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Abstract

Rodrun 5000/Vectra B950 blends were obtained by direct injection moulding at two injections rates. The blends were partially miscible
and unreacted under the processing conditions used. Higher orientations and properties were obtained at the lower injection rate due to the
higher overall orientation obtained. The produced orientation and the negative volume of mixing of the blends led to a range of LCP materials
with intermediate modulus and tensile strength and slightly higher ductility. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Thermotropic liquid—crystal polymers (LCPs) have
gained increasing interest in recent years, due to their excel-
lent mechanical properties, good processability and low
thermal expansion coefficient [1]. Moreover, when mixed
with thermoplastics they are able to act as reinforcements,
due to their fibrillar and highly stiff and resistant structure in
the solid state [2-5].

The number of commercially available LCPs is limited
[1], so that there is a clear need for the development of new
materials with thermotropic behaviour. Blending offers a
valuable method to produce new LCPs due to their simpli-
city and comparatively low cost. The modulus of elasticity
and the tensile strength of blends of two LCPs appear
different from those usually found in conventional thermo-
plastic blends. Thus, they were synergistic in two immisci-
ble blends [6,7], slight synergisms were observed in a
partially miscible blend [8], and a practically linear
behaviour was seen in a miscible blend [9].

Moreover, LCPs are usually copolyesters or copoly-
(ester—amides), so that chemical interchange reactions can
take place between the blend components during processing
or thermal treatment in the melt state. In fact, although
exceptions also exist [9], blends of two LCPs, Vectra
A950 (VA) containing 2,6-hydroxynaphthoic acid (HNA)
and p-hydroxybenzoic acid (HBA) with Vectra B950
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(VB) containing only HNA [7,10], as well as of other
LCPs with different HNA and HBA contents [11,12] have
shown the development of interchange reactions. These
reactions have also been considered [7,10] as responsible
for the increased orientation of the LCPs in the blends.

The phase structure [6-9,11-14] and the rheological
behaviour [6,8,11,13,15-19] of LCP/LCP blends have
been often studied, but despite their high level, their
mechanical properties have seldom been studied, and
many of the works are patents [20-23]. In the open
literature, only the mechanical properties of blends of two
ethylene terephthalate—HBA copolyesters [9], VA with VB
[7] and with Ultrax (a copolymer based on HBA, terephtha-
loyl and hydroquinone) [6] and only three compositions of
another blend [8] have been studied.

Many other LCP blends are potentially interesting. For
instance, the phase structure of Rodrun LC5000 (R5)/VB
blends has been studied [14], but no systematic analysis of
their mechanical properties has been carried out. This is
despite the fact that R5/VB blends have been reported to
be immiscible [14], and therefore likely to exhibit syner-
gistic mechanical behaviour. Moreover, taking into account
their chemical structures, transesterification reactions can
take place between them, and this could also affect
positively the mechanical properties of their blends.

In this work, R5/VB blends have been prepared across the
full composition range by direct injection moulding. Differ-
ent injection rates have been used because of their effects on
molecular orientation and mechanical properties. The phase
structure of the blends after the blending procedure
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employed has been analysed by dynamic mechanical—
thermal analysis (DMTA), and possible changes in the
chemical structure have been studied by Fourier Transform
Infrared Spectroscopy (FTIR). The mechanical properties of
the blends have been determined by means of tensile tests
and have been related to both their specific volume and
orientation level as measured by X-ray diffraction.

2. Experimental

The polymers used in this work were Rodrun LC5000
(R5) from Unitika Ltd. and Vectra B950® (VB), commer-
cialised by Celanese (Ticona). RS is a copolyester based on
p-hydroxybenzoic acid (HBA) and ethylene terephthalate
(ET). VB is a copoly(ester—amide) composed of hydroxy-
naphthoic acid (HNA), aminophenol (AP) and terephthalic
acid (TA). The chemical structures of R5 and VB are:

ET

Polymer Laboratories DMTA at a frequency of 1 Hz in
the flexural mode and at a heating rate of 4°C/min. The
samples were obtained in the orientation direction from
the central section of the injection moulded tensile speci-
mens. The chemical structure of the blends was studied by
FTIR, using a Nicolet SDXC spectrophotometer. Specific
volume values were measured in a Mirage SD-120-L elec-
tronic densitometer with a resolution of 0.0005 cm*/g using
butyl alcohol as the immersion liquid.

