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ABSTRACT: A thermotropic liquid-crystalline polymer
(TLCP), a copolyester with a 60/40 molar ratio of p-hydroxy
benzoic acid and poly(ethylene terephthalate), was blended
with a styrene/ethylene butylene/styrene thermoplastic
elastomer with a twin-screw extruder. The rheological be-
havior, morphology, and mechanical properties of the
extruded strands of the blends were investigated. The rheo-
logical measurements were performed on a capillary rheo-
meter in the shear rate range of 5–2000 s�1 and on a plate-
and-plate rheometer in the frequency range of 0.6–200 rad
s�1. All the neat components and blends exhibited shear
thinning behavior. Both the shear and complex viscosities of
all the blends decreased with increasing TLCP contents, but
the decrease in the shear viscosity was more pronounced.
The best fibrillar morphology was observed in the extruded
strands of a blend containing 30 wt % TLCP, and a lamellar
structure started to form at 40 wt % TLCP. With an increas-

ing concentration of TLCP, the tensile modulus of the blends
was greatly enhanced, whereas the tensile strength was
almost unchanged. The elongation at break of the blends
first slightly decreased with the addition of TLCP and then
sharply dropped at 40 wt % TLCP. The tension set measured
at 200% deformation slightly increased with increasing
TLCP contents up to 30 wt %, over which the set value was
unacceptable for a thermoplastic elastomer. A remarkable
improvement in the dynamic mechanical properties of the
extruded strands was observed in the blends with increasing
amounts of TLCP. © 2003 Wiley Periodicals, Inc. J Appl Polym Sci
89: 2676–2685, 2003
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INTRODUCTION

Blending two or more polymers is a versatile way of
developing new materials with a desirable combina-
tion of properties. Among such blending systems, im-
miscible blends of thermotropic liquid-crystalline
polymers (TLCPs) with thermoplastics are receiving
much attention.1–3 Under an appropriate shear or
elongational flow field, dispersed TLCP droplets can
be deformed into fibrils, and after quenching for blend
solidification, these TLCP fibrils reinforce the matrix
as a result of their inherent strength and stiffness.
Therefore, this type of blend is called an in situ com-
posite.4 The mechanical properties of the finished

products are closely related to their morphology.
There are several important factors affecting the blend
morphology, such as the composition, viscosity ratio
(dispersed phase to matrix phase), processing condi-
tions, and fabrication techniques. These parameters
influence the size, shape, distribution, and molecular
orientation of the TLCP phase.

Thermoplastic elastomers (TPEs) are materials that
have the processing characteristics of thermoplastics
and the elastomeric performance of conventional ther-
moset rubbers. The increasing number of applications
of TPEs are, therefore, due to the ease of processing
and fabrication. However, at high temperatures, the
strength and dimensional stability of TPEs are not as
good as those of conventional vulcanized rubbers.
This is due to the fact that the interaction through
physical crosslinks in the hard phase becomes weak at
elevated temperature. The reinforcement of TPEs by
the incorporation of inorganic or organic fibrous fillers
has, therefore, gained considerable interest.5–8 The
main aim of this investigation is to improve the
strength, modulus of elasticity, and dimensional sta-
bility of TPEs at elevated temperatures. Despite the
advantages of the incorporation of these short fibers,
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there are some technical difficulties. The presence of
solid fibers in the molten polymer matrix increases the
viscosity of the system and causes abrasion on the
surface of the processing equipment. Furthermore,
some fibers are broken down into fragments because
of the high shear stress, and this leads to a significant
reduction of the properties of the composite materials.
Therefore, blending TPEs with TLCP is interesting
because TLCP reduces the melt viscosity of the system
and causes no abrasion of the processing equipment
because both components are in the melt. The main
problem to be investigated is an appropriate process-
ing condition for obtaining a fibrillar morphology in
the TLCP phase. So far, only a few TLCP/elastomer
blends systems have been investigated.9–12 Lorenzo et
al.9 reported the viscoelastic behavior of a liquid-crys-
talline copolyester [60/40 molar ratio of p-hydroxy
benzoic acid (HBA) to poly(ethylene terephthalate)
(PET)] blended with styrene–butadiene rubber. The
complex viscosity (�*) exhibited minima at 10% TLCP.
Verhoogt and coworkers10,11 studied a blend of Vectra
A900 (73% 4-hydroxy benzoic acid/27% 2-hydroxy-6-
naphtoic acid) and TPE [styrene/ethylene butylene/
styrene (SEBS); Kraton G-1650]. They observed a fibril-
lar morphology in blends with less than 30 vol %
TLCP and found that the addition of TLCP resulted in
a substantial increase in both the modulus of elasticity
and tensile strength. Moreover, Machiels et al.12 inves-
tigated the fiber formation, stability, and properties of
a blend of Vectra A900 with Arnitel em630 [25%
poly(oxytetramethylene)/75% poly(butylene tereph-
thalate), a TPE]. In the latter blend system, the tensile
modulus and strength increased with an increasing
draw ratio of the extrudate as a result of the increase
in the fiber aspect ratio and molecular orientation in
the TLCP phase.

