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Figure 3. SEM micrographs of the PET/PA66/SGF composites. (a) PET with 30% SGF; (b) PET/PA66 75/25 with 30% SGF; (c) PET/
PA66 50/50 with 30% SGF; (d) PET/PA66 25/75 with 30% SGF and (e) PA66 with 30% SGF. Magnification: 100. Scale bar: 200 um.

state, which was estimated to be 0.82 mN/m at 275°C using
the Wu equation®, together with the low PA66/PET viscosity
ratio, which was measured to be 1.8 in the mixing chamber
of a torque rheometer at 275°C, are favorable conditions
for the blend dispersion during the compounding in the
molten state. Furthermore, Retolaza et al.'"” have shown
that ester-amide interchange reactions are allowed to occur
during melt mixing even in the absence of a catalyst, leading
to the formation of interfacial compatibilizer agents in the
PAG66/PET blend.

The morphological aspects mentioned above are
essential for ensuring an effective stress transfer from the
PET/PA66 matrix to the glass fibers as the composites are
mechanically overloaded.

3.2 Thermal properties

The results for the differential scanning calorimetry
(DSC) employed to evaluate the overall crystallization of
the polymers in the injection molded PET/PA66 blends and
PET/PA66/SGF composites are shown in Figure 5.
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Figure 4. SEM micrographs of (a) PET/PA66 75/25 (magnification: 2,000; scale bar: 10 pm) and (b) PET/PA66 75/25 with 30% SGF
(magnification: 4,000; scale bar: 5 pm). Samples were etched in formic acid to remove the PA66 phase.
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Figure 5. DSC curves (1% heating) (a) and melting enthalpies (b) of the polymers in the PET/PA66 blends and PET/PA66/SGF composites.

Figure 5a shows the DSC curves for the blends and
composites. The melting of the neat PET and PA66 is
represented by endothermic peaks at 249°C and 263°C,
respectively. The melting events for the blend-based
materials appear as double peaks in the DSC curves since
the melting temperatures of the individual polymers are
very close. The materials containing PET additionally show
a cold crystallization event in the temperature range of 113
to 124°C, indicating that the PET did not fully crystallize
during the injection molding process.

To estimate the degree of crystallization of the polymers
in the molded materials the melt enthalpies (area below
the melting peaks) were subtracted from the enthalpy of

the cold crystallization of PET and normalized in relation
to the glass fiber content in the case of the composites.
For the blend-based materials, the overall crystallization
was considered instead of the individual crystallization
of the polymers. The melting enthalpies of the molded
materials, calculated according to the procedure described
above, are shown in Figure 5b. The neat PET showed the
lowest value for the degree of crystallization (15%) of
the materials investigated and the neat PA66 showed the
highest value (35%). This is because the crystallization rate
of PA66 is much higher than that of PET; in fact, the low
crystallization rate of bottle-grade post-consumer PET?
is one of the major obstacles in relation to its use as an
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engineering thermoplastic. The melting enthalpies of the
PET/PA66 blends shows a synergistic effect in relation to
the neat polymers, indicating that the PA66, with a higher
crystallization temperature (T = 230°C), provides nucleation
sites facilitating the crystallization of the PET (T, = 190°C)".
The glass fibers were observed to act as a nucleating agent
for the crystallization of the neat polymers. This effect is
more significant for the PET composite, which have a lower
crystallization rate; the degree of crystallinity of the PET was
increased from 15 to 26% with the incorporation of glass
fibers whereas for the PA66 this increase was lower (34 to
38%). The overall crystallization of the blends in the PET/
PA66/SGF composites follows the additive rule in relation
to the PET/SGF and PA66/SGF.

3.3 Mechanical properties

The flexural modulus values for the PET/PA66 blends
and PET/PA66/SGF composites are shown in Figure 6.
The modulus values almost adhere to the additive rule
with a slightly positive deviation, values ranging from
2.6 to 3.4 GPa for the blends and from 10.0 to 10.5 GPa
for the composites. Since the modulus represents an almost
elastic property, it is not dependent on the strength of the
interfaces between polymer-polymer and polymer-fiber.
Because the PET and PA66 have similar modulus values this
property is not dependent on the polymer blend composition,
but only on the glass fiber length, orientation and distribution
in the polymer matrix.

The degree of reinforcement in the PET/PA66/SGF
composites was evaluated through a comparative analysis
between the experimental modulus values and the theoretical
values obtained using the Halpin-Tsai model*. According
to the Halpin-Tsai model, the modulus for a fiber-reinforced
polymer composite can be expressed in terms of the
corresponding properties of the polymer matrix and the fiber
phase together with their proportion and the fiber geometry,
using Equations 5 and 6:

g B (e )
En (1-n-0y)
E JE -1
(Er/Eqn-1) ©

" (E//En+E)

In Equations 5 and 6, E_is the relative modulus, £, £
and £ are, respectively, the moduli for the composite, matrix
and fiber and ¢, is the fiber volume fraction. The factor &
is an empirical constant that describes the influence of the
fiber geometry. For oriented short fibers with aspect ratios
higher than the critical value (1/d)  (Equation 4), the factor &
equals 2.(I/d) for fibers oriented parallel to the stress/strain
and it has a value of 2 for fibers oriented perpendicular to
the stress/strain. Therefore, the modulus is at the maximum
when the fibers are oriented parallel to tensile direction and
minimum when the fibers are oriented perpendicularly.

