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ABSTRACT: Results of tensile and compression tests on a short-glass-fiber-reinforced
thermotropic liquid crystalline polymer are presented. The effect of strain rate on the com-
pression stress-strain characteristics has been investigated over a wide range of strain rates
€ between 107 and 350 s™*. The low-strain-rate tests were conducted using a screw-driven
universal tensile tester, while the high-strain-rate tests were carried out using the split
Hopkinson pressure bar technique. The compression modulus was shown to vary with
log;o (€) in a bilinear manner. The compression modulus is insensitive to strain rate in the
low-strain-rate regime (¢ = 10~ — 10~ s7*), but it increases more rapidly with ¢ at
higher é. The compression strength changes linearly with log,, (€) over the entire strain-
rate range. The fracture surfaces were examined by scanning electron microscopy.

1. INTRODUCTION

HERMOTROPIC LIQUID CRYSTALLINE polymers (LCP) are a class of high-
performance engineering thermoplastics. They have attracted a lot of atten-
tion recently owing to their exceptional mechanical properties, thermal stability,
chemical resistance, and flexibility in processing [1]. Chung [2] and Choy et al.
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[3] have shown that very high stiffness can be achieved even for extruded LCP
rods of moderate draw ratios. In fact, the Young’s modulus of 45.7 GPa at a draw,
ratio of 3 [3] well exceeds those for short-fiber-reinforced thermoplastic (SFRT)
composites. The degree of chain orientation in injection-molded LCP is lower
than that of extruded rods, but its tensile modulus and strength are still compa-
rable to SFRT composites.

The distinct skin/core structure for injection-molded LCP is well known and
has been studied by a number of workers. Ophir and Ide [4] identified a seven-
layer structure for an injection-molded LCP by means of optical microscopy.
Using the wide angle X-ray diffraction technique, they found that the molecular
chains in the skin layer are highly aligned in the mold flow direction, while those
in the core layer are almost randomly oriented. Weng et al. [5] studied the hier-
archical structure of the layers based on SEM micrographs of the fracture sur-
faces. Boldizar [6] also identified a multi-layered structure in injection-molded
LCP and measured the tensile strength in each layer. Thapar and Bevis [7] in-
vestigated the layered structure of an LCP by means of tensile modulus, micro-
hardness, and WAXS patterns through the thickness of moldings for a range of
processing conditions. The elastic moduli profile through the thickness direction
for a 6-mm-thick LCP molding was measured by Sweeney et al. [8] using three-
point bending and ultrasonic measurements. Mechanical tensile tests on different
layers of LCP have recently been carried out by Zulle et al. [9], Schledjewski and
Friedrich [10], and Li et al. [11].

The addition of a rigid reinforcement phase to engineering thermoplastic
matrices to improve the overall mechanical performance is a well-established
practice. The mechanical properties of fiber-reinforced LCP have been in-
vestigated in a number of studies [10-15]. In general, the incorporation of fiber
reinforcement into LCP leads to a reduction in the degree of anisotropy and inho-
mogeneity [10,11,14,15].

The objective of this work is to study the deformation of short-glass-fiber-
reinforced LCP under tensile and compressive loading. Furthermore, the effect
of strain rate on the compression deformation of the composite is investigated
using an Instron universal testing machine and the split Hopkinson pressure bar
technique.

2. MATERIAL AND EXPERIMENTAL METHOD

The material studied in this work is Vectra A130 (Hoechst-Celanese Co.),
which is a thermotropic liquid crystalline polymer (TLCP) containing 30 wt%
short-glass fiber as reinforcement. The TLCP matrix is an aromatic copolyester
that is believed to consist of p-hydroxybenzoic acid (HBA) and 2,6-hydroxy-
naphthoic acid (HNA). The material was supplied in the form of pellets and was
injection molded into ASTM Type 1 tensile bars (3 mm thick and 12.3 mm wide
in the central region). Two types of specimens were prepared from these standard
tensile bars for tensile and compression testing.

It has been observed in our earlier work [11] and a number of related studies
on fiber-reinforced LCP [9,10,13,14] that a skin/core structure exists in injection-
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molded tensile bars. The skin layer has a higher degree of glass fiber alignment
than the core, which is a result of the flow conditions during the mold process.
The skin naturally extended around the whole cross section. So, in preparing the
tensile specimens, the width of the tensile bars was trimmed down to 10 mm (5
mm from the central line) to leave a section in which the skin regions were
located near the top and bottom surfaces. Tensile tests were carried out using an
Instron model 4206 universal tensile tester. The cross-head speed used was fixed
at 1 mm/min (which gave a strain rate of = 1.5 x 10~ s™*) for all tests. Strain
was measured by an extensometer having a gauge length of 50 mm.