In this work, we studied a blend of TLCP (60/40
molar ratio of HBA to PET) with SEBS (Kraton
G-1652). The aim of this work was to search for ap-
propriate processing conditions and TLCP contents
for the preparation of in situ reinforced TPEs while
important elastomer properties were maintained (i.e.,
high elongation at break and low tension set value).
The morphology and mechanical properties of the
blend fabricated as extruded strands and monofila-
ments were investigated. This article (part I) reports
the effect of the TLCP content on the rheological be-
havior of this blend system and the properties of
extruded strands. The results will be compared with
those of the monofilaments, which will be reported in
part II.

EXPERIMENTAL

Materials

The polymer dispersed phase used in this work was
Rodrun LC-3000, a TLCP supplied by Unitika Co., Ltd.

(Tokyo, Japan), and the matrix phase was Kraton
G-1652, a TPE, kindly provided by Shell Chemical Co.
(Houston, TX). Rodrun LC-3000 is a copolyester con-
sisting of HBA and PET (HBA/PET � 60/40 mol/
mol). It has a melting point of 220°C and a density of
1.41 g/cm3. Kraton G-1652 is an SEBS triblock copol-
ymer with a styrene (S)/rubber ratio of 29/71. The
materials were dried in a vacuum oven at 70°C for at
least 12 h before use.

Blending and preparation of the extrudates

The blends of SEBS and TLCP at various compositions
were prepared with a corotating, intermeshing, twin-
screw extruder (TSE 16-TC, Prism, Staffordshire,
United Kingdom) with a screw diameter of 16 mm, a
length-to-diameter ratio (L/D) of 25, a die diameter of
2 mm, and a screw speed of 60 rpm. The temperature
profile was 190–220–220–225–225°C, representing the
temperatures at the hopper zone, three barrel zones,
and the heating zone in the die head, respectively. The
extruded strand was immediately quenched in a water
bath and dried in a vacuum oven.

Measurements of the viscosity

The shear viscosity (�) measurements of the neat com-
ponents and blends in the high shear rate range were
carried out with a capillary rheometer (RH-7, Rosand,
Gloucestershire, England). The measurements were
performed in the shear rate range of 5–2000 s�1 at
225°C, which was equal to the die temperature of the
extruder. A long die with a diameter and length of 2
and 24 mm, respectively, and an orifice die were ap-
plied for the pressure drop correction.13 The entry
angles of both dies were 90°. The Rabinowitch correc-
tion was also applied to calculate the true shear rate.14

For �* measurements with a plate-and-plate rheo-
meter (Rotovisco RT 20, Haake, Karlsruhe, Germany),
the extruded strands were cut into small pieces and
compression-molded at 200°C into a sheet about 1 mm
thick. The sheet was then punched into a disk 20 mm
in diameter. The �* values and complex moduli of all
specimens were measured in the oscillatory shear
mode within the frequency range of 0.6–200 rad s�1.
The measuring temperature and the gap between the
two plates were set at 225°C and 0.9 mm, respectively.

Morphology characterization

The fracture surfaces of TLCP/SEBS extruded strands
were observed with scanning electron microscopy
(SEM; Hitachi 2500, Ibaraki, Japan) operated at an
accelerating voltage of 15 kV. Before examination, the
extruded strands were dipped in liquid nitrogen for 30
min and fractured. The specimens were sputter-coated
with palladium for enhanced surface conductivity.
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Tensile testing

The tensile measurements of the extruded strands
were performed according to ASTM D 412 on an
Instron mechanical tester (model 5569, Instron Corp.,
Canton, MA) set at a grip length of 25 mm, a crosshead
speed of 50 mm/min, and a full-scale load cell of 1000
N. The average value of at least five measurements
was determined. The tensile properties measured
were the moduli at 100 and 300% strains, the tensile
strength, and the elongation at break.

