Thermotropic Polyester Amide-Carbon
Fiber Composites

TAI-SHUNG CHUNG and PAUL E. McMAHON, Celanese Specialties
Operation, 86 Morris Avenue, Summit, New Jersey 07901

Synopsis

Liquid crystal polymers (LCP) have been developed for the first time as a thermoplastic
matrix for high-performance composites. A successful melt impregnation method has been
developed that results in the production of continuous carbon fiber (CF)-reinforced LCP prepreg
tape. Subsequent layup and molding of prepreg into laminates has yielded composites of good
quality.

Tensile and flexural properties of LCP-CF composites are comparable to those of epoxy-CF
composites. LCP-CF composites have better impact resistance than the latter, although epoxy-
CF composites possess superior compression and shear strength. LCP-CF composites have good
property retention until 200°F (67% of room temperature value). Above 200°F, mechanical
properties are found to decrease significantly. Experimental results indicate that the poor
compression and shear strength may be due to the poor interfacial adhesion between the
matrix and carbon fiber.

INTRODUCTION

The interest in thermoplastic carbon fiber (CF) composites for the aircraft
and aerospace industry is rapidly growing. Thermoplastic materials are
more ductile and consequently have higher toughness and impact resistance
than their thermoset counterparts. Thermoplastics also offer significant
process advantages, such as unlimited shelf life and formability when heat-
ed which should result in lower fabrication costs. However, since most
thermoplastics have much higher melt viscosity than thermosets, the fab-
rication process and impregnation mechanism for the two systems are quite
different.

In recent years, Celanese has developed a new class of polymeric material
based on hydroxynaphthoic acid chemistry, consisting of rigid backbone
molecules. These polymers exhibit liquid crystalline order in the melt that
produces a high degree of molecular orientation and excellent mechanical
properties. Unlike lyotropic liquid crystal polymers, these thermotropic
liquid crystal polymers (LCP) can be easily processed using conventional
injection molding, extrusion, and melt spinning equipment. The melting
point of Celanese LCP materials is highly dependent on the monomer com-
position of the polymer as well as the polymerization conditions.

Articles fabricated from LCP materials have shown mechanical properties
generally superior to conventional fiber-reinforced engineering resins. Sol-
vent resistance as well as dimensioal stability are also generally superior
to conventional thermoplastic resins. Due to the unique mechanical prop-
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erties and excellent chemical resistance, it is anticipated that these LCP
materials may possibly offer advantages as a thermoplastic matrix resin.
Work related to fabrication techniques and mechanical properties of LCP-
carbon fiber composites is documented in this report.

LITERATURE SURVEY

Development of thermoplastic-continuous cabon fiber composites began
about a decade ago. Hoggatt investigated polysulfone and phenoxy poly-
mers.! Hartness and coworkers studied polyphenylene sulfide (PPS), poly-
phenylene sulfone, and polyether ether ketone (PEEK) matrices.?®
McMahon and Maximovich developed and evaluated Nylon 6,6 and poly-
butylene terephthalate (PBT) matrices.® The effects of various surface fin-
ishes on composite performance have been discussed. Sheppard and House
evaluated polyimide-capped polysulfone, PPS, polyamide-imide, PEEK, and
PBT.” More detailed studies of PEEK matrix composites were also reported
in the recent literature.®!!

In 1976, a new class of materials with excellent chemical resistance
and mechanical strength was developed by researchers at Tennessee
Eastman.'?!* The extraordinary change in the properties of these ther-
moplastics can be explained through the physical formation of liquid crys-
tals in the melt. Since then, a variety of liquid crystal-containing polymers
have been invented.'>?? Because of their lower melt viscosity, they flow
easier and offer processing advantages over conventional thermoplastics.
Studies of LCP can be generally divided into two catagories: (1) formation
and chemical structure of LCP, and (2) rheologic phenomena.

Smith? compared the basic differences between low-molecular-weight
liquid crystals and LCP. He summarized the orientation behavior and phys-
ical properties of LCP from previous reviews and literature. White and
Fellers? reviewed the formation and chemical structure of macromolecular
liquid crystals that form fibers with unusally high levels of orientation and
strength. Lenz and his coworkers %27 gave a thorough review of the previous
studies on the synthesis of thermotropic liquid crystalline polyesters. They
discussed and investigated the advantages of using flexible, semiflexible,
and nonmesogenic spacer groups in LCP for suppressing the melting points
below their decomposition temperatures. Jackson? also studied the effect
of polymer structure on the melting points and mechanical properties of
liquid crystalline aromatic polyesters. Krigbaum et al.? investigated the
effect of the number of methylene units in thermotropic polyesters. Cal-
undann and Jaffe® traced the industrial developments of anisotropic poly-
mers through their theoretical origins to synthesis and on to fabrications
of fiber, film, and molded products. The effects of polymer composition on
melting temperatures, processibilities, and mechanical properties of fiber
have been discussed in detail.

