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Abstract

A study to evaluate the thermorheological properties of organic in situ composites with short polymer fibres dispersed in a thermoplastic
matrix has been carried out. High-density polyethylene/Poly(butylene terephtalate) HDPE/PBT, HDPE/EVA-9/PBT and HDPE/(EVA-9-
Bu,SnO)/PBT (in situ compatibilised blends) were melt blended in a twin-screw extruder, drawn at the die exit and cooled. Morphological
results revealed that it is possible to generate fibrillar morphologies for high PBT concentration and draw ratios higher than 1. Compati-
bilisation with in situ generated PBT-g-EVA-9 compatibiliser was achieved. Rheological properties in the melt state and in the solid state
were used to analyse the compatibilisation and the reinforcing effect of fibrils. Two phenomenological models, Takayanagi and Halpin-Tsai,
were used to describe the variations of E’ and tan 8 as a function of temperature. © 2001 Published by Elsevier Science Ltd.
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1. Introduction

Combining materials with different characteristics to
enlarge the spectrum of properties of the final material has
been used for years. Blending and alloying of immiscible
polymer blends, as well as incorporating solid substrates in
polymeric matrices to make composite materials, are among
the possibilities made available to scientists and engineers
working in the area of polymeric materials. The approach
presented here is a combination of both alloying two
immiscible polymers and making a short fibre thermoplastic
composite. The materials obtained in this way are called in
situ organic thermoplastic composites.

Different approaches were developed to obtain these
types of material. Each of them corresponds to a specific
process and to a specific size of the reinforcing constituent.
One of these approaches consists in melt blending a liquid
crystalline polymer (LCP) with a thermoplastic matrix
(molecular composite) [1,2]. Chinsirikul et al. [3] and La
Mantia et al. [4] showed that the addition of LCP increases
tensile modulus of polyethylene matrices. The dispersed
LCP phase is easily orientable into fibrils due to its mole-
cular structure [S—7]. Magagnini et al. [8] worked on the
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compatibilisation of PE/LCP blends. They showed that it is
possible to generate a PE-g-L.CP copolymer at the interface
in order to improve adhesion between the phases, thereby
improving the mechanical properties. It was shown by
Wong et al. [9], Mehta and Deopura [10], Sabol et al. [11]
and Heino [12] that thermoplastic/LCP blends have indeed
improved mechanical properties. However, preparation steps
generally require high temperatures that often lead to thermal
degradation of one or both components of the blend [13].
Another approach consists in the production of
microfibrillar-reinforced composites (MFC). These rod-like
composites are processed in two steps: extrusion and drawing
of the blends, followed by annealing at a temperature below
the melting point of at least one of the components. The result
is the melting of the lower-melting constituent which will play
later the role of the matrix in the final composite [14]. This
approach can also be used with reactive polymers to generate
copolymers in one of the above steps of the process. The
generated copolymer layer is expected to enhance interactions
and gradually change the final morphology [15,16]. An impor-
tant feature of MFCs is that they show large deformability as
well as mechanical properties comparable to those of glass-
fibre reinforced materials, (see for example Fakirov et al. [17]
and Apostolov et al. [18] in the case of nylon composites.
However, the MFC approach can only be applied to very
specific polymer blends: blending temperature of the two
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constituents must be low enough to avoid thermal degradation
of the low melting temperature component. This component
must have a relatively low melting temperature compared to
the other constituent in order to offer a large enough tempera-
ture window for processing. This may limit the choice of
polymer pairs to be used with this approach.

Li et al. [19] worked on polypropylene/polyamide-6 (PP/
PA) in situ composites and showed fibrillation of the PA
dispersed phase into the matrix. However, the processability
of their final anisotropic material happened to be of limited
usefulness.

A more versatile way of processing in situ composites has
recently been developed by Monticciollo et al. [20] for high-
density polyethylene/poly(butylene terephtalate) (HDPE/
PBT) system and applied to polypropylene/polyamide
(PP/PA) system by Pesneau et al. [21,22]. The resulting
material was found to behave as a true composite. The
second step is a reprocessing of the pellets, e.g. by injection
moulding, at a temperature below the melting temperature
of the dispersed fibrillar phase.

From the thermodynamic point of view, most polymer
blends are immiscible. For a better stress transfer between
the phases and for each constituent to play its role in an
efficient way, the two components must be compatibilised.
Copolymers are generally used to achieve compatibilisation
between immiscible polymer blends. These third com-
ponents are either mechanically added to the basic con-
stituents using a specific experimental protocol or else
chemically generated in situ during one or the other steps
of the composite preparation. The former approach is well
documented and has been successfully used for a variety of
immiscible polymer blends [23]. The other approach can be
used for example with reactive extrusion, a process particu-
larly suitable for the two-step in situ composites [24,25].

The aim of the present work is to produce organic compo-
sites with short polymer fibres dispersed in situ in a thermo-
plastic matrix. The tow-phase blends are made of HDPE as a
matrix and PBT as a dispersed phase.