The tension set values of the specimens were deter-
mined according to ASTM D 412 with an Instron
tensile tester (model 5569) with a grip length of 50
mm. The deformation was applied at 100, 200, and
300% elongation. The mean value of the tension set
was determined from five measurements.

In addition, the hardness of all strands was mea-
sured according to ASTM D 2240 with a hardness
tester (model D7900, Zwick, Ulm, Germany). A load of
12.5 N was applied (Shore A). The specimens were in
a cylindrical form about 2 mm in diameter. The mean
value of the hardness was determined from six mea-
surements.

Dynamic mechanical thermal analysis (DMTA)

DMTA was performed on a DVE-V4 Rheospectoler
(Rheology, Kyoto, Japan) to obtain the dynamic me-
chanical storage modulus (E�) and the loss tangent
(tan � � E�/E�, where E� is the dynamic mechanical
loss modulus) of the extruded strands. The tensile
mode was applied at an oscillating frequency of 10 Hz.
The oscillating strain was set at 1% for the blends
containing 0–30 wt % TLCP and at 0.2% for the blends
containing 40–50 wt % TLCP because the blend be-
came more rigid at higher TLCP levels (see the values
of hardness given in Table I). The gauge length was set
at 5 mm, and the heating rate was 5°C/min. The
measurements were carried out from �100 to 150°C in
a flow of nitrogen. E� and tan � were recorded as
functions of temperature with a detection step of 1°C.

RESULTS AND DISCUSSION

Rheological behavior of the blends in the molten
state

The � values at 225°C of the neat polymers and the
blends containing up to 30 wt % TLCP as a function of
the shear rate obtained from a capillary rheometer are
presented in Figure 1. The �* values of the neat poly-
mers and the blends containing up to 50 wt % TLCP as
a function of the angular frequency (�) obtained from
a plate-and-plate rheometer are presented in Figure 2.
All the flow curves exhibited shear thinning behavior;
that is, the viscosity decreased with an increasing
shear rate. This was due to the shear-induced chain
orientation, leading to a reduction in the chain entan-
glement and, therefore, a drop in the viscosity. Even
with the low shear rate limit examined here, Newto-
nian behavior was not observed, and this precluded
the determination of the zero-shear viscosity for each
sample.

For flexible polymers, the curve of �* as a function
of � is identical to the curve of � as a function of the
shear rate. This is known as the Cox–Merz rule:15

��*���� � ���̇� �� � �̇� (1)

This rule fails for some rigid polymers and some poly-
ethylene systems.16,17 The rheology of a TLCP/PE
blend system recently reported by our group obeyed
the Cox–Merz rule.18 In this work, a comparison of the
results shown in Figures 1 and 2 reveals that the
viscosities of all the pure components and blends
showed a significant deviation from the Cox–Merz
rule. Both � and �* of the blends clearly decreased
with increasing TLCP contents at all shear rates mea-
sured. However, the reduction of the melt viscosity
with the addition of TLCP measured by a capillary
rheometer was more pronounced than that obtained
from a plate-and-plate rheometer. This might be due
to the fact that the elongational flow in the capillary
further enhanced the molecular orientation in the
TLCP phase, and this resulted in a marked reduction
in the viscosity.

TABLE 1
Tensile Properties of the Strands of Neat SEBS and TLCP/SEBS Blends: Modulus at 100% Strain (M100), Modulus at

300% Strain (M300), Tensile Strength (TS), Elongation at Break (EB), and Hardness

TLCP/SEBS
(w/w)

M100
(MPa)

M300
(MPa)

TS
(MPa)

EB
(%)

Hardness
(shore A)

0/100 3.2 � 0.1 5.4 � 0.2 24.6 � 1.9 868 � 86 73.9 � 0.8
10/90 4.5 � 0.2 8.4 � 0.2 24.8 � 1.4 768 � 46 76.7 � 0.8
20/80 7.0 � 0.2 11.5 � 0.4 22.9 � 1.2 774 � 85 78.7 � 0.4
30/70 10.1 � 0.5 13.4 � 0.5 20.9 � 1.6 629 � 14 81.1 � 0.7
40/60 — — 20.4 � 2.6 5.6 � 1.9 87.5 � 0.2
50/50 — — 19.7 � 1.9 4.2 � 1.3 87.6 � 0.3
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Figure 1 � versus �̇ for the neat polymers and TLCP/SEBS blends containing various TLCP contents (measured at 225°C
with a capillary rheometer).