Miniature specimens were used for compression testing. Their dimensions and
the way they are attached to the loading bars for both quasi-static and impact rates
of loading are shown in Figure 1. For clarity, the thickness of the adhesive layers
in Figure 1(b) is exaggerated. In all cases, the specimens are in good fit with the
slots in the loading bars. The specimens were all cut from the central parallel-
sided gauge region of the injected-molded tensile bars. Such a miniature speci-
men geometry is used because of the requirement for stress equilibrium within
the specimen under impact rates of loading [16]. Traditional high-strain-rate
compression testings used cylindrical specimen geometries [17-21], where the
conditions of stress equilibrium can be easily achieved. But in considering our
presently investigated material, in which a multi-layered structure exists, a speci-
men geometry that is representative of the layered structure would be essential.
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Figure 1. (a) Specimen geometry for compression test; (b) attachment of specimen into the
slotted loading bars for compression test.
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In a study of the dynamic performance of continuous-fiber-reinforced polymer
composites, Harding and his co-workers [22-25] and Chiem and Liu [26] used
a similar strip specimen geometry, with the specimens waisted through the thick-
ness direction. In the present study, the specimens are waisted through the width
direction.

Compression tests were carried out in two strain-rate ranges: quasi-static and
impact rates of loading. Quasi-static compression was carried out using the
Instron universal tester. A compression jig was developed for this purpose
(Figure 2). Compression strain in the specimen gauge region was monitored
using adhesively bonded strain gauges. Signals from the load cell and specimen
strain gauge were fed into a strain signal conditioner and subsequently stored in
a Nicolet 420 digital storage oscilloscope.

Compression testing under impact rates of loading was carried out using the
split Hopkinson pressure bar (SHPB) technique. A schematic representation of
the SHPB experimental setup is shown in Figure 3. Essentially, the specimen was
adhesively bonded into the slotted ends of the input bar and output bar similar to
the setup shown in Figure 1(b). A 'small gas gun was used to fire a projectile that
impacted on the free end of the input bar. As in the quasi-static rate of loading,
the specimen strain throughout the deformation history was measured by strain
gauges bonded onto the parallel gauge region of the specimen. The stress acting
on the specimen was determined from the output bar strain gauge station g,.

The microstructural details of the composite to be considered here are the glass
fiber length and the skin/core structure. The glass fiber length distribution was
obtained in the following manner. First, a specimen was heated in an oven at
500°C for two hours to burn off the LCP matrix. The lengths of 500 fibers were
counted using an image analyzer. The skin/core structure was examined by op-
tical microscopy after the usual metallographic mounting and polishing proce-
dures.

Fractographs were obtained by scanning electron microscopy (SEM-Joel JSM-
820). The specimens were all gold coated before examination by SEM.

3. RESULTS AND DISCUSSION

3.1 Microstructural Details

A micrograph displaying the skin/core structure of the glass fiber/LCP com-
posite (A130) is shown in Figure 4. The thicknesses of the two skin layers, S1 and
S2, are the same. The thickness of the core layer, C, is slightly less. The ratio for
the layer thickness S1:C:S2 is measured to be 11:10:11. The fibers in the two skin
layers have a preferred orientation, which is parallel to the mold flow direction
(MFD). In the core layer, the fibers are randomly oriented. The cumulative fiber
length distribution is shown in Figure 5. The minimum and maximum measured
fiber lengths are 0.092 mm and 0.658 mm, respectively. The mean fiber length is
0.332 mm. Since the fiber diameter is 9.3 um, this gives an average aspect ratio
of 36. '
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Figure 4. Skin/core structure for an injection-molded glass fiber/LCP composite.

3.2 Tensile Properties

Figure 6 shows the quasi-static tensile stress-strain curves of the skin, the core,
and the entire A130 specimen. The skin and core specimens (each about 1 mm
thick) were obtained by grinding off the unwanted materials from separate
molded specimens. As can be seen, the skin specimen has the best stress-strain
characteristics—i.e., it has the highest tensile modulus and tensile strength. The
core specimen has the lowest, while the whole A130 specimen has intermediate
values. The higher stiffness and strength values for the skin specimen can be at-
tributed to the high degree of orientation of the LCP molecules and the glass
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Figure 5. Cumulative fiber length distribution for an injection-molded glass fiber/LCP
composite.
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Figure 6. Tensile stress-strain curves of various layers and of an entire sample for A130
tested at a cross-head speed of 1 mm/min.

fibers in the skin region. Values of the Young’s modulus and tensile strength for
the various specimens are shown in Table 1.