The compatibilisation procedure was developed by
Pesneau et al. [26] who studied the transesterification reac-
tions for the generation of PBT-g-EVA copolymer during
reactive extrusion. According to the work of Legros et al.
[27], the PBT/PE/EVA system, combined with the trans-
esterification precursor Bu,SnO leads to the formation of
PBT/EVA copolymer which acts as a compatibiliser
between the immiscible HDPE matrix and the PBT
dispersed phase. The effect of this type of compatibiliser
on the morphology and the thermorheological properties
of the generated organic composites will be presented.

2. Experimental
2.1. Material

HDPE (Finathene 3802, density =938kgm™) was

supplied by Fina. It has a melting temperature of 130°C.
The poly(ethylene-co-vinyl acetate) (EVA-9, Evatane
1020 VN3, density = 929 kg m ) was supplied by EIf-
Atochem. It has 9% by weight acetate groups (CH;COO-)
and melts at 98°C. This copolymer is completely miscible
with HDPE [28]. Poly(butylene terephtalate) (PBT, Crastin
S600, density = 1310 kg m73), a product from DuPont,
melts at 225°C. In order to minimise hydrolysis in the
melt during processing, PBT was dried at 80°C and EVA-
9 at 40°C under vacuum during 4 h. The dibutyltin oxide
(Bu,SnO) compatibilising catalyst was obtained from
Aldrich. It is active at temperatures higher than 180°C. In
all reactive blends, Bu,SnO concentration was fixed at
0.5 wt% (based on the total weight of the blend). All the
blends containing EVA-9 are based on a mixture of 80 wt%
of HDPE and 20 wt% of EVA-9 (80/20 wt% HDPE/EVA-
9). The blend compositions are all expressed in terms of
weight percentage throughout the paper.

2.2. Processing operations

During the first step of the in situ composite process,
blends of HDPE/PBT, HDPE/EVA-9/PBT and HDPE/
(EVA-9-Bu,SnO)/PBT with various concentrations of
PBT (10, 20, 30 and 40%) were extruded using a Leistritz
LSM-30-34 co-rotating twin-screw extruder with a length to
diameter ratio, L/D, of 35. The temperature profile in the
extruder was 200-225-250-250°C (the last one corre-
sponding to the die temperature), the screw rotation speed,
N, was set at 160 rpm and the extrudate mass flow rate, Q, at
Skg h™!. For the reactive blends, a pre-extrusion at 150°C,
N=100rpm and Q=7kgh ' of EVA-9-Bu,SnO was
performed for safety reasons and to diminish hydrolysis
during transesterification reactions. The extruder was
equipped with three 1.5 mm diameter capillary dies,
which leads to an apparent shear rate (,) of 2104 s~ ', At
the die exit, the molten extrudate was drawn by two calendar
rolls of a laboratory stretcher, placed at a distance
Al=0.15m from the die. The draw ratio, A, defined as
V./V., where V, is the linear velocity of the rolls and V,
the linear velocity of the extrudate, can be adjusted by
changing the speed of the calendar rolls. An elongational
rate can be defined as € = (V, — V,.)/Al. Two different
apparent extensional rates of 1.75s™' and 4.37 5™, were
obtained for A =2 and 3.5, respectively. The fibrillation,
caused by phase deformation, takes place during the draw-
ing operation. After the drawing step, the extrudate is water-
quenched, in order to freeze the morphology, chopped and
dried. For comparison purposes, HDPE/EVA-9/PBT with-
out a Bu,SnO catalyst was also studied in order to evaluate
possible changes caused by the sole presence of EVA-9 on
the HDPE matrix and its effect on the final properties of the
composite.

2.3. Reactive extrusion

While using a catalyst, an extruder can become a
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chemical reactor where copolymerisation reactions can take
place between two polymers as reactants. The use of this
process gives a homogeneous mixing and temperature, and
allows an easier control of the operation pressure [29,30]. It
is, however, necessary to have a good estimate of the resi-
dence time of the polymer reactants in the extruder and to be
sure that it will be compatible with the system reactions
kinetics. In this work, the residence time in the extruder,
for the previously given N and Q, is approximately 160 s,
and it is found to be sufficient since the transesterification
reactions are relatively fast at 250°C [28]. According to
Bonetti [31], Bu,SnO reacts with the acetate groups of the
EVA-9 to generate distannoxanes. These intermediate
components are good catalysts for the redistributive trans-
esterification reactions between PBT ester functions and
those of the EVA-9. These reactions were well studied by
Espinasse et al. [32]. Pesneau et al. [26] have shown that
addition of 1% of Bu,SnO in binary blends effectively
enables synthesis of the PBT-g-EVA copolymers.

2.4. NMR analysis

Liquid proton nuclear magnetic resonance ('H-NMR)
spectroscopy was carried out on a Bruker AC-300 apparatus
at 300 MHz in a CF;COOD + CDCl; (1/1 by volume) solu-
tion. Chemical shifts (&) are given in ppm in reference to
tetramethylsilane (TMS).

