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SYNOPSIS

The effects of reprocessing by successive injection molding cycles on the structure and
properties of two thermotropic liquid-crystal polymers (LCPs), namely Rodrun and Vectra,
were analyzed. Reprocessing produces a clear decrease in the melt viscosity of both LCPs.
This is attributed to molecular weight decreases as a consequence of chemical reactions.
The reactions produced chain scission in both LCPs and new products in the case of Vectra.
This gave rise to modifications in the crystalline behavior of Vectra that did not take place
in the case of Rodrun. All these facts lead to, with the exception of the modulus of elasticity
of Rodrun, an overall decrease in properties, more marked in the case of Vectra. © 1995

John Wiley & Sons, Inc.

INTRODUCTION

It is well known that reprocessing, which is also
called primary recycling,' is carried out extensively
in the plastics industry. It usually involves grinding
the scrap from the molding processes, which is con-
stituted mainly by faulty parts, sprues, and runners,
and mixing it with virgin material in adequate pro-
portions. The mixed recycled-virgin material is
molded into new parts.

Reprocessing is interesting mainly for economic
and environmental reasons. The economic interest
is particularly true in the case of high-performance
polymeric materials, with the high level of properties
and associated price. However, reprocessing may
give rise to deterioration of properties due to ther-
mal, thermooxidative, or mechanical degradation
that are mainly a consequence of the high temper-
atures, intensive shearing, and moisture presence
during processing.

Among high-performance polymers liquid-crystal
polymers (LCPs)? are characterized by a chemical
structure including tractable groups that permit the
formation of oriented structures in the melt state.
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Thus, the degree of molecular order is intermediate
between crystalline solid polymers and isotropic lig-
uids. The dimensional order exhibited by nematic
melts supposes a low viscosity in the melt, and thus
LL.CPs are potential processing aids. Moreover, shear
and elongational flows during processing of LCPs
give rise to a high orientation and order in the solid
state, and, consequently, although transverse prop-
erties are usually poor, to enhanced mechanical
properties in the flow direction.

Exhaustive studies have been carried out on the
structure, processing, and properties of most of the
LCPs, as well as on their use as reinforcing second
phases in blends with thermoplastics. Reprocessing
of thermoplastics is the focus of much current re-
search. However, although it has been reported
recently’ that some LCPs can be reprocessed as
many as five times and retain over 80% of their
properties, no other studies have been published, to
our knowledge, on the effect of reprocessing on the
properties of LCPs.

Hence in this work we report a systematic study
of the effects of reprocessing by repeated injection
molding on the structure and properties of two
LCPs. The possible changes of chemical structure
and molecular weight because of reactions during
reprocessing were tested by Fourier transform in-
frared (FTIR) and melt flow index (MFI). Differ-
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ential scanning calorimetry (DSC) was used to assess
possible solid-state changes as crystalline level or
perfection and mobility in the amorphous state.
Structural changes at a greater scale like those ob-
served by microscopy were also studied. The changes
in the chemical as well as in the physical structure
were related to the mechanical behavior of the re-
processed LCPs that was studied by tensile testing.

EXPERIMENTAL

Rodrun L.C-5000 was obtained from Unitika, Tokyo,
Japan. It is a copolyester with a poly(ethylene tere-
phthalate)/p-hydroxybenzoic acid (18/82) compo-
sition, as determined by *H-NMR. Vectra B950 was
supplied by Quimidroga, Barcelona, Spain, and it is
a copoly(ester-amide) based on 60/20/20 2-
6,hydroxynaphthoic acid/terephthalic acid/amino-
phenol. Pellets of the polymers were dried before
each processing cycle following the recommenda-
tions of the suppliers in order to minimize degra-
dation reactions caused by moisture.

Injection molding was carried out in a Battenfeld
BAZ230E reciprocating screw injection molding ma-
chine, with a screw diameter of 18 mm. The barrel
temperatures were 290°C in the case of Rodrun, as
used previously? and 300°C in the case of Vectra.
The mold temperature was 80°C in both cases. As
indicated in the technical literature, high injection
speeds (23 cm®/s) and low injection pressures (750
bar) were used to obtain the tensile specimens
(ASTM D638, type IV). The injection parameters
were the same in all the cycles. Thus, despite the
fact that the nature changes as a result of repro-
cessing, the thermal history of the materials, taking
as a reference the last solidification, was maintained
constant. Samples for other experimental techniques
were obtained from the injected specimens.

FTIR spectroscopy was carried out in a Nicolet
5DXC. The MFIs of Rodrun and Vectra were de-
termined after each molding cycle with a load of 325
g and at a temperature of 290°C for Rodrun and
310°C for Vectra.