The tensile tests were carried out using an Instron 4301 at
a cross-head speed of 10 mm/min on 1.9 mm thick ASTM
D-638 type IV injection moulded specimens. The specimens
were gated at the outside end of the shoulder of the dumb-
bell-shaped moulding cavities. The mechanical properties
(Young’s modulus, E; break stress, o},; and ductility
measured as the break strain, £,) were determined from
the load-elongation curves. A minimum of eight specimens
were tested for each reported value.
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Both LCPs were dried before processing for 8 h at 135°C
in order to avoid moisture-induced degradation reactions
during processing. The dried pellets were directly melt
mixed and injection moulded over the entire composition
range in a Battenfeld BA230E reciprocating screw injection
moulding machine. A melt temperature of 300°C, a mould
temperature of 20°C, and an injection pressure of 2450 bar
were used. The low mould temperature was selected in order
to obtain a high cooling rate and, thus, to improve the LCP
orientation in the moulded specimens. The rapid cooling
meant that a high injection pressure was required. In order
to analyse the effect of the injection rate on the structure and
properties of the blends, the moulding process was carried
out at two injection rates, 1 and 7 cm’/s.

The DMTA were carried out from 30 to 200°C in a
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The WAXS diffraction patterns of some samples of the
neat components and of the blends were obtained using a
Statton flat camera (W.H. Warhus, Co.) and CuKa (A =
1.542 A) radiation. The samples (length = 20 mm) for
X-ray diffraction were cut from the central section of the
tensile specimens.

3. Results and discussion
3.1. Phase behaviour

The thermal transitions of the neat components and of the
blends were not clearly observed by differential scanning
calorimetry (DSC). Consequently, the thermal behaviour
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Fig. 1. Tan & vs. temperature plots for: (a) R5 (@), VB (M) and the 80/20
(O) and 60/40 () blends and (b) R5 (@), VB (M) and the 40/60 (O), 30/70
(0), 20/80 (<) and 10/90 (A) blends.

and the phase structure were analysed by DMTA, which is a
more sensitive technique than DSC.

Fig. la shows the tan 6—temperature plots for neat RS
and VB and for the R5-rich blends, obtained at an injection
rate of 7 cm?/s. The residence time of the blends in the melt
state was similar for both injection rates, so a possible effect
on the phase structure can be neglected. As can be seen, the
T, of RS was close to 85°C, while that of VB appeared near
150°C. The slight peak in the plot of VB near the T, of RS
indicates the presence of a secondary transition probably
due to the motion of the HNA unit. Its location seems to
be invariant with the blend composition in spite of the fact
that in previous DMTA studies [24] this transition was
dependent on copolymer composition. The plots of the
blends showed two tan 6 peaks that overlapped in the
60/40 composition. The T, values are collected in Table 1
together with those of the VB-rich blends that will be
discussed later. Although an exact measurement of the 7,s
from the maxima of the tan 6—temperature curves is diffi-
cult, the T,s of the blends are intermediate between those of
the pure components and approach each other slightly as the
content of the two components of the blend equilibrates. This
indicates the presence in the R5-rich blends of Fig. 1a of two
mixed phases, each of them rich in one of the components.

Fig. 1b shows the tan 6 —temperature plots for neat RS
and VB and for the VB-rich blends. As can be seen, and as
was less clearly seen in Fig. 1a, the height of the tan d peak
of the VB is greater in the blends than in the neat compo-
nents. This was accompanied by the fact that the E’ drop in
the glass transition region was also greater in the blends than
in VB. This has been attributed in miscible blends [14] to
changes in the liquid crystalline alignment of the blends
compared to that of the neat components. The same
phenomenon is also observed in the partially miscible
blends of this paper. As can also be seen in Fig. 1b and
Table 1, the T, of the VB-rich phase of the VB-rich blends
also decreased upon the addition of increasing amounts of
R5. As stated above, this indicates the presence of some R5
in the VB-rich phase. However, no peak close to that of pure
RS appeared in the VB-rich blends. This is helped by the
fact that the T, of RS is wide and weak, and therefore
difficult to observe in the blends. The absence of the 7, of
an LCP component of a blend is not unusual, even in
sensitive DMTA measurements. For example, in extruded-
injection moulded VA/Ultrax [6] and in directly injection
moulded VA/VB [7] blends, the T, of VA could not be
observed. However, after a more careful observation of
Fig. 1b, we realise that the minimum in tan 6 of pure VB
between 80 and 120°C does not appear in the blends. This
effect is more clearly seen as the RS content increases, and
gives rise to tan & peaks which are broader, as the composi-
tion tends to be equal amounts of both components. This
suggests the presence of a single mixed phase, or micro-
phase separation where the phase sizes are too small to be
resolved by DMTA into separate peaks. Thus, although the
VB-rich blends of Fig. 1b are close to miscibility, the
presence of two partially mixed phases in the R5-rich blends
of Fig. la indicates the existence of partial miscibility
between RS and VB.