In our earlier studies [11] on pure LCP (Vectra A950—which is believed to be
the matrix resin for A130), the layered structure was characterized using wide
angle X-ray diffraction (WAXD). It was found that injection-molded LCP A950
has two outer-true-skins (OTS), two inner-skins and a core. This outer-true-
skin/inner-skin/core structure is in agreement with that proposed by Sawyer and
Jaffe [27]. The tensile stress-strain curves for the various layers of A950 are
shown in Figure 7 for comparison with the currently investigated A130. The OTS
specimen appears to possess a very low tensile strength when compared with the
others. The ease of fibrillation and thinness of the OTS specimen (about 0.1 mm
thick) made it very fragile to handle. This causes the apparently low tensile
strength for this layer. Comparison of Figures 6 and 7 shows that, for the whole
specimen, the addition of glass fibers decreases the elongation at break (¢;) from
4% to about 2%. The Young’s modulus is increased from 10.8 GPa to 15.2 GPa,

Table 1. Results of tensile tests for A130 specimens.

Young’s Modulus (GPa) Tensile Strength (MPa)
Skin 18.3 198
Core 13.3 146
Whole A130
(Measured) 156.2 192
Whole A130

(Calculated) 16.7 182
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Figure 7. Tensile stress-strain curves of various layers and of an entire sample for A950
tested at a cross-head speed of 1 mm/min.

while the tensile strength is not significantly affected. This is in marked contrast
with other engineering thermoplastics, which show an increase in strength when
glass fibers are added. The insensitivity of tensile strength to the addition of 30
wt% glass fiber is in agreement with the observation of Voss and Friedrich [13].

The Young’s modulus and tensile strength of the entire A130 sample can be
calculated by a rule-of-mixture approach:

S1 + 82 C

Ewholc = (_B-—)Eskin + (E)Ecorc (1)
S1 + 82 C

Owhole = (T)Uskin + (E)acan (2)

where E is the Young’s modulus, ¢ is the tensile strength, S1 and S2 are the thick-
nesses of the two skin layers, C is the core layer thickness, and B is the total spec-
imen thickness. It is easily seen from Table 1 that the calculated values are in
reasonable agreement with the observed values. The same conclusions have also
been drawn on a number of filled liquid-crystal polymer systems by Schledjewski
and Friedrich [10].

3.3 Compression Test Results and Strain Rate Effect

When carrying out compression testing in the present investigation, it is crucial
to make sure that the deformation is uniaxial; i.e., bending of the specimens does
not occur prematurely. Upon reaching large deformation, bending of the com-
pression specimen may eventually occur, which depends on the nature of the fail-
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ure mode. For brittle failure, bending will not occur. For ductile failure, bending
is likely to occur on reaching the inelastic region of the stress-strain curve due to
shear buckling.

The compression stress-strain curves for a specimen tested at a quasi-static rate
of loading are shown in Figure 8, where the curves labelled e, and e, are strain
signals obtained from the two strain gauges bonded to the opposite parallel faces
of the same compression specimen. It can be seen that ¢, and ¢, give nearly iden-
tical stress-strain curves up to a strain level of about 1.2%. Beyond that strain
level, either shear buckling occurs, or one of the strain gauges starts to debond
from the specimen surface, so the two specimen strain gauges deviate from each
other. A good correlation between ¢, and ¢, was also found for other strain rates
of testing.

Compression stress-strain curves obtained at three strain rates are shown in
Figure 9. A very significant influence of strain rate on the stress-strain curves can
be seen. Increase in strain rate causes a corresponding increase in elastic modu-
lus and compression strength. The variation of the Young’s modulus (E.) with log
(é) is shown in Figure 10. It can be seen that in the low-strain-rate regime, the
Young’s modulus E, is relatively insensitive to the change in strain rate. But as the
strain rate increases to above 1072 s™!, the strain-rate sensitivity increases, which
is reflected by a slight increase in the slope of the Young’s modulus E, against log
(é) plot. It has to be stressed that the observed dependency between Young’s
modulus and strain rate is significantly temperature dependent.

The effect of strain rate, é, on the compression strength, o., is shown in
Figure 11. The data points are more scattered, but an approximately linear rela-
tionship exists between o, and log (¢).
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Figure 8. Comparison of compression stress-strain curves obtained from strain gauges
bonded to opposite faces of the same specimen.
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Figure 9. Compression stress-strain curves for A130 at three different strain rates.
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Figure 10. Effect of strain rate on compression modulus for A130.
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Figure 11. Effect of strain rate on compression strength for A130.