2.5. Morphology

Morphology of the blends was examined by scanning
electron microscopy (JEOL JSM 840A). The samples
were cryofractured in liquid nitrogen and vacuum metal-
lised before analysis. The drawn samples were fractured
in both transversal and longitudinal directions relative to
the flow and drawing directions at the die exit, in order to
evaluate the aspect ratio of the PBT phase after deformation.

2.6. Thermorheological properties

The rheological properties in the molten state were
carried out on a rotational rheometer (ARES, Rheometric
Scientific), using 25 mm diameter parallel plates. A time
sweep was performed on the HDPE/(EVA-9-Bu,SnO)/
PBT 30% PBT composite at 180°C and 1 rad s~ to deter-
mine the thermal stability time of the reactive samples. No
changes were reported for up to 100 min, indicating no
thermal degradation will occur during the rheological
measurements. Strain sweep tests were performed in order
to determine the linear viscoelasticity domain. Frequency
sweep tests from 0.01 to 100 rad s ' were then performed at
180°C and 0.5% strain. In the solid state, analyses were
performed on a Rheometric Solid Analyser (RSA-II, Rheo-
metric Scientific) using a dual cantilever geometry. Sample
dimensions were L X [ X w = 6.0 X 4.5 X 1.5 mm. Tempera-
ture sweep tests (from —150 to 250°C) were all carried out
at a frequency of 1 rads ™.

3. Results and discussion
3.1. Morphology

Extrusion and post extrusion of the melt blend are the
critical steps for the in situ composite process. In this part
of the process, dispersion and orientation of the minor phase
(PBT) to be frozen in the final composite is generated. As
often cited in the literature, blend morphology depends
strongly on the rheological properties of each polymer,
interfacial tension and processing parameter. The particle
dispersion is optimum when the viscosity ratio is close to 1
[33]. Also, the morphology is more dependent on the flow in
the die than on the screw speed or on the volumetric flow
rate for the present extrusion procedure. Blend composition
is another important parameter. All the blends with PBT
concentration ranging from 10% to 30% that have under-
gone a draw ratio 1%, as shown in Fig. 1 for the 70/30 blend,
show a nodular morphology, even though there is a strong
shear flow in the die. Systems containing 40% PBT were
found to have a co-continuous morphology (see Fig. 2).
Similar results were obtained earlier by Pesneau [28]. No
results will be reported on these particular systems (40%
PBT) since they were not easy to process.

Table 1 gives the mean diameter of the minor phase as a
function of the blend composition for a draw ratio of 2. The
results show that a slight increase of the diameter of the
minor phase is observed when PBT concentration increases
from 10 to 20%. This observation is attributed to
coalescence phenomena. Upon increase PBT concentration
from 20 to 30%, a slight decrease of the fibre diameter is
then observed. The decrease here can be attributed to the
fragmentation phenomenon and Rayleigh instabilities due to
relatively large aspect ratios that can be reached during the
drawing process. The results of Table 1 also indicate that at

Fig. 1. Micrography of HDPE/PBT — 70/30 composite for a draw ratio
A =1 (nodular morphology); 2000 X .
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Fig. 2. Micrography of HDPE/PBT — 60/40 composite for a draw ratio
A =2 (co-continuous morphology); 2000 X .

10% PBT content, the droplets remain spherical. However,
for 20 and 30% blends, fibre length increases upon increas-
ing PBT concentration. The same observation can be made
for samples containing EVA-9. Samples containing EVA-9
composites are found to have higher fibrils length as
compared to those without EVA-9. In all cases (with and
without EVA-9) the aspect ratio increases when the PBT
concentration increases from 20 to 30% and remains equal
to one for the 10% PBT blends.

The effect of draw ratio is shown in Table 2. The results
are shown only for the 30% PBT for the sake of brevity.
They indicate that the morphology is mainly nodular with
only few fibrils (mostly generated by the shear flow at the
wall of the die), when the draw ratio is equal to 1 (see Fig. 3).
When the draw ratio is increased (see Fig. 4, for A =2)
fibrils are formed. It is worth noting that in the case of the
blend without EVA-9 and for A = 3.5, the fibre diameter
increases the length and the aspect ratio decrease as
compared to the results obtained for A =2 (see Table 2).
This is attributed to the fragmentation phenomenon, which
becomes important when the draw ratio increases. The
equivalent results obtained for the EVA-9 containing
composites are also shown in Table 2. In this case, higher
fibre lengths and aspect ratios are achieved. The fragmentation
phenomenon does not seem to be important at A = 3.5 for
this particular system.

Table 1

Diameter, length and aspect ratio for in situ composites at a draw ratio A = 2

Fig. 3. Morphology of HDPE/PBT — 70/30 composite for A = 1; 2000 X .

The presence of PBT-g-EVA-9 copolymer, generated by
adding the transesterification precursor Bu,SnO to the
system, results in an appreciable decrease in both PBT
fibre diameter and length as well as the aspect ratio (see
Table 2 for A = 2). This is attributed to the fact that small
droplets are generally more difficult to deform than larger
ones [34]. Reduction in particle dimensions is due to several
parameters including a decrease in the interfacial tension,
generally observed upon addition of copolymers; enhanced
interphase interactions and stabilisation of the morphology
as a consequence of a decrease in the coalescence phenomena.
Fig. 5 shows the nodular morphology (A = 1) obtained for a
30% PBT composite, which indicates the strong decrease in
nodule diameters as compared to the equivalent results
shown in Fig. 1. As the interfacial tension decreases, the
interphase contrast diminishes in a clearly visible way
(see Fig. 5).