Calorimetric analysis (DSC) was performed using
a Perkin-Elmer DSC-7 differential scanning calo-
rimeter. Taking into account the complex layer
structure generated during injection molding of
LCPs,>® and to avoid structural differences because
of the inhomogeneity in the samples, the following
experimental procedure was used. The samples (ap-
proximately 15 mg), encapsulated in aluminum
sample pans, were heated from 25 to 350°C at 20°C/
min in order to destroy the previous thermome-

chanical history. After that, the samples were rapidly
cooled down to 25°C and a second similar scan was
carried out. The thermal transitions of the samples
were determined in this second calorimetric scan.

Tensile tests (Instron 4301) were made at room
temperature and at a crosshead speed of 10 mm/
min (strain rate 2.6 X 107% s7!). The mechanical
properties (Young’s modulus E, tensile strength 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.

RESULTS AND DISCUSSION

Structural Changes: Chemical

A first analysis of the possible chemical reactions
taking place during reprocessing of Rodrun and
Vectra was carried out by FTIR. In the case of Rod-
run no change was observed in the FTIR spectra
obtained after successive injection molding cycles
with respect to that obtained for the unprocessed
material. This constancy indicates that the chemical
structure of the polymer does not change appreciably
as a consequence of reprocessing. On the contrary,
the FTIR spectra of Vectra showed several varia-
tions with reprocessing, as observed in Figure 1.
Comparing the spectrum of the unprocessed ma-
terial with that of the five times processed material,
some differences are evident. These differences in-
dicate changes in the chemical structure as a con-
sequence of chemical reactions. The most clear dif-
ference is the increase in intensity of the absorption
peaks centered at 1600, 1390, 1345, 1010 and 735
cm 1. Moreover, in the spectrum of the five times
processed Vectra, a shoulder appears on the peak
initially placed at 1140 cm™ and finally two peaks
in the region from 890 to 860 cm ™! appear, where a
single broad peak was present in the spectrum of
the unprocessed material. The chemical interpre-
tation of these changes is usually difficult to make
and is outside the scope of this work. However, in
an attempt to find out if the nature of these changes
was progressive or not, the material was also ana-
lyzed after the first processing cycle. As can be seen
in Figure 1, most of the changes observed after five
cycles are also seen after the first cycle; thus, the
changes in structure take place mainly during the
first processing cycle and then they are small. Thus,
reprocessing of Vectra, at the level that FTIR can
detect, does not give rise to new reactions but only
slightly strengthens those produced in the first cycle.
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Figure 1 FTIR spectra of Vectra. (a) unprocessed material, (b) once processed material,

(c) five times processed material.

Further, the extent of the reactions should be small,
due to the weak intensity of the changes observed.

MFI measurements have been used in previous
works”!! as a method to indirectly analyze the ef-
fects of degradation of polymers during reprocessing,
among others, on the molecular weight, melt vis-
cosity, and as a consequence, processability. The
MFIs of Rodrun and Vectra are shown as a function
of the number of processing cycles in Figure 2. In
the case of Rodrun, a fairly continuous MFI increase
was observed. In the case of Vectra, the MFI, al-
though maintained constant after the first and sec-
ond injection cycles, also increased from 30 g/10 min
for the pellets to 110 g/10 min after five cycles. These
increases in MFI indicate a decrease in the melt
viscosity. In the case of Rodrun, given the undetected
presence of new products, it must be a consequence
of a decrease in molecular weight due to reprocess-
ing. In the case of Vectra, the increase in MFI also
indicates a molecular weight decrease, but the

changes in chemical structure may also play a role
in the observed behavior.

In conclusion, FTIR and MFI results indicate
that degradation reactions occur during reprocessing
of both LCPs. They lead to a decrease in molecular
weight of the two LCPs. In the case of Rodrun, no
chemical structural changes are detected, whereas
in Vectra chemical reactions are evident.

Structural Changes: Solid State

Calorimetric analysis by means of the change in
thermal properties gave useful indications of the ef-
fects of reprocessing on the solid-state structure of
Rodrun and Vectra. In the case of the unprocessed
Rodrun, a glass transition was observed at approx-
imately 58-59°C. A similar transition was observed
by Wunderlich et al.'?> for a 20/80 poly(ethylene
terephthalate-co-p-oxybenzoate) copolymer at a
higher temperature and was attributed to the eth-
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Figure 2 Effect of reprocessing on the MFI of (O) Rodrun and (®) Vectra.

ylene-terephthalate-rich phase of the copolymer.
The difference in temperature was found because
the T, determined by Wunderlich et al. was mea-
sured at the point where half the increase in heat
capacity had occurred, and in this work it was mea-
sured at the onset of the transition. A second wide
glass transition seemed to appear in Rodrun at ap-
proximately 150°C. It could be related to that ob-
served by Wunderlich et al. at 180-185°C, that was
attributed to a p-oxybenzoate-rich phase.