Representative compressive failure modes at strain rates of 10 s™, 5 x 107
s7!, and 350 s are shown in Figure 12. At a strain rate of 10~ s, a localized
shear buckling failure mode can be seen [Figure 12(a)]. Outside the localized
shear failure zone, no apparent damage can be observed visually. This type of
localized shear failure mode is observed for all specimens tested and failed under
low strain rates. At higher strain rates, about 5 x 107* s™!, the damage is more
spread out [Figure 12(b)]. Some delamination failure can be seen. The delamina-
tion is not unexpected because of the layer structure of LCPs. For the specimens
that failed at the impact rate of loading (¢ = 350 s™), the fracture mode is
again different [Figure 12(c)]. The failure is catastrophic, with the specimen be-
ing broken into a number of pieces.

34 SEM Fractography

In this section, SEM examination of the fracture surfaces will be presented.
First, the fracture surfaces for tensile specimens that failed at quasi-static rate of
loading will be shown. Then, we will examine the compression specimens that
failed at quasi-static and impact rate of loadings. ]

Figure 13(a) shows the fracture surface of an entire tensile specimen. The core
and skin regions can be easily identified. The glass fibers in the core region
(labelled c) can be seen to be oriented in a random fashion. In the skin region
(labelled s) the fibers are well aligned parallel to the melt flow direction. In the
same photograph we can also identify some of the relatively long pull-out glass
fibers. Careful measurement on the tensile fracture surfaces gave a maximum
glass fiber pull-out length of approximately 0.5 mm. Under axial tension, the
glass fiber experiences tensile stress along its length with the maximum value
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(b)

(c)

Figure 12. Compression failure of A130 samples at various strain rates: (a) 10~ s-': (b
5x 107257 (c) 350 s-. @ $®)
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(a) (b)

()
Figure 13. Fracture surfaces of tensile samples: (a) skin and core region; (b) layered
structure of the skin region; (c) LCP microfibrils on glass fiber surface.

occurring at the central portion of the fiber, while shear stress is developed at the
fiber ends. The relative magnitude of these stresses is determined by the fiber
length and the interfacial bond strength. For a fiber shorter than the critical fiber
length, (L), the tensile stress along the fiber never reaches its ultimate strength;
therefore fiber pull-out is the dominant failure mechanism. For fibers longer than
1., fiber fracture is the major failure mechanism, since the tensile stress along the
fiber can now exceed the tensile strength. Therefore, the lengths of the longest
fiber protruding from the tensile fracture surface provide an approximate
measure of the critical fiber length; i.e., the longest protruded length should not
be larger than /./2.

Our measured maximum protruded fiber length of about 0.5 mm suggests a /
value of at least 1 mm, which exceeds the observed maximum length of the fibers
(Figure 5). This implies that the fibers are not stressed to fracture. Therefore, the
incorporation of glass fibers cannot improve the tensile strength, which is
supported by our observation that the tensile strengths for A130 and A950 are
about the same (see Figures 6 and 7). ‘

Other than fiber orientation, the SEM micrograph also shows a distinct
difference in fracture surface appearance between the skin and core regions. The
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entire core region appears as a single bulk structure. In the skin region, on the
other hand, the fractured material has a layer structure [Figure 13(b)]. Further-
more a number of LCP fibrils can be seen. It is expected that the tearing off of
the LCP fibrils from the LCP matrix will also contribute significantly to energy
absorption in the fracturing process. Figure 13(c) shows a glass fiber located in
the fractured skin region of a tensile specimen. It can be seen that the glass fiber
surface is covered by a high concentration of LCP microfibrils. These
microfibrils, which have a diameter of about 0.1 pm, are among the basic ele-
ments of the hierarchical structural model proposed for extruded and injection-
molded LCP components [27]. Evidence of the large number of microfibrils
adhering to the glass fiber surface indicates a strong bonding between the LCP
and glass fiber. Even though a strong bond exists between the LCP and the glass
fiber, the LCP is easy to fibrillate, which results in a long critical fiber length in
comparison with the glass fiber lengths.
A compression specimen that failed at a strain rate of 10~ s™ was sectioned
longitudinally and then polished. The prepared sample is shown in Figure 14(a),

(@) (b)

© )

Figure 14. Cross-sectional view of a compression sample that failed at a strain rate of 10~
s~': (a) micrograph showing the formation of a large shear crack; (b) micrograph at higher
magnification showing the various damage mechanisms; (c) cracking of glass fiber; (d)
cracking in the matrix and at the fiber/matrix interface.
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)  w

(c)