To assess the presence of PBT-g-EVA-9, an extraction
strategy, based on the work of Pesneau et al. [26], has been
performed. This approach was necessary due to the fact that
the copolymer represents only a very small fraction of the
overall system. The first extraction consists of dissolving
PBT in dichloro acetic acid (DCAA). The second one was
carried out with hot xylene using a Soxhlet apparatus to
extract the HDPE and HDPE/EV A-9 matrix. Finally, in a
third step, tetrachloroethane was used to separate impurities
and reticulated components from the grafted PBT. '"H-NMR

Sample composition: 72/18/10 90/00/10 64/16/20 80/00/20 56/14/30 70/00/30
HDPE/EVA-9/PBT

Diameter (pm) 1.85 1.38 1.89 1.79 1.40 1.40
Length (um) 1 1 70.80 63.90 88.50 73.80
Aspect ratio 1 1 37 36 63 53
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Table 2

Effect of draw ratio (A) on diameter, length and aspect ratio of the 30% PBT composites

Sample composition: 56/(14-0)/30 70/(00-0)/30

56/(14-0)/30

70/(00-0)/30 56/(14-0)/30 70/(0-0)/30 56/(13.5-0.5)/30

HDPE/(EVA-9-

Bu,SnO)/PBT

Draw ratio, A 1 2 3.5 2

Diameter (um) 4.00 5.92 1.40 1.40 1.24 2.01 1.13

Length pwm) 1 1 88.50 73.80 91.70 66.30 45.60

Aspect ratio 1 1 63 53 74 33 40

Table 3 Frequency sweeps were performed on each sample at

'H-NMR peaks and chemical shifts (8) of extracted PBT-g-EVA-9 180°C in order to keep the matrix in the molten state and
the dispersed phase in the solid state. Fig. 7 shows the

Peaks 8 (ppm)* effect of PBT concentration on the storage modulus (G')

PBT $.150 (a), 4.500 (b), 2.025 (c) for non-drawn composites with HDPE matr.lx (A = 1; draw-

PBT terminated by CH;COO— 3.915 (d) ing refers to the first step of the preparation of the com-

CH,CO, from initial EVA-9 2.155 (e) posite). The presence of PBT results in an increase of G’

CH o (CH;COO- attached) 4.670 over the whole range of frequencies (10 2~10*rads™").

CH a (grafted PBT) 4.930 Moreover, for the 30% PBT composite, a pseudo equili-

CH, B (CH «- attached) 1.570 bri 1 dulus is ob d in the 1 f

CH, ' (CH o- attached) 1715 rium p ateau modulus is observe 1n‘t ¢ low frequency

(CHy), 1.270 (f) region. These results confirm those obtained by Monticciolo

 Letters refer to Fig. 6.

spectrum of the PBT-g-EV A-9, extracted from the 56/(13.5-
0.5)/30 sample, is shown in Fig. 6. The peaks of the
spectrum, listed in Table 3, refer to the presence of PBT-
g-EVA-9. The characteristic peaks are associated with
CHo' (4.930 ppm peak) and CH,B’ (1.715 ppm peak) [26].

3.2. Thermorheological properties

The different composites were analysed in molten and
solid state by Dynamic Mechanical Analysis (DMA).

Fig. 4. Morphology of HDPE/PBT — 70/30 composite for A = 2; 2000 X .

et al. [20] on HDPE/PBT organic composites. This pseudo
equilibrium plateau is attributed to interparticular inter-
actions. Similar behaviour was observed with several
multiphase systems (rubber modified polymer melts:
Moroni and Casale [35], Miinstedt [36], Aoki [37], Bous-
mina and Miiller [38,39], Carreau et al. [40]; particulate
suspensions and composites: Aranguren et al. [41], Otsubo
[42]). This plateau modulus is found to depend on particle
content, the molecular weight of the matrix as well as the
degree of dispersion of particles in the system [40]. The
magnitude of the plateau is also found to correlate with
the surface distance between neighbouring particles. The
shorter the interparticular distance, the stronger is the inter-
action between the particles and the higher is the pseudo
equilibrium modulus [38,39]. Aoki and Nakayama [43] also

(BA8 218vn WOLT

Fig. 5. Morphology of PEHD/(EVA-9-Bu,SnO)/PBT — 56/(13.5-0.5)/30
for A = 1; 2000 X .
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Fig. 6. 'H-NMR spectrum (300 MHz) in CF;COOD + CDCl; (1/1 by
volume) of the extracted PBT-g-EVA-9 copolymer.

found that the relaxation spectra calculated using the
Tschoegl equation [44] correlate with the surface distance
between neighbouring particles and rubber volume fraction
for ABS resins. The spectra became higher as the particle
content increases and the particle size decreases [43]. Using
blends containing the same amount of rubber particles but
with different degrees of dispersion, Bousmina and Muller
[38,39] showed that the plateau modulus is related to the
percolation phenomenon that occurs for particles with
uniform size at around 16 vol.% dispersion. Our results
show that this plateau is not observed with the 10 and
20% PBT composites at least in the explored frequency
range.