Both of the transitions at 59 and 150°C were un-
affected by reprocessing and by the consequent de-
crease in molecular weight. These results agree with
the great but not drastic MFI increase, because it is
known!® that in high polymers, the effect of molec-
ular weight on glass transition temperature is seen
only when very low molecular weights are attained.

With respect to the melting of Rodrun, a melting
endotherm was seen with a T, of 280°C measured
at the maximum and a melting heat of 3.6 J/g. This
thermal behavior is similar to that of the copolymer
studied by Wunderlich et al.!? Thus, despite the fact
that that LCP was believed to have a fairly block
structure, whereas that of Rodrun is considered
random,'* both materials show similar thermal be-
havior.

After reprocessing, no significant variation of
the T,, was observed, because the maximum was
placed at temperatures between 275 and 280°C.
The heat of melting was also practically unnaf-
fected by reprocessing, and the differences between

the extreme values, 3.4 and 3.8 J/g, were attrib-
utable to the experimental error, mainly in draw-
ing the baseline of the endotherms. Thus, calori-
metric results showed that, in spite of the molec-
ular weight decrease as a consequence of
reprocessing, the thermal behavior of Rodrun, and
consequently the solid-state main features of both
of its phases, were unnaffected.

In the case of Vectra, the thermal behavior was
characterized by a glass transition and a melting
endotherm. The glass transition was placed at ap-
proximately 120°C in the unprocessed material. This
value agrees with the T, = 137.5°C determined by
dynamic-mechanical analysis (DMTA),'® as it is
known that glass transition temperatures deter-
mined by DMTA are usually higher than those
measured by DSC. The glass transition temperature
of Vectra, as in the case of Rodrun, almost did not
change (only 2-3°) because of reprocessing, but the
transition showed a greater intensity and appeared
thinner the greater the number of processing cycles.

In Table I, the melting temperatures and heats
obtained after each processing cycle are reported.
The melting temperature for the unprocessed ma-
terial was 284.9°C and the melting heat was 4.4 J/
g. These values agree with those reported in the
literature'® that are T,, = 290°C and AH,, = 3.2 J/
g. These differences are attributed to the well-known
dependence on the thermomechanical history of the
crystalline nature of polymeric materials, including
LCPs.
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Table I Melting Data for Reprocessed VECTRA
B950

Number of
Processing Cycles T, (°C) AH, (J/g)
0 (Virgin material) 284.9 4.4
1 282.4 4.2
2 281.8 3.5
3 275.2 3.2
4 272.5 3.1
5 270.8 3.4

As is observed in Table I, both the melting tem-
perature and the melting heat of Vectra decreased
as a consequence of successive injection molding cy-
cles. These changes took place in spite of the fact
that the thermomechanical history'”® after melting
is the same for all the samples studied. Thus, the
observed changes, although slight, agree with the
change of nature and appearance of new products
in the case of Vectra.

Thus, in summary, these facts indicate a greater
“amorphous character” of Vectra and a narrower
scatter of mobility in its amorphous solid state.
These results also indicate a decrease in the crys-
tallization ability of the polymer, and also the poorer
crystals obtained as a result of reprocessing.

Mechanical Properties

The reported effects of reprocessing on the structure
of Rodrun and Vectra have consequences for their
mechanical properties. All the materials showed the
typical rigid-brittle behavior, fully linear-elastic in
the case of Vectra, and in the case of Rodrun linear-
elastic in the first half of the curve with a posterior
slight slope decrease. The topography of the broken
surfaces did not change as a result of reprocessing.

In Figure 3, the Young’s modulus against number
of processing cycles for both Rodrun and Vectra are
shown. In the case of Rodrun a practically constant
value of 11,500 MPa is obtained for this small-strain
property. No values of the tensile modulus of Rodrun
were found in the literature for comparative pur-
poses, but this high value agrees with that expected
for an LCP and is somewhat higher than the re-
ported flexural modulus.”* The constancy of the
Young’s modulus with reprocessing indicates, taking
into account the lack of change of nature of the LCP
and the constancy of the crystallinity level, that the
observed decrease in molecular weight does not af-
fect this property. This constancy in Young’s mod-
ulus is usual when reprocessing of thermoplastic
polymers is carried out.!® However, an effect of re-
processing on the Young’s modulus of LCPs would
be expected as a consequence of the variation of melt
viscosity. It has been reported by Jackson and
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Figure 3 Effect of reprocessing on the Young’s modulus of Rodrun and Vectra. Symbols

as in Figure 2.
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Figure 4 Effect of reprocessing on the break strain of Rodrun and Vectra. Symbols as

in Figure 2.