Figure 2 �* versus � for the neat polymers and TLCP/SEBS blends containing various TLCP contents (measured at 225°C
with a plate-and-plate rheometer).
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The non-Newtonian behavior in the steady-state
flow is normally characterized by the following power
law:

� � k�̇�n�1� (2)

where n is the power-law index. For Newtonian flow
(n � 1), k coincides with the zero-shear viscosity. n
was 0.29 for neat SEBS, 0.34 for blends containing 10
and 20 wt % TLCP, 0.41 for 30 wt % TLCP/SEBS
blends, and 0.66 for neat TLCP. The degrees of the
shear thinning for the blends were comparable to that
for neat SEBS, being almost independent of the TLCP
content.

Generally, a requirement for the deformation of the
dispersed droplets of a polymer melt is that the vis-
cosity ratio of the dispersed polymer to the matrix
polymer should be smaller than unity.19 In this work,
the shear rate at the die of the extruder was estimated
to be approximately 100 s�1 at the die temperature of
225°C, and so the viscosity ratio was evaluated from
the results obtained from a plate-and-plate rheometer
at 225°C. This is presented in Figure 3. The viscosity
ratio clearly dropped sharply first and then gradually
decreased from 0.19 to 0.10 as � increased from 1 to
138 rad s�1. A similar profile of the viscosity ratio was
obtained for the rheological behavior of TLCP/PE and
TLCP/PP blend systems previously reported by our
group.18,20

Morphology

Figure 4 presents SEM micrographs (2000� magnifi-
cation) of fracture surfaces of TLCP/SEBS extruded
strands containing various TLCP contents. In the
blend with 10 wt % TLCP [Fig. 4(a)], most of the
dispersed TLCP domains appeared as droplets, and
only a few elongated TLCP domains were seen. The
number of elongated TLCP domains increased with
increasing TLCP contents, as seen in Figure 4(b,c) for
20 and 30 wt % TLCP, respectively. At 40 and 50 wt %
TLCP, a lamellar structure appeared because of the
coalescence of liquid TLCP threads that occurred dur-
ing extrusion. Similarly, Verhoogt et al.10 reported
observing a lamellar structure in a Vectra A900/SEBS
blend system with a TLCP content greater than 20 vol
%. Of the five specimens shown in Figure 4, the long-
est TLCP fibers could clearly be seen in the blend
containing 30 wt % TLCP with diameters of approxi-
mately 2–4 �m. The fiber-pullout feature revealed
poor interaction at the interface because this blend
system was immiscible. This is an important require-
ment for the production of in situ composites.

Tensile properties

The stress–strain curves of neat SEBS and blends with
up to 50 wt % TLCP are shown in Figure 5. An
increase in the TLCP level led to an enhancement in

Figure 3 Viscosity ratio at 225°C versus � (evaluated from data obtained with a plate-and-plate rheometer).
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the strength of the blends. The neat SEBS exhibited the
lowest stress at all degrees of strain and showed a
strain hardening effect. The blends containing up to 30
wt % TLCP still exhibited a good elastic property
similar to that of the matrix; that is, the elongation at
break was higher than 600%. However, the elongation
at break of the blends with 40 wt % TLCP or more
dramatically dropped from about 600% to 5%. The
sudden drop in the elastic characteristic of the samples
with high levels of TLCP might be due to the loss of
connectivity in the elastomer phase, and so the blends
behaved like plastic materials. This was evident from
the lamellar structure in the blends with 40 wt % TLCP
or more because the possibility of TLCP liquid threads
coalescing during processing increased as the TLCP
concentration increased.