The presence of EVA-9 in the matrix results in an
important increase in the storage modulus for the 30%
PBT concentration composite. As shown in Fig. 8, the
plateau modulus is almost three times higher for the 30%
PBT samples with an HDPE/EVA-9 matrix, and A = 1, as
compared to the one without EVA-9. For 10 and 20% PBT
concentrations, the presence of the EVA-9 does not strongly
affect the storage modulus. The increase of the pseudo

1.00E+06 +——————— —

1 00E+05

1.00E+04 +

G (Pa)

1.00E+03

1.O0E402 ittt ]

0.01 0.1 1 10 100
o (rad/s)

Fig. 7. Storage modulus of HDPE/PBT samples for A = 1: HDPE alone
(O), with 10% PBT (OJ), 20% PBT (+) and 30% PBT (X) —T = 180°C.
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G' (Pa)
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r
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o (rad/s)

Loy Ly
T t

Fig. 8. Storage modulus of HDPE/EVA-9/PBT samples for A = 1: HDPE/
EVA-9 alone (O), with 10% PBT (OJ), 20% PBT (+), 30% PBT (X) —
T=180°C.

equilibrium modulus is attributed to the decrease of the
particle diameter in the presence of EVA-9 (see Table 2),
which in turn is attributed to a decrease in the interfacial
tension between the components. Legros et al. [27], have
determined interfacial tension for different HDPE/EVA-28/
PBT system. As shown in Table 4, the interfacial tension of
HDPE/PBT system is higher than that of EVA-28/PBT.

In the presence of Bu,SnO (see Fig. 9) the storage
modulus for samples with nodular morphology is found to
be slightly higher than that of HDPE/PBT and HDPE/EV A-
9/PBT blends without catalyst. The effect of compatibilisation

1.00E+06

G (Pa)

1.00E+03 -+

1.00E+02 S e

0.01 0.1 1 10 100
o (rad/s)

Fig. 9. Storage modulus of HDPE/(EVA-9-Bu,SnO)/PBT samples for
A =1: HDPE/EVA-9 (O), 10% PBT (0J), 20% PBT (+), 30% PBT (X)
—T=180°C.
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Table 4
Interfacial tension (v) of selected blends (Legros et al. [27])

Interfaces HDPE/PBT EVA-28/PBT HDPE/EVA-28

v (mN m™) 10.4 6.2 25

is found to be more pronounced in the case of elongational
viscosity as reported recently by Boyaud et al. [45] for
EVA/PBT composites. With the compatibiliser, the
modulus for the 10 and the 20% PBT composites slightly
increases but only in the low frequency region, where it
shows a tendency to level off. It is not clear, however,
whether these composites also reach a pseudo equilibrium
plateau, the frequency range explored here being rather
limited. The slightly higher values of G’ obtained in the
presence of Bu,SnO can be attributed to the slight decrease
in particle diameter (see Table 2) as well as to an increase
of interactions between the components due to the formation
of PBT-g-EVA-9 copolymer, as assessed by 'H-NMR
results given in Fig. 6 and Table 3. Moreover, when the
PBT concentration decreases, the amount of generated
copolymer decreases and the compatibility effect is less
pronounced thereby reducing its possible effect on rheo-
logical properties.

Fig. 10 shows the results of the storage modulus for the
30% PBT composites at different draw ratios. The results
clearly indicate that the storage modulus is higher for the
drawn composites. The increase is again more pronounced
in the low frequency region, where long-range contributions
are taken into account. In the high frequency region the
draw ratio has only a slight effect. The results of Fig. 10
also show that the G’ values are lower for A =3.5 as
compared to the result obtained for A = 2. This is attributed
to the smaller PBT fibre aspect ratio observed for higher
draw ratios (see also Table 2 for the 70/30 HDPE/PBT

1.00E+06 -

1.00E+05

1.00E+04

|
+

G' (Pa)

T

1.00E+03 T

1.00E+02 . it f
0.01 0.1 1 10 100
o (rad/s)

Fig. 10. Effect of draw ratio, A on the storage modulus of HDPE/PBT —
70/30 samples: A =1 (O), A =2 (), A =3.5 (+).
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; 1.00E+01
1.00E+08 ]

-
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E' (Pa)

1OOE+06 -

1.00E+05 |

1.00E+04
-150 -50 50 150 250
Temperature (°C)

Fig. 11. Effect of temperature on dynamic mechanical properties of pure
polymers: PBT (E’ (+), tan & (O); HDPE (E'(A), tan 8 (C)); HDPE/EVA-
9 (E' (D), tan § (X)).

composite). The higher pseudo-equilibrium plateau
observed with anisometric particles is attributed to the
smaller inter-particle distance and hence to stronger parti-
cle—particle interactions. Equivalent results were obtained
by Monticciolo et al. [20] for HDPE/PBT composites