The relative modulus values for the PET/PA66/
SGF composites are shown in Figure 7 along with the
theoretical values obtained according to the Halpin-Tsai
model (Equations 5 and 6). The matrix modulus values for
composites were assumed to be those of the corresponding
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Figure 6. Flexural modulus of PET/PA66 blends and PET/PA66/
SGF composites.
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Figure 7. Relative modulus of PET/PA66/SGF composites along
with the values predicted using the Halpin-Tsai model.

blends (Figure 6) and the modulus of the glass fiber was
assumed to be 70 GPa. The relative modulus represents
the improvement in this property for the composite
in relation to the polymeric matrix. The experimental
relative modulus values for the composites range between
3 and 4, which is very close to the maximum theoretical
value for composites in which the fibers are oriented
longitudinally in relation to the applied strain, indicating
a high level of glass fiber orientation and reinforcement
in the composites.

Figure 8 shows the tensile stress-strain curves for PET/
PA66 blends (Figure 8a) and PET/PA66/SGF composites
(Figure 8a).

The tensile strength values for the PET/PA66 blends and
PET/PA66/SGF composites are shown in Figure 9. The PET/
PA66 blends show a negative deviation from the additive
rule. Since the tensile strength involves plastic deformation
of the polymeric matrix it becomes dependent on the phase
morphology and thus the blend composition. The tensile
strength value for the PA66-rich blend (PET/PA66 25/75)
was found to be between those for the neat polymers, while
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Figure 8. Tensile stress-strain curves of (a) PET/PA66 blends and (b) PET/PA66/SGF composites.
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Figure 9. Tensile strength of PET/PA66 blends and PET/PA66/
SGF composites.
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Figure 10. Notched Izod impact strength of PET/PA66 blends and
PET/PA66/SGF composites.

for the PET-rich blend (PET/PA66 75/25) and the blend
with symmetric composition (PET/PA66 50/50) the tensile
strength values were lower than those of the neat polymers.
In contrast, the tensile strength values for the PET/PA66/
SGF composites almost follow the additive rule with a
slightly negative deviation, with values ranging from 129 to
155 MPa. These values are around twice those for the neat
polymers, indicating, once again, the effective reinforcement
of the polymer matrices with the addition of glass fibers.
The glass fibers, with lengths exceeding the dimensions of
the PET and PA66 phases, act as bridges binding the PET
and PA66 phases and preventing premature failure in the
interfacial region of the blends when the composites are
overloaded.

The notched Izod impact strength values for the PET/
PA66 blends and PET/PA66/SGF composites are shown in
Figure 10. In general, the composites showed higher impact
strength values (68-85 J m!) than the blends (26-42 J m™).
This is a consequence of energy dissipation mechanisms,
such as fiber debonding, pullout, bridging and fracture,
which induce plastic deformation of polymeric matrix
before failure. Bridging and fiber fracture are likely to
occur as a consequence of the presence of a population of
fibers which are longer than the critical length for effective
reinforcement, while debonding and fiber pullout occur due
to the presence of fibers which are shorter than this critical
length value. The impact strength values for the PA66-rich
blend (PET/PA66 25/75) and the respective composite (PET/
PA66 25/75 30 wt% SGF) follow the additive rule. On the
other hand, for the PET-rich blend (PET/PA66 75/25) and
the blend with symmetric composition (PET/PA66 50/50)
the impact strength values were similar to that for the neat
PET (26 J m™), which, in turn, is lower than the value for
the neat PA66 (46 J m™). Similar behavior was observed
for the respective PET/PA66/SGF composites.

It is worth mentioning that the values for the mechanical
properties of the PET/PA66/SGF composites are consistent
with values reported in the literature for short glass fiber
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reinforced composites based on post-consumer PET*” and
PA66"14,

The mechanical properties of the PET/PA66/SGF
composites reported herein (Figures 6 to 10) attest to the
effective reinforcement of the PET/PA66 matrices through
the incorporation of glass fibers, which is in agreement
with the good dispersion of the blends (Figure 4), the
homogeneous distribution, high level of orientation
(Figure 3) and optimized dispersion (Figure 2) of the glass
fibers within the polymeric matrices.

4. Conclusions

Composites comprised of bottle-grade post-consumer
polyethylene terephthalate and virgin polyamide 66 (PET/
PA66) blends and corresponding short glass fiber reinforced
composites (PET/PA66/SGF) were investigated. In general,
they showed good mechanical performance in flexural,
tensile and impact tests. A high level of reinforcement
was achieved in the composites, which was confirmed
by comparison of the experimental modulus values with
theoretical ones obtained using the Halpin-Tsai equation.
The tensile strength and notched impact strength of the
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