The rheology of LCP was reviewed by Porter and Johnson?! in 1967, and
then by Baird in 1978.32 Recently, Wissbrun3 gave a more in-depth and
thorough review of this subject based on the three-region flow curve pro-
posed by Onogi and Asada.® In general, the viscosity of LCP is much lower
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than that of conventional polymers at a comparable molecular weight. The
relaxation time and elasticity of LCP are greater than those of isotropic
polymers. In addition, LCP often show a variety of phenomena that are not
seen with isotropic polymers. These include the observation of negative first
normal stress difference,% regions of shear thickening viscosity, and the
secondary maximum in transient shear flow.37.38

MATRIX CHARACTERISTICS

Polymer Formation and Melt Characterization

The polymer used in these studies is an all aromatic copolyester of 2,6-
hydroxynaphthoic acid, terephthalic acid, and 4'-hydroxy-acetanilide. This
polymer was invented by East et al., and the details of polymerization
conditions were described in the patent.® The polymer is a high-molecular-
weight copolyester and exhibits ordered structure in the melt, as indicated
by birefringent optical properties. Figure 1 demonstrates that it melts at
about 280-285°C as determined by differential scanning calorimetry using
a 20°C/min heatup rate. The polymer has an inherent viscosity of approx-
imately 4.5 dL/g. Figure 2 shows the melt viscosity as a function of shear
rate and temperature. This polymer has much lower viscosity than most
of the conventional thermoplastic polymers.

Polymer Tensile Properties and Chemical Resistance

The tensile properties of the neat resin under different environmental
conditions are shown in Table I. The chemical resistance to Skydrol and
methylene chloride is excellent.

] (OCO){OQNH}{CO@CO}

Heat Flow (mW®

8.45 J/g
Sn. 259.1°C
7 2
-8 BN
289.5°C

40 =] 120 168 208 248 2608 32e 368 400 448 480
Temperature (°C) DuPont 1098

Fig. 1. The DSC curve of a LCP film.
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Fig. 2. Viscosity of LCP as a function of shear rate and temperature.

Dynamic mechanical analyses of as-extruded strands were conducted at
temperatures ranging from —120°C to 280°C. Figure 3 shows the results and
indicates that the modulus is highest at cryogenic conditions, but it drops
sharply at both the 8 transition (70°C) and the a transition (140°C).

Crack Propagation Measurements

The future toughness of neat resin was determined by measuring the
mode I fracture toughness K ; of injection-molded LCP plaques. Because
the injection gate was located on the peripheral edge of the molded disk,
it produced an anisotropic flow field. Two measurements were made parallel
to the machine direction (designated longitudinal) and four in the direction
perpendicular to the flow from the gate (designated transverse).

Specimens were fabricated to the geometry specified in Figure 4. Load
was introduced into the specimen through 1.27 cm (1/2 in.) pins inserted
through a clevis arrangement mounted in a standard TTC Instron test
machine. A schematic of the test setup is shown in Figure 5. Load was

TABLE 1
Tensile Properties of LCP at Room Temperature

Tensile Strength Tensile Modulus

Conditioning % Weight gain (MPa) (ksi) (GPa) (msi)

Control — 162.1 (23.2) 23.5 (3.36)

140°F/98% RH 0.036 141.1 (20.2) 224 (3.20)
(30 days)

CH,Cl, -0.023 176.8 (25.3) 24.7 (8.53)
(30 days)

Skydrol 0.018 174.7 (25.0) 21.0 (3.00)

(30 days)
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Fig. 3. DMA curve of as-extruded LCP strand.
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applied by moving the crosshead at a constant rate of displacement until
the crack in the specimen began to propagate as indicated by a drop in load
recorded on the load displacement curve. At this point the test was stopped,
the specimen unloaded, and a measurement taken of the new crack length.
The load at which the crack of length a; begins to propagate is designated
f: and used to determine K for that given crack length. Crack lengths of
the “natural cracks” were determined by averaging the measured length
on each surface of specimen. Natural cracks are defined as cracks whose
crack front is the result of a previous propagation event, not a machining
operation. The calculation of K ; employs the relationship*

K, = i Y(a,/W)
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Fig. 4. Compact tension specimen configuration (inches).
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Fig. 5. Block diagram of load-crack opening displacement measurements.

where

K ;. = fracture toughness (mode I)
f: = propagation load

B = thickness
W = width

a,; = crack length

Y(a ;/ W) = geometric correction factor
Y(a ;W) = 29.6(a,/W)V2 - 185.5(a ;/ W)32
+ 6.55.7(a ,/W)¥2 ~ 1017(a ;/ W)7/2
+ 638.9(a,/W)%2