For the dynamic mechanical and thermal analysis
(DMTA), the effects of PBT concentration, draw ratio and
compatibilisation were investigated. Temperature sweeps
were performed on the different composites from —150 to
250°C. Fig. 11 shows the different transitions obtained for
HDPE, HDPE/EVA-9 and PBT. The different transitions
observed at the maxima of tan 6 are attributed to the
a transition of the crystalline phase of HDPE for the transi-
tion at 91°C (see Fig. 11). In the presence of EVA-9, this
transition remains unchanged. a transition of EVA-9 is
however observed at 22°C. The transition at —17°C is
attributed to the branched structure of the EVA-9 [28].
The transition at 50°C in the tan 6 curve of PBT corre-
sponds to the glass transition. The melting temperature
of HDPE and HDPE/EVA-9 are found to be the same
(around 130°C) and the melting temperature of PBT is
close to 225°C. These results are in accordance with
those generally reported in the literature and those reported
by Pesneau [28]. The presence of EVA-9 in the HDPE
matrix results in a slight decrease of the modulus below
the melt temperature.

Fig. 12 presents the results of storage modulus (E’) as a
function of temperature for different PBT concentrations at
A = 2. The results indicate that below the melting tempera-
ture of the matrix, there is no appreciable effect of PBT on
the storage modulus of the composites. Above the melting
temperature of HDPE, and below that of PBT, an increase in
E’ is observed upon increasing the PBT concentration. In
this temperature range, the system behaves like a suspension
of a solid substrate (PBT particles or fibrils) in a viscoelastic
medium. It is then expected to see an increase of the storage
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Fig. 12. Effect of temperature on the storage modulus of HDPE/PBT
samples for A = 2: HDPE (+), 10% PBT (A), 20% PBT (O), 30% PBT
(@), PBT (X)).

modulus of the matrix due to the presence of the solid
substrate.

The effect of draw ratio on E’ for a 56/14/30 HDPE/EV A-
9/PBT is shown in Fig. 13. Again, above the melting
temperature of the matrix, a plateau is observed. The results
indicate that the higher the draw ratio, the higher is the
storage modulus. Similar behaviour was observed by Garcia
Ramirez et al. [46]. Here also the system behaves like a fibre
suspension in a viscoelastic medium, the HDPE/EVA-9/
PBT matrix being in the melt state and the PBT dispersed
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Fig. 13. Effect of draw ratio on the storage modulus of HDPE/EVA-9/PBT
56/14/30 samples — Experiments: A =2 (A), A =3.5 (I); and model
predictions (Halpin-Tsai): A =2 (O), A =3.5 (X).

phase is in the solid state for this temperature range. This
explains the behaviour observed in Fig. 13 and reported
by other authors (Clark et al. [47], Ibarra et al. [48],
Monleon Padras et al. [49] and Saikrasun et al. [50]. The
effects of draw ratio, PBT concentration and com-
patibilisation on the composite for frequency sweep analysis
(in the melt state) are consistent with those of temperature
sweep.

As can be seen from the above results several character-
istics of the final material change, when the matrix or
the draw ratio change and when the compatibilisation
catalyst is present or not. In order to reduce the number of
parameters and to identify the effect of the presence of
EVA-9 and Bu,SnO on the overall behaviour of the com-
posites, we have used phenomenological models that
can take into account some of the parameters that change
invariably when the conditions used to obtain the in
situ composites are changed. The two models are the
Takayanagi model used for a draw ratio A =1 and the
Halpin-Tsai model for A =2 and 3.5 for which fibrils are
generated.

The Takayanagi series-parallel model consists in a
mixing rule between the two limits of the series model
and the parallel model [51]. For this model, the expression
of the dynamic Young complex modulus of a composite
(E;) is given by:

TN A - — dEL + duEs |

ey

where Ej and E,, are the dynamic complex moduli of the
spherical dispersed particle and the matrix, respectively. i
stands for the volume fraction of the rigid phase, which had
percolated [52]. ¢, is the volume fraction of the matrix.
Considering ¢4 as the critical volume fraction of the
dispersed phase at the percolation threshold, and b the corre-
sponding critical exponent, iy can be expressed in the
following form of Eq. (2):

y= ¢d[ $a — ¢dc]

e for g > e, @

=0 for ¢y < dqc,

where ¢4 is the volume fraction of the dispersed phase. The
critical volume fraction is defined as ¢g. = 1 — Py, Where
¢ max 18 the maximum packing volume fraction. The critical
exponent b is around 0.4 for random sites percolation model
[53,54]. Expressions of the storage and loss moduli,
deduced from Eq. (2) are given by:

B (AC + BD)E); — (BC — AD)Ez
¢ C? +D?
BC — AD)E!; + (AC + BD)E);
B = ( VE + ( ) a 3)

c?+D?
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with:
A = aE!, + bE), B = aE, + bE},

C = cE!, + dE), D = cE! + dE)}

and with:
azl_‘/j_‘!f‘;bm? b=¢’¢ma
C:l_d/_(ﬁm’ d:¢m’

where E}j, E}, E.,, and El, are the dynamic storage and loss
moduli of the spherical dispersed particles and the matrix,
respectively.