Kuhfuss® that an increase in intrinsic viscosity
(and, consequently, in melt viscosity) of a LCP gives
rise to an increase in stiffness and strength. On the
other hand, it was found in the same work that an
increase in melt temperature gave rise to an increase
in mechanical properties. This increase was attrib-
uted to a decreased melt viscosity and a concomitant
increase in orientation. Thus, the effect of melt vis-
cosity on orientation and hence on mechanical
properties of LCPs is not clear. In any case, and
given the variation of MFI and Young’s modulus of
Rodrun with the number of processing cycles, it ap-
pears that melt viscosity does not affect the orien-
tation level attained by Rodrun.

In the case of Vectra, the Young’s modulus ob-
tained for the material after the first processing cycle
was approximately 13,500 MPa. This value is lower
than that reported in the Hoechst’s literature, which
is 19,300 MPa. This is probably due to different pro-
cessing conditions, and therefore different orienta-
tion levels attained in both works. As a consequence
of reprocessing, the Young’s modulus of Vectra
shows, taking into account its usually good repro-
ducibility, a surprising overall tendency to decrease
as the number of processing cycles increases. The
changes observed in the amorphous state cannot be
relevant for mechanical properties. Thus, it appears
that the structural changes detected by FTIR cou-
pled with the molecular weight and crystallinity de-
crease are responsible for the Young’s modulus de-
crease.

If we try to find out the relative importance of
each of the former parameters, with respect to mo-
lecular weight, the change of MFI was almost op-
posite to that of modulus, because it changed mainly
after several processing cycles. Thus, the decrease
in modulus seems to be due to either of the two other
possibilities. It was observed that the greatest mod-
ulus decrease takes place in the second molding cy-
cle. The FTIR spectra did not change very much
between the first and second or even third processing
cycles. However, the greatest decrease in melting
heat takes place between the first and the second
molding cycles. This makes the changes in crystal-
linity in Vectra B950 as a result of reprocessing the
main parameter determining the modulus decrease
despite the rather low crystallinity levels and their
changes. This is an unexpected result because, con-
trary to the behavior of most polymers, crystallinity
level would not play such an important part in the
modulus of elasticity, that ought to be a direct con-
sequence of the orientation level attained.

In Figure 4, the variation of the break strain with
the number of injection molding cycles is shown.
The importance of ductility is smaller in LCPs than
in other polymers for engineering applications,?! but
it plays an important role in such an important
property as tensile strength, due to the shape of the
tensile curves. As is observed, and as is typical in
LCPs, the break strain of both LCPs is very small.
In both cases the break strain remains essentially
constant up to the third processing cycle and then
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Figure 5 Effect of reprocessing on the tensile strength of Rodrun and Vectra. Symbols

as in Figure 2.

decreases. Considering the reasons for these behav-
iors, in the case of Rodrun, the only change observed
with reprocessing was the MFI increase, so that the
decrease in molecular weight that this indicates
seems to be the reason for the observed ductility
decrease. In the case of Vectra, the increase in MFI
was accompanied by a change in nature and a small
crystallinity decrease. The crystallinity decrease
should have, if any, an opposite influence, and the
change in nature took place mainly in the first cycle,
so that the change in molecular weight seems to be
the reason for the observed ductility decrease.

In Figure 5, the tensile strength of the LCPs is
shown against the number of processing cycles.
Given the linear shape of the curve of Vectra, and
the almost linear shape of that of Rodrun, tensile
strength is, in both cases, a direct consequence of
both ductility and modulus. Thus, in the case of
Rodrun the constancy of the modulus of elasticity
with reprocessing gives rise to rather similar ductility
and tensile strength plots. In the case of Vectra, its
continuous tensile strength decrease seems to be a
consequence of the decrease in modulus in the sec-
ond and third cycles, and that in ductility after suc-
cessive cycles.

CONCLUSIONS

Reprocessing affects the structure of both Rodrun
and Vectra. In Rodrun, a decrease in molecular

weight, probably due to chain scission, is found. In
the case of Vectra, the molecular weight decrease is
accompanied by the appearance of new chemical
structures. Similarly, the solid-state structure did
not change after reprocessing in the case of Rodrun,
but it did in the case of Vectra, giving rise to a less
perfect crystalline network and to a less crystalline
polymer.

In the case of Rodrun, the decrease in molecular
weight does not change the modulus of elasticity.
However, ductility and consequently tensile strength
decrease after the third cycle. The additional change
of crystallinity that takes place in Vectra gives rise
to a decrease in modulus of elasticity that, concom-
itant with the ductility decrease, gives rise to a de-
crease of 37% with respect to the original value in
the tensile strength of Vectra after a very harsh re-
processing of five injection molding cycles.
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