The test procedure is repeated on a single specimen for several crack
lengths, usually about four. When the crack gets to within 1.27 cm (0.5 in.)
of the specimen’s edge, no further data are taken due to the influence of
the edge on the measurements. Figure 6 presents the results for longitudinal
measurements from specimens labeled L1 and L3. The relatively high scat-
ter is typical for this type of test applied to polymeric and fiber reinforced
materials. The solid line indicates the average K ;. determined from natural
crack data only, and the dashed line the average K, including all data
points. For these specimens, the crack propagation was predominantly col-
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Fig. 6. K, versus crack length for longitudinal specimens.

inear with the starter crack but wandered slightly (see Fig. 7). This slight
amount of wandering accounts for most of the variability in the data.
Results for the transverse specimens are shown in Figure 8. In these
specimens, the crack did not propagate colinearly with the machined crack.
A typical crack path is shown in Figure 7. Under these circumstances, the
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Fig. 7. Crack propagation characteristics for longitudinal and transverse specimens.
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Fig. 8. K, versus crack length for transverse specimens.

K ;. calculations are significantly in error. Therefore, the data presented
in Figure 8 are not viewed as a valid quantitative measure of K ,, in the
transverse direction of the material. Again, the averages are shown based
on natural crack data (solid line) and all data (dashed line), but these num-
bers are probably lower than the actual K ;..

COMPOSITE FABRICATION PROCESS

Prepreg Line

The impregnation was carried out in a crosshead tape die. Molten LCP
polymer was supplied by a twin screw extruder to the channels of the tape
die. The extruder has three temperature controllers to monitor the tem-
perature profiles at feeding, transition, and metering zones. In these ex-
periments, these three controllers were set at 290°C. The crosshead die was
set at 320°C. Ten to twenty yarns of Celion 6000 carbon fiber could be pulled
horizontally through the die at speeds ranging from inches per minute to
10 feet/min. Tapes produced via this process had 40-55 volume% fiber
loading, fair wetout, and good fiber alignment. Their thicknesses varied
from 0.007 to 0.012 ¢m. The details of process conditions and fabrication
technology have been published by Chung.#

Panel Preparation

Carbon fiber-LCP resin composite panels were prepared by compression
molding stacked layers of the tape. This compression-molding process uti-
lized a Carver laboratory press, a 50-ton hydraulic press, and a highly
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Fig. 9. Scanning electron micrograph of a cross section of LCP carbon fiber composites
(567% volume) (X 1000).

polished 8.9 x 26.5 cm rectangular steel mold. Heating elements were
installed in the Carver press, and their temperature was monitored by a
temperature controller in each platen. The process is therefore capable of
molding panels at specific temperature and pressure conditions. The thick-
ness of fabricated panels was controlled by the number of tape layers in-
serted into the mold for compression molding. The tight tolerances on the
mold allowed pressure in excess of 6.9 X 105 N/m?2 with little polymer
leakage. Usually, panels were compression molded at 300-340°C under a
pressure of 7-35 x 10° N/m?2 for 10~15 min in the hot Carver press and
then transferred to a cold hydraulic press for cooling. The pressure during
the cooling stage was about 6.9 X 10® N/m?.

Vacuum Bag

Minimum void content in composites is essential for maximizing me-
chanical properties. Without vacuum applied to the layup prior to compres-
sion molding, air was trapped between the various plies and caused a greater
than desirable void content in the composite panel. By wrappng the ply
assembly with a high-temperature-resistant Kapton film and applying vac-
uum, we successfully reduced void content in the composite panel to
< 0.8% by volume (density measurement).

Figure 9 shows a scanning electron micrograph of a cross section of a

TABLE II
Tensile Properties of Unidirectional Composites
Tensile Tensile Tensile
CF volume Strength, modulus, strain
(%) Conditions MPa (ksi) GPa (msi) (%)
56.5 Dry 1492 (217} 143 (20.7) 1.045

56.5 Wet 1297 (188) 121 (17.6) 1.071
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TABLE III
Flexural Properties of LCP-CF Composites
Flexural

Fiber content Strength, Modulus,

(vol %) Conditions MPa (ksi) GPa (ksi)
51 RT (dry) 1515 (220) 106.5 (15.45)
51 RT (wet) 1447 (210) 106.5 (15.39)
51 200°F (dry) 1054 (153) 106.2 (15.42)
51 200°F (wet) 904 (140) 105.3 (15.28)
51 250°F (dry) 744 (108) 98.8 (14.34)
51 250°F (wet) 854 (124) 97.8 (14.19)

compression-molded carbon fiber (Celion 6000, unsized) LCP panel and
clearly illustrates a good fiber-resin distribution.