Figure 15. Fracture surface of a compression sample tested at a strain rate of 5 x 1072
s~': (a) presence of fibrils at the tearing-off region; (b) the delaminated plane has a smooth
appearance; (c) microfibrils on the glass fiber surface and in the matrix.

in which the length direction of the specimen is horizontal and the thickness
direction vertical. It can be seen that the damage mode is shear buckling, and the
damage zone is confined to a localized region, with a large shear crack (labelled
sc) being evident. Outside this region, no apparent damage can be observed.
Figure 14(b) is a magnified view of the severely damaged region in Figure 14(a).
At such a damage level, it can be seen that the major damage mechanisms are
elastic fiber bending, fiber fracture, fiber/matrix debonding, and matrix separa-
tion or cracking. Of course, elastic fiber bending can be seen as the precursor to
fiber fracture. Figure 14(c) shows a fractured fiber embedded in an LCP matrix.
It can be seen that the crack starts perpendicular to the fiber axis due to the bend-
ing stress. But instead of propagating catastrophically, the fiber crack has been
deflected sideways and then arrested. Furthermore, fiber/matrix debonding can
be seen near the crack initiation site. Figure 14(d) shows a region of matrix crack
initiation. The upper matrix crack is seen to have initiated in the matrix while the
lower matrix crack is seen to have initiated at the fiber/matrix interface.

Figure 15(a) shows the fracture surface of a compression specimen that failed
at a strain rate of 5 x 1072 s* [region A in Figure 12(b)]. A number of LCP
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fibrillar strips (with a width of about 5 um and a thickness much smaller than the
width), together with a large number of small-diameter LCP fibrils, can be seen.
Figure 15(b) shows the fracture surface corresponding to the delaminated surface
(region B) in Figure 12(b). The fracture surface is very smooth, indicating fast
fracture along this plane. Higher magnification of a glass fiber (labelled F ) and
its neighboring LCP matrix (labelled M) is shown in Figure 15(c). Similar to the
previous case of the tensile specimen [Figure 13(c)], LCP microfibrils are found
on the glass fiber surface and the surrounding LCP matrix.

Microscopically, there is a striking difference between low- and high-strain-
rate failed specimens. As we have seen earlier, for both tensile and compression
loadings at low strain rates, the protruded glass fiber surfaces are well covered
with LCP in the form of microfibrils [see Figures 13(c) and 15(c)]. Figure 16
shows a glass fiber and its neighboring matrix on the fracture surface of a com-
pression specimen that failed at a strain rate of =350 s™'. Even though the LCP
matrix is still adhering strongly to the glass fiber surface, no LCP microfibrils
can be seen. Furthermore, the LCP matrix fails in a brittle manner.

As a result of the injection-molding process, there are LCP fibrils and
microfibrils throughout the matrix, some of which are strongly adhering to the
glass fibers. At a low rate of testing, these will remain intact and are observed on
the fracture surfaces. Due to adiabatic heating during impact rate of loading, the
microfibrils may have melted and therefore not been observed (Figure 16).

4. CONCLUSIONS

Tensile and compressive deformation of an injection-molded short-glass-fiber-
reinforced LCP have been investigated in this work. The addition of short glass
fibers into the LCP increases the tensile modulus by 50%, but the tensile strength
is not significantly affected. Fractographic measurements give a critical fiber
length of about 1 mm, which is longer than the maximum measured glass fiber
length in the injection-molded samples. Therefore, the glass fibers cannot be
stressed to their fracture strength.

Figure 16. Absence of microfibrils on the glass fiber surface for a compression sample that
failed at a strain rate of 350 s~'.
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The strain-rate dependence for the compression modulus and compression
strength of the composite have been determined. The compression modulus
varies with log,, (€) in a bilinear manner, with the knee point at a strain rate of
approximately 102 s™'. Below the knee point, the strain-rate sensitivity is low.
Above the knee point, the strain-rate dependence is slightly stronger. The
compression strength varies in a linear manner with log,, (€) over the entire
strain-rate range studied in this work.

Macroscopic inspection of the compression failed specimens showed that
strain rate has a strong influence on the failure mode. Fractographic examination
indicated that the tearing off of both fibrils and microfibrils from the LCP matrix
contributes significantly to energy absorption during failure. The adhesion be-
tween LCP and glass fiber is strong, as indicated by the fact that all exposed glass
fibers are well covered with LCP. At low tensile and compression rates of load-
ing, the LCP adhering to the fiber surface is in the form of microfibrils. For com-
pression specimens that failed at impact rate (¢ = 350 s™), the LCP covering
the fibers is not in fibrillar form. This may be because the microfibrils have
melted as a result of adiabatic heating under impact loading.
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