The presence of wide single 7, peaks must be due to
either partial miscibility or development of transesterifica-
tion reactions during processing [7]. For this reason, FTIR
analyses of the blends were carried out to check the possible
development of interchange reactions between RS and VB.
The results are shown in Figs. 2a,b, where the experimental
FTIR spectra of the 80/20 and 20/80 blends are compared
with those calculated by combining the weighted spectra of

Table 1
Glass transition temperatures (7,) of the pure components and of the blends
at an injection rate of 7 cm®/s

T, (°C)

RS 84 -

80/20 89 138
60/40 99 137
40/60 - 134
30/70 - 135
20/80 - 136
10/90 - 143
VB - 147
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Fig. 2. Experimental and calculated FTIR spectra for the: (a) 80/20 and
(b) 20/80 blends.

the pure components at each composition. The spectra of the
80/20 blend of Fig. 2a are representative of the R5-rich
blends, and those of the 20/80 blend of Fig. 2b are
representative of the VB-rich blends. As can be seen, the
experimental and calculated spectra are practically identical
in both composition regions. Therefore interchange
reactions are not the reason for the 7, changes, indicating
that the R5/VB blends are partially miscible.

3.2. Mechanical properties

The Young’s modulus—composition relationships of the
blends are shown in Fig. 3. As can be observed, in the blends
injected at 1 cm?/s, the modulus followed approximately the
linear rule of mixtures; whereas in the case of the R5-rich
blends injected at 7 cm?/s, a very slight synergism (maxi-
mum approximately 4%) was seen. These modulus results
agree with the tendency towards slight synergisms or
linearity found in partially miscible and miscible LCP,/
LCP, systems [8,9].

The effect of the injection rate on the modulus is also
shown in Fig. 3. As can be seen, the blends and the neat
components injected at the low injection rate show modulus
values higher than those of the high injection rate. This
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Fig. 3. Young’s modulus of the blends injected at 1 cm*/s (@) and at 7 cm?/s
(O) vs. composition.

behaviour is common in LCPs, and is attributed [25-28]
to the increase in the thickness of the oriented skin [29] as
the injection rate decreases, although at decreasing injection
rates the mechanical properties of the skin also appear to
improve. The higher mechanical properties at low injection
rates have also been attributed to cooling of the melt during
flow that leads to a viscosity increase [27—-30] and, there-
fore, both increased shear and molecular orientation.

To find out the reasons for the modulus behaviour, the
orientation of the blends and of the pure components were
measured. Additionally, the specific volume of the blends
may change when some miscibility is present [31] and also
influences the modulus values, and therefore, was also
studied. The thickness of the skin could not be clearly deter-
mined, due to the presence in half of each specimen of four
layers of different thicknesses.

The plot of the specific volume of the blends against
composition is shown in Fig. 4. As can be seen, the differ-
ence in specific volume of the blends at the two injection
rates is not significant. Hence a single curve is plotted.
However, decrease in specific volume due to blending is
clear at both injection rates. The decreases are quantitatively
large enough (mean value 1 X 107° cm3/g) [32] to lead to
an increase in the modulus of elasticity. Therefore, the
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Fig. 4. Specific volume of the blends vs. composition. Symbols as in Fig. 3.
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Fig. 5. X-ray diffraction patterns of: (a) RS, (b) 80/20 blend, (c) 20/80 blend and (d) VB injected at 1 cm?¥s.

decrease in specific volume upon blending will have a
positive effect on the modulus of elasticity of the blends.