The average values of the moduli at 100 and 300%
strains, the tensile strength, the elongation at break,

and the hardness are listed in Table I. For the blends
containing 10, 20, and 30 wt % TLCP, the moduli
linearly increased with increasing TLCP contents. At
100% strain, the improvement in the moduli of the
blends containing 10, 20, and 30 wt % TLCP were
about 40, 120, and 216%, respectively, when compared
with that of the matrix. At 300% strain, the percentage
increases in the moduli were 56, 113, and 148%, re-
spectively. This indicates that the SEBS matrix phase
was effectively reinforced by TLCP fibrils. The values
of the ultimate tensile strength of all the blends were
comparable to that of the matrix.

The hardness of the composite strands linearly in-
creased with increasing TLCP contents up to 30 wt %
with an increasing step of 2–3 units per 10 wt % TLCP
added. Then, a jump of the hardness value occurred at
40 wt % TLCP (an increase of 6 units). This sudden
increase agreed with the sudden drop in the value of
the elongation at break shown in Figure 5, a charac-
teristic stress–strain behavior for hard and brittle ma-
terials.

The tension set is defined as the permanent elonga-
tion relative to the original length after a material is
stretched to a specified strain for a specified period of
time. The effects of the level of applied deformation
and the TLCP content on the values of the tension set
of the blends containing up to 30 wt % TLCP are
shown in Figure 6. Under 100 and 200% strains, the
tension set of the specimens slightly increased with
increasing levels of TLCP. However, under 300%
strain, the tension set increased progressively with the
addition of TLCP. In particular, at 30 wt % TLCP, the
tension set was about 57%, much higher than the
acceptable limit.

In conclusion, the tension sets of all the specimens
shown in Figure 6 were within the acceptable limit of
the set values for TPEs,21 except that for the blend
containing 30 wt % TLCP under an applied strain of
300%.

Dynamic mechanical properties

To investigate the strength and stability of polymer
materials at high temperatures, we performed DMTA
measurements from �100 to 150°C. Figures 7 and 8
present plots of E� and tan � versus temperature,
respectively, for neat SEBS and blends containing up
to 50 wt % TLCP. An examination of Figure 7 shows
that the magnitude of E� decreased with increasing
temperature and that all specimens exhibited three
state regions: glassy, rubbery, and melting states. The
first transition point was due to the glass transition of
the ethylene butylene (EB) block in SEBS, which was
around �45°C, and the second transition at about
100°C corresponded to the glass-transition tempera-
ture (Tg) of the S block. In the rubbery (from �45 to
100°C) and melting (	100°C) states, E� increased with

Figure 4 SEM micrographs of fracture surfaces of extruded
strands of TLCP/SEBS blends with (a) 10, (b) 20, (c) 30, (d)
40, and (e) 50 wt % TLCP.
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the addition of TLCP because of the reinforcement of
TLCP fibrils.

The blend with 30 wt % TLCP showed a big jump in
the value of E� in all states. In the rubbery state, in

particular, it increased by a factor of 7. This result
agreed well with the jump in the tensile modulus at a
low strain [Fig. 5(d)]. This was again supported by the
morphology of the fracture surface [Fig. 4(c)], which

Figure 5 Stress–strain curves of extruded strands of TLCP/SEBS with (a) 0, (b) 10, (c) 20, (d) 30, (e) 40, and (f) 50 wt % TLCP.

Figure 6 Tension set values of extruded strands of TLCP/SEBS versus the TLCP content (the measurements were performed
at strains of 100, 200, and 300%).
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Figure 7 E� as a function of temperature for extruded strands containing various TLCP contents.

Figure 8 Tan � as a function of temperature for extruded strands containing various TLCP contents (� is the shift factor).
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showed the longest TLCP fibers in comparison with
the other blend compositions. The increase in the E�
values with the addition of TLCP indicated an im-
provement in both the strength and thermal stability
at high temperatures. Verhoogt et al.10 investigated
the dynamic mechanical properties of a Vectra A900/
SEBS G-1650 blend. They found that the increase of E�
in the blend containing 25 vol % Vectra at room tem-
perature (25°C) was about 200% compared with that
of the neat matrix. In this study, for the 30 wt %
TLCP/SEBS G-1652 blend (22 vol % TLCP), E� was
about 650% higher than that of the matrix. The better
improvement of E� in our blend system might be due
to the higher degree of TLCP fibrillation, whereas
some lamellar structure was found in the Vectra
A900/SEBS G-1650 blend.10

The Halpin–Tsai equation22 is often used to predict
the theoretical modulus of fiber-reinforced compos-
ites. The assumption is made that a continuity of stress
and strain exists along the interface during testing:

