

1248 ecm™! (CHy)CeH,,.

The 1780 cm™* and 1724 cm™! peak intensities
increased with increasing imidization time. The
1670 cm ™! and 1375 cm ™! peak intensities decreas-
ed with imidization time since the —NH, group
in MDA was converted to —N(CO). by the ring
formation reaction. The intensity of the 1512 ¢cm™
peak did not change with curing time. Therefore,
this peak was selected as an internal reference to
obtain relative intensities of 1724 cm™! and 1670
cm™! peaks. For imidization, a first order reaction
could be assumed?"? and a first order rate equation
is shown below.

In CC—OZk,

Where C is the concentration of the reactant, Co
is the initial concentration of the reactant, t is time
and k is the rate constant. The values of In Co/C
with 1724 cm™! were calculated and plotted with
imidization time as shown in Figure 6.

Imidization rate increases rapidly with tempera-
ture and is characterized by an initial rapid cycliza-
tion which changes into a slower cyclization pro-
cess. Logarithmic plots of these data can be inter-
preted to mean that imidization can be divided
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Table I. Cyclization Rates of Polyamic Acid at

Various Temperature

Imidization Temp., k, min.”" k, min.”!
C (1st step) (2nd step)
22 1.231X1072 1.256 %1077
275 5.487X 102 1.312% 1073
325 691010 ? 1.299 X104

into rapid and slow first-order imide ring closure
step?*? as seen in Figure 6. Rate constants are cal-
culatea on the basis of two first-order reactions,
and summarized in Table 1. A higher rate of the
imidization reaction could be obtained at higher
imidization tem peratures (325 C) than at lower
temperatures (225 T).

Composite processing temperatures may affect
the LCP fiber properties. Approximately 66% com
pletion of imidization could be obtained within 20
minutes at 275 C.

Porter et al.? reported above 285 C a significant
reduction could be observed in fiber strength and
strain at break. However, the fibers at 275 C did
not show a significant reduction in properties.

Even though curing at 325 C results in the most
rapid imidization, temperatures must be applied ca-
refully when fabricating composites to prevent LCP
fiber damage. Our studies indicate that the optimal
imidization temperature is about 275 C since imi-
dization at 225 C proceeds too slowly and imidiza-
tion at 325 T may damage the LCP fiber.

Sound Velocity Measurement of Aromatic
Copolyester LCP/Polyimide Composite. The
aromatic copolyester LCP provides excellent sound
velocity values, which relates to the high specific
modulus of this material. However, the LCP films
show directional sound velocity difference as shown
in Table II. The sound velouity in the longitudinal
direction to polymer chain orientation was 4500
m/sec, and in the transverse direction to polymer
chain orientation it was 3500 m/s. Without the poly-
mer chain orientation in liquid crystal polymer,
such mechanical properties could not be obtained.
Therefore, the LCP fiber, instead of LCP resin, was
introduced to make a multi-directionally oriented
fibrous layer composite to overcome the characteri-
stic of liquid crystal polymer, that is, directional
property difference in the orientation of the poly-
mer chain.

The sound velocity of polyimide adhesive
(BTDA/MDA) film was found to be 1760 m/sec,
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Table II. Sound Velocity Measurement for Various

Polymeric Materials and Aromatic Copolyester

Liquid Crystal Polymer Fiber/Polyimide Adhesive
Composites

Material
Vectra A950 film

Sound velocity (m/s)

Longitudinal to orientation 4500
Tran\;\c;grrsi A?(? 52ri£elg?ation 3500
Pglyimide (BTDA/MDA? 1760
Imidized 3 hours at 275C
LCP(45) : polyimide(55) 1330
LCP(36) : polyimide(64) 1350
LCP(30) : polyimide(70) 1710

Figure 7. Scanning electron micrograph of aromatic
copolyester liquid crystal polymer fiber and polyimide
composite material, magnification 500, edge view.

which is far lower than that of the liquid crystal
polymer. Composites were prepared such that they
had LCP/polyimide ratios of 45 : 55, 36 : 64, and
30 : 70 with respective sound velocity of 1330, 1530,
and 1710 m/sec. Higher amounts of polyimide
showed higher sound velocities. All of these mate-
rials had lower sound velocity values than pristine
liquid crystal polymer or polyimide, because this
LCP has poor adhesion to polyimide as confirmed
by edge view of scanning electron micrograph
shown in Figure 7.

The properties of composites are determined by
the bond between two dissimilar materials. Such
poor adhesion between them is a major problem
in high-strength composite materials. However, this
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Table III. Tensile Properties of Aromatic Copoly-
ester LCP/polyimide Composites, Cured at 275°C
for 3 hours

Tensile Modulus Tensile Strength Density

Materials
Kpsim MPa  Kpsi MPa g/cm?
LCP45) : o
Polyimide(55) 92.0 634.2 5.0 346 0.55
LCP(36) :
Polyimide(64) 1008  695.0 55 38.1 0.75
LCP®) :
Polyimide(70) 1775 8104 5.7 39.3 0.86
LCP fiber" 12200- 84138- 360- 2483-
15000 103448 450 3103 141

¢Prepared by manufacture’s data,

LCP/polyimide adhesive composite system showed
no directional property differences and was light
weight.

Instron Tensile Testing of Aromatic Copoly-
ester LCP/Polyimide Composite. Table III
shows Instron tensile testing data obtained for aro-
matic copolyester LCP fiber/polyimide composite
materials with different solid composition ratios and
oxygen plasma treated LCP fiber/polyimide compo-
site material. The tensile strength and tensile mo-
dulus are seen to increase with increasing amounts
of polyimide adhesive. Increased polyimide content
provides more contact points for LCP fiber adhe-
sion and thus greater physical properties of the co-
mposite. A greater change was observed for the
tensile modulus as compared to the tensile strength
with increasing polyimide content.

This aromatic copolyester LCP/polyimide compo-
site system has tensile properties significantly lo-
wer than those of the leading high modulus fibers
be cause the LCP/polyimide composite has poor
interfacial adhesion. As shown in Table III, the
LCP/ polyimide composites have lower densities
than those of pristine materials, indicating that low
polyimide content composite has not wetted and
bonded the LCP fibers. The wetting of these multi-
layer materials has proven to be a significant limi-
tation in the fabrication of a suitable composite st-
ructure. An adhesion improvement of the LCP fi-
bers and polyimide in such structures is paramount
importance if useful composites are to be obtained.

Conclusion

The use of aromatic copolyester thermotropic Ii-
quid crystal fibers in fibrous composite structures
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with a polyimide adhesive as a binding material
can eliminate the difference in mechanical strength
between the longitudinal and transverse directions
of LCP processed articles while maintaining many
of the properties of the original LCPs by controlling
the LCP fiber orientation in the web formation step.

The degradation of these composite materials oc-
curs at 515 C in thermal gravimetric analysis, even
though the materials have different composition ra-
tios of LCP and polyimide, i.e., 30/70, 36/64, and
45/55, respectively. A higher rate of the imidization
reaction can be obtained at higher imidization tem-
peratures (325 C) than at lower temperatures (225
T). The optimal imidization temperature, which
works fast without damage to the LCP surface, is
about 275 T.

Higher polyimide content in the LCP fiber and
polyimide adhesive composite material provides hi-
gher sound velocity. The tensile strength and ten-
sile modulus are seen to increase with increasing
amount of polyimide adhesive. Edge view of scan-
ning electron micrograph shows poor interfacial
adhesion between LCP fiber and polyimide.
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