¢ max depends on the particle shape and state of agglom-
eration. As confirmed by Fig. 4, spherical PBT particles are
accompanied by PBT fibrils in a non-drawn 70/30 blend.
The value of ¢, for each system is obtained by fitting
model predictions to experimental data (see Fig. 13). The
obtained values for ¢, are 0.7652 for HDPE matrix and
0.7656 for HDPE/EV A-9 matrix, and consequently ¢ are,
respectively, of 0.2348 and 0.2344, which are close to
0.25, value chosen by Garcia Ramirez et al. [46] for the
critical volume fraction. Theoretically, for monodisperse
spheres in hexagonal close packing, ¢.x is 0.7405. The
slight difference between the experimental and the theo-
retical value of ¢, are attributed to the presence of few
fibrils observed for non-drawn 30% composites and also to
particle dimension polydispersity. The results also indicate
that EVA-9 does not have a pronounced effect on the maxi-
mum packing factor, even though the decrease of surface
tension produced by the presence of EVA in the blend may
have an effect on polydispersity and hence on ¢ ,,. Overall,
the model satisfactorily predicts the E’ experimental data for
the non-drawn samples. The fluctuations of model predic-
tions observed at temperatures higher than the melting
temperature of the matrix are due to the fluctuations of E’
values of the matrix in this temperature range.

Halpin and Tsai proposed another equation for moduli,
which includes the effect of the reinforcement geometry.
This model was developed from elasticity calculations and
demonstrates the significant effect of reinforcement geo-
metry alone on the stiffness properties [55]. {, a geometry
factor (see Eq. (4)), may be expressed in terms of combina-
tions of engineering elastic constants and differences in
Poisson ratios. An expression for the dynamic Young modu-
lus of the composite (E;) is given by Eq. (4), which is
obtained by extending the Halpin-Tsai equation for the
bulk modulus:

E; _ Mg+ = ol + Mrdal @)
Ey, Mg +{— Mgy + g

where My = Ej/E,, and { = 2(l/d), where [ and d are the
length and the diameter of the fibrils, respectively. E.
and E! extracted from Eq. (4) are given by the

following expressions:

£ (AC + BD)E!, — (BC — AD)E".

¢ 2+ D2 ©)

(BC — AD)E., + (AC + BD)E",
c?+D?

Ell —
C
with:
A = aE|, + bE}, B = aE, + bE},

C = cE!, + dE!,, D = cE! + dE/}

and with:
a={1— ¢y, b=(@1+ ¢40),
c=({+ ¢dy), d=(1— ¢qg).

It should be mentioned here that these expressions were
developed for unidirectional fibre composites. Other
expressions taking into account fibre orientation have
also been obtained. The Halpin-Tsai model will be
used with experimental data for A =2 and 3.5 for
which fibrillation has been observed. Fig. 14 shows
model predictions and experimental data of the HDPE/
EVA-9/PBT 56/14/30 composites for the two draw
ratios. The results indicate that the model predicts satis-
factorily the experimental results up to the melt
temperature of the matrix. Above this temperature, the
model captures the increase of E' due to the presence of
fibres but slightly overestimates the experimental data.
Similar results were obtained for other PBT con-
centrations but are not shown here for the sake of
brevity.
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Fig. 14. Effect of matrix composition on the storage modulus of 30% PBT
samples for A =1 — Experiments: HDPE matrix (O), HDPE/EVA-9
matrix () and model predictions (Takayanagi): HDPE matrix (A);
HDPE/EVA-9 matrix (®).
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Fig. 15. Effect of matrix composition on the loss tangent of 30% PBT
samples for A =1 — Experiments: HDPE matrix (A), HDPE/EVA-9
matrix (@), with PBT-g-EVA-9 (H) and model predictions (Takayanagi):
HDPE matrix (0); HDPE/EVA-9 matrix (X).

In the presence of the compatibiliser, E' is found to be
slightly higher than that of HDPE/PBT composites (see
Fig. 15). The higher values of E’ can be attributed to the
slight decrease of the particle diameter (see Table 2) as well
as to an increase of interactions between the components
due to the formation of the copolymer (see Fig. 6 and Table
3). This behaviour was also reported by Clark et al. [47], for
a nylon 66/poly(vinyl pyrrolidone) glass fibre reinforced
composite, and by Keush and Haessler [56] for a glass
fibre reinforced epoxy. Model predictions (with the
Takayanagi model) are found to be very close to the experi-
mental results (see Fig. 15).