Ec

Em
�

1 � ABX
1 	 BX (3)

where

B �
Ef/Em�1
Ef/Em
A (4)

and Ec, Em, and Ef represent the longitudinal moduli of
the composite, the matrix, and the dispersed fiber,
respectively, and X is the fiber volume fraction. The
quantity A is equal to 2(L/D), where L/D is the
length/diameter ratio (aspect ratio) of the fibers. Na-
kamae et al.23 calculated the elastic modulus in the
crystalline region parallel to the chain axis of Rodrun
LC-3000 with an X-ray technique to be 59 GPa. In
addition, Itoyama24 determined the elastic modulus of
as-spun Rodrun LC-3000 prepared with an applied
extension ratio of 1000 with a thermomechanical ana-
lyzer to be 50 GPa. To calculate, for instance, Ec with
eqs. (3) and (4) for a 30 wt % TLCP specimen (X
� 0.22), the values of Ef � 59 GPa, Em � 36 MPa, and
L/D � 25 (assumed) were used. The calculated Ec

value was 534 MPa, much higher than the measured
value of 270 MPa (obtained from DMTA data at 25°C,
it was approximately the same as Young’s modulus).
This difference might be due to the broad distribution
of L/D values in the real system. As seen in Figure
4(c), some of the TLCP domains appeared in the form
of droplets.

Tan � curves as a function of temperature of the
blend extruded strands are shown in Figure 8. Each
tan � curve was shifted in the vertical axis by different
shift factors (�) to prevent overlapping. SEBS showed
two peaks around �45 and 100°C corresponding to

Tg’s of the EB block and S block, respectively. A broad
peak with a shoulder at �45°C indicated a broad
distribution of relaxation times due to the presence of
the amorphous EB segments.25 The Tg of the EB block
in SEBS increased about 13°C with increasing TLCP
contents up to 50 wt %. The Tg of the S block increased
only about 2°C with increasing TLCP contents up to 30
wt %. For the blends with 40 wt % TLCP or more, the
Tg of the S block could not be detected because of the
dilution effect, whereas a new peak appeared at 73°C
corresponding to the Tg of the PET block in the TLCP
component. The shift of the Tg to a higher temperature
might be attributed to a constraint of the SEBS com-
ponent part that adhered onto TLCP fibers because the
aromatic S block in SEBS was expected to be more
compatible with TLCP. This was in good agreement
with the results reported by Verhoogt et al.10

In the next article (part II), we will report the phys-
ical properties of the same blend system fabricated as
monofilaments subjected to a much higher level of
extension. We expect to obtain TLCP fibrils with high
aspect ratios and higher levels of improvement in the
mechanical properties.

CONCLUSIONS

The rheological behavior, morphology, and mechani-
cal properties of TLCP/SEBS blends were investi-
gated. The following conclusions could be drawn from
this study:

1. The melt viscosity of the blend of TLCP (HBA/
PET � 60/40) and SEBS gradually decreased
with increasing TLCP contents. All flow curves
showed shear thinning behavior.

2. The best fibrillar morphology was achieved
when up to 30 wt % TLCP was added. At a
higher TLCP concentration, a lamellar structure
was formed because of the coalescence of the
dispersed phase.

3. The addition of a high-strength TLCP into a TPE
SEBS could improve the tensile modulus consid-
erably. The elongation at break fell off somewhat
with increasing TLCP contents up to 30 wt % and
then dropped sharply at 40 wt % and higher.

4. The characteristic elastic property of the blends
containing up to 30 wt % TLCP, as determined by
the value of the tension set, still existed under an
applied deformation of up to 200%. Under an
applied deformation of 300%, the incorporation
of TLCP could not exceed 20 wt % if the elastic
property was to be maintained.

5. The results from a dynamic mechanical analysis
of the blends revealed a significant improvement
in E�. In particular, in the blend containing 30 wt
% TLCP, the moduli in the rubbery states in-
creased by a factor of 7 over that of neat SEBS.
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This was attributed to the reinforcement by TLCP
fibrils with high aspect ratios.

The authors are indebted to the Alexander von Humboldt
Foundation for the donation of the plate-and-plate rheome-
ter and to the Institute of Rubber Research for its permission
to use the capillary rheometer.
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