Test Specimen Preparation

The mechanical properties of the molded panel were determined using
ASTM methods. Specimens were prepared with 0° carbon fiber orientation.
Flexural strength and modulus were measured using a three-point flex test
and approximately 32:1 span-depth ratio; short beam shear strength used
a 4:1 span-depth ratio. Compression properties were measured using the
compression fixture and procedure described in ASTM D3410, where test
specimens were 0.20 cm thick, 0.635 cm wide, and 10.8 cm long. Tensile
specimens were 1.27 cm wide and 21.59 cm long. Four fiberglass tabs, 1.27
cm wide and 5.72 cm long, were mounted on specimens prior to testing.
Tensile strength samples of 45° were fabricated using (45°/ -45°) ;5 layup.
Test samples were 2.54 cm wide and 22.86 cm long and were mounted with
four 2.54 cm wide and 5.08 cm long fiberglass tabs. Open-hole tensile samples
were laminated employing (45/90/ — 45/0),5 sequence. Test specimens were
3.81 cm wide and 22.86 cm long, and a hole 0.635 cm in diameter was drilled
through the center of the flat specimens. The loading rate during testing
was 0.127 cm/min.

RESULTS AND DISCUSSION

Tensile and flexural properties of LCP-CF composites are given in Tables
II and III. The wet “conditions™ in Tables IT and III refer to samples im-
mersed in water at 160°F for 2 weeks prior to testing at the indicated

TABLE IV
Shear Strength of LCP-Celion 6000 Composites
Fiber content Shear strength
(vol %) Conditions MPa (ksi)
58 RT 52 (7.6)
58 200°F 37 (5.4)

58 250°F 23 (3.9)
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TABLE V
Compression Properties of LCP-Celion 6000 Composites
Compression
Fiber content Strength, Modulus,
(vol %) Conditions MPa (Ksi) GPa (msi)
45 RT 809 (117.5) 117 1D
50 RT 862 (125.0) 120 (17.5)

temperature. Both tensile and flexural properties are comparable to those
of commercial epoxy-CF composites at the same fiber volume content. Flex-
ural modulus retention at elevataed temperatures is extremely good. How-
ever, the flexural strength retention at 200°F is only fair (67%) and becomes
poor (54%) at a test temperature of 250°F. This poor retention may be due
to a poor interface between fiber and matrix. Thus, the adhesion between
fibers and matrix fails long before the composites fails.

Table IV and V summarize the shear strength and compression properties
of LCP-CF composites. Both shear and compression strengths are slightly
inferior to those of the epoxy-carbon fiber composites but are in the range
for the secondary composite applications. Compression samples failed
through fiber buckling and composite delamination. Figures 10 and 11 show
scanning electron micrographs (SEM) of the fracture surface of a tested
compression sample. Fiber buckling and delamination surfaces are evident.
Figure 10 clearly indicates that every fiber has been surrounded with ma-
trix, but adhesion between them is poor. Figure 11 demonstrates that fibers
have good alignment but poor interfacial adhesion. Therefore, the poor
compression and shear strength may be attributed to poor interfacial adhe-
sion between unsized carbon fiber and LCP matrix as well as poor inter-
molecular cohesion within the LCP polymer. The poor interfacial adhesion
has also been confirmed by the poor interlaminar shear strength measured
according to Boeing’s specification.

Fig. 10. Fracture surface of a compression sample (X 1000).
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Fig. 11. Delamination surface of a compression surface (X 96).

The mechanical properties of an isotropic laminate are given in Table
V1. Both open-hole and + 45° tensile strength are comparable to those of
epoxy-carbon fiber composites. Impact test results indicate that the isotropic
panel has a maximum load of 2420 N, which is clearly superior to thermoset
matrix systems (typically 1480 N).

CONCLUSIONS

The following conclusions can be drawn from this study. Due to the ad-
vantage of low melt viscosity of liquid-crystal polymers, LCP-CF composites
with uniform fiber distribution, good wetout, and low void content have
been easily developed using conventional pultrusion equipment.

A significant number of mechanical properties of LCP-CF composites are
comparable to those of epoxy-CF composites. LCP-CF composites have su-
perior impact resistance to thermosetting matrix counterpart. However,
deficiencies in shear strength and compression strength are apparent. These
deficiencies may be attributed to the poor interfacial adhesion between
matrix and fiber and poor intermolecular adhesion within the LCP polymer.

The author wishes to acknowledge the financial support received from NASA-Langley Re-
search Center (Contract NAS1-15479).

TABLE VI
Mechanical Properties of Isotropic Laminated Panel (LCP-Celion 6000)
Property CF (vol %) Result

Open-hole 52 313.5 MPa (45.5 ksi)
tensile strength

45° tensile strength 53 134.5 MPa (19.5 ksi)
Impact test: 52 2420 N (740 1b}

Max. load

Energy at max. load 52 2.76 J (2.04 ft/1b)
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