The moduli (E') relate to the stiffness of the material and
the damping (tan §) to the molecular motions and phase
transitions. The glass transition temperature is defined as
the temperature of the maximum of the loss modulus. The
damping is a sensitive indicator of all kinds of molecular
motions that are going on within a material. Strong fibre/
matrix interactions tend to reduce the mobility of molecular
chains at the interface and, therefore, reduce the damping.
The low temperature range of tan & curves, close to the glass
transition of the matrix, was enlarged in order to evaluate
the effect of PBT-g-EVA-9 copolymer on the mobility of
the matrix chains in the presence of PBT particles [56,57].
Fig. 16a presents the results of tan 6 close the glass transi-
tion of the non-drawn samples with the corresponding
model predictions (Takayanagi). As expected, the presence
of copolymer in the system decreases the value of tan 0 (see
also Table 5). This is in accordance to the work of Keush
and Haessler [56] and Ibarra et al. [48], who showed that
tan § is inversely proportional to the interface bonding. The
decrease observed for the EVA-9-containing is attributed to
the decrease of the interfacial tension between the phases
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Fig. 16. (a) Effect of matrix composition on the loss tangent of 30% PBT
samples for A =1 — Experiments: HDPE matrix (A), HDPE/EVA-9
matrix (@), with PBT-g-EVA-9 (l) and model predictions (Takayanagi):
HDPE matrix ((J); HDPE/EV A-9 matrix (+). (b) Effect of matrix composi-
tion on the loss tangent of 30% PBT samples for A =2 — Experiments:
HDPE matrix (A), HDPE/EVA-9 matrix (@), with PBT-g-EVA-9 (H) and
model predictions (Halpin-Tsai): HDPE matrix ((J); HDPE/EV A-9 matrix
X).

Table 5
tan 8, peaks near T, of HDPE as a function of draw ratio (A) and matrix
composition with and without PBT-g-EVA-9 copolymer

Sample composition tan & ax
HDPE/PBT 70/30, A =1 0.0531
HDPE/PBT 70/30, A =3.5 0.0505
HDPE/EVA-9/PBT 56/14/30, A =1 0.0495
HDPE/(EVA-9-Bu,SnO)/PBT 56/(13.5-0.5)/30, A =1 0.0467
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(see Tables 4 and 5). Here again the simple addition of
EVA-9 to the HDPE matrix contributes to the diminution
of the interfacial tension between the matrix and the
dispersed phase thereby reducing the particle diameter
(see Tables 1 and 2). The predictions indicate that the
model cannot capture this difference between the two
samples (the slight difference of ¢,.x between the two
samples has no effect on the predictions for tan 6. The
results of Fig. 16a show that model predictions are close
to the experimental results of EVA-9-containing sample.
The presence of copolymer further decreases damping.
This decrease is clearly attributed here to enhanced inter-
actions between the two phases due to the presence of
copolymer.

The equivalent results for A =2 are shown in Fig. 16b.
Again, the change in the fibre aspect ratio, due to the
presence of EVA-9 and EVA-9/, is relatively small to
have an appreciable effect on tan 6. This indeed is clearly
shown by model predictions since the same results are
obtained for the different aspect ratios (see Fig. 16b). This
indicates that the pronounced effect is probably due to
better fibre/matrix wetting for EVA-9-containing samples.
The further decrease observed in the presence of Bu,SnO
is then attributed to enhanced interactions between the
constituents.

4. Conclusions

In situ organic composites with HDPE and HDPE/EVA-9
matrices and PBT dispersed phase were generated by a two
step process. A compatibilisation procedure, using Bu,SnO
catalyst, was also studied on the different systems.

During the first step, the two components were melt
blended at a temperature above their melting point, and
drawn at the die exit. It was shown that it is possible to
generate oriented PBT fibrils with draw ratios higher than
one. Fibrillation was, however, possible only for PBT
concentrations higher than 10% (20 and 30% in our case).
The presence of the EVA-9 in the matrix contributes to a
decrease in the fragmentation phenomena and to an increase
in the aspect ratio of the fibrils. The rheological data in the
linear viscoelasticity domain showed an increase in the
storage modulus, G’, as the PBT concentration increases.
An increase was also found when the draw ratio is
increased, in the presence of the EVA-9 in the matrix and
in the presence of the generated copolymer. For 30% PBT
composites, a pseudo equilibrium plateau is observed in the
low-frequency range and is attributed, as in other multi-
phase systems, to interparticular interactions. This plateau
is found to increase with the addition of EVA-9 and with the
copolymer generation. Dynamic mechanical analysis
indicated that the presence of the fibrils in the composite
increases the modulus at temperatures higher than the melt-
ing temperature of the matrix. The presence of the generated
copolymer slightly increases the values of the dynamic

modulus (E"). Tt also contributes to a decrease of the damp-
ing close to the glass transition of the matrix. This is attri-
buted to a lower molecular mobility due to better
interactions between the phases. Quantitative analysis
using Takayanagi and Halpin-Tsai models highlighted the
effects of draw ratio, matrix composition and copolymer on
the storage modulus of composites.

Results of mechanical properties (tensile and impact) for
this particular system were not very conclusive (Boyaud
[58]). These results are not presented here for the sake of
brevity. However, experimental results on PP/PA in situ
composites, prepared in a way similar to that presented in
this work, indicate that, depending on the processing condi-
tions and the concentration of PA in PP matrix, tensile
modulus higher than that of the constituents (PP and PA)
can be obtained for composites (Pesneau et al. [59]). More
experimental work is needed in the case of HDPE/PBT
systems.
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