The possible differences in the overall orientation of the
blends were analysed by X-ray diffraction. Some represen-
tative diffraction patterns for samples injected at 1 cm/s are
shown in Fig. 5. As is seen from the arcing levels of the
equatorial diffraction of the samples, the orientation is lower
in RS (Fig. 5a) than in VB (Fig. 5d). The diffraction pattern
of the 80/20 R5/VB blend (Fig. 5b) indicates an orientation
level similar or slightly lower than that of R5, while that of
the 20/80 R5/VB blend of Fig. 5c approaches that of neat
VB. Thus, the orientation of the blends could have a slight
negative effect on the modulus values. The positive effect on
the modulus of the negative volume of mixing should
counteract the slight negative effect of the orientation, lead-
ing to the rather linear behaviour of the plot of modulus of
elasticity at 1 cm?/s of Fig. 3.

The influence of the orientation on the modulus values is
also seen when the effect of the injection rate on the orienta-
tion is studied. Fig. 6 shows the diffraction pattern of the
neat VB injected at 7 cm?/s. The arcing is larger than that of
the low injection rate of Fig. 5d. The same effect was less
clearly seen in most of the blends. This indicates that, at

high injection rates, there is a lower overall orientation in
VB and in the blends, that agrees with their lower modulus.

The ductility of the blends is shown in Fig. 7. As can be
seen, due to the brittle nature of the LCPs, the ductility is
very low both for the neat components and for the blends.
Moreover, it shows an overall positive deviation with

Fig. 6. X-ray diffraction pattern of VB injected at 7 cm¥s.
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Fig. 7. Ductility of the blends vs composition. Symbols as in Fig. 3.

respect to the rule of mixtures between the values of R5 and
VB at the high injection speed, and a mixed behaviour at the
low injection speed. The high ductility value of the 80/20
blend at the low injection speed is a repetitive value (double
amount of specimens tested), but it is not very significant,
taking into account, the values of the rest of the blends and
the lack of change of the measured morphological
characteristics. The partial miscibility between the blend
components and the improved interfacial adhesion probably
led to the positive behaviour of Fig. 7.

As can also be seen in Fig. 7, the low injection rate leads
to slightly higher ductilities. Ductility data of LCPs as a
function of the injection rate are seldom reported in the
literature and the relation between the injection rate and
the ductility of LCPs is still not clear. This is because
both a tendency for the ductility to increase [25] at lower
injection rates, as in this work, and the opposite trend [27]
have been seen.

The tensile strength plots of the blends are shown in
Fig. 8. Its behaviour is rather parallel to that of the modulus.
This is despite the fact that the ductility must affect the
tensile strength in these brittle materials. The samples
moulded at the low injection rate show clearly higher tensile
strength, in agreement with their higher orientation and
modulus behaviour and with the results obtained by other
authors [25,27,33]. The tensile strength of the samples
injected at 1 cm?/s shows a slight negative deviation from

400 T
g
S 350
£ . 3
&0 300 L.S.= lem'/s
o «—
2 250
o J - il
£ 200 : E =
& 250 3
150 &
200 «
a
Lo =
Lo — 150 ‘g
LS.=7em’/s a
— 100 £
—— g
0 20 40 80 100

60
%VB

Fig. 8. Tensile strength of the blends vs composition. Symbols as in Fig. 3.
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the rule of mixtures (maximum approximately 10%), which
can be attributed to the practically additive modulus (Fig. 3)
and the generally slight negative deviation of the ductility
(Fig. 7). The positive behaviour of both, the modulus and
the ductility of the blends injected at 7 cm?/s led to a
positive deviation that reached a maximum of 25% in the
R5-rich composition region. Thus, contrary to thermoplastic
blends and to previous [6] clear positive synergisms in
immiscible blends, and in agreement with other partially
miscible blends [8], the partial miscibility of the blends
leads to intermediate behaviours in the tensile strength
and in the modulus of elasticity of these LCP blends.

4. Conclusions

R5/VB blends are partially miscible. At the processing
conditions of this work, the blends are unreacted as seen
from FTIR spectra. Lower injection rates lead to clearly
higher modulus of elasticity and tensile strength due to the
overall greater orientation produced. The tensile strength
values were close to those predicted by the rule of mixtures
and were a consequence of the trends in the modulus and
ductility. The modulus values of the blends at an injection
rate of 1 cm®/s were close to those predicted by the rule of
mixtures. They were a consequence of the slightly smaller
orientation of the components in the blends, partially
counteracted by the positive effect of the negative excess
volume of mixing.
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