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ABSTRACT: Composites of recycled poly(ethylene ter-
ephthalate) (PET) reinforced with short glass fiber (GF) (0,
20, 30, and 40 wt %) were compounded in a single-screw
extruder (SSE) and in a intermeshing corotating twin-
screw extruder (TSE). An SSE fitted with a barrier dou-
ble-flight screw melting section in between two single-
flight sections and a TSE with a typical screw configura-
tion for this purpose were used. The composites were
subsequently injection molded at two different mold
temperatures (10 and 120°C), with all other operative
molding parameters kept constant. The effects of proc-
essing conditions on composite microstructure, PET
degree of crystallinity, and composite mechanical prop-
erties were evaluated. Appropriate dispersive and dis-
tributive mixing of the glass fiber throughout the PET

matrix as well as fine composite mechanical and ther-
mal-mechanical properties were achieved regardless of
whether the composites were prepared in the SSE or
TSE. The performance of the SSE was attributed to the
efficiency of the barrier screw melting section in compos-
ite mixing. The mold temperature influenced the me-
chanical properties of the composites, by controlling of
the degree of crystallinity of the PET in the composites.
For a good balance of mechanical and thermal-mechani-
cal properties, high mold temperatures are desirable,
typically, 120°C for a mold cooling time of 45 s. © 2008
Wiley Periodicals, Inc. ] Appl Polym Sci 109: 3266-3274, 2008
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INTRODUCTION

Short glass fiber-reinforced poly(ethylene terephtha-
late) composites (PET/GF) have been widely used to
manufacture injection-molded articles for domestic,
electrical, and automotive applications where engi-
neering properties such as high stiffness, strength,
toughness, and thermal resistance are required. An
understanding of the relationships between material
processing and morphology, and how they affect the
mechanical properties, is essential for the develop-
ment of these composites.'™

The final morphology of the molded parts of the
PET/GF composites is governed by the physico-
chemical characteristics of the glass fiber and the
thermoplastic, as well their relationship with the
processing conditions. The degree of reinforcement
by glass fiber addition will depend on aspect ratio
(fiber length/diameter) and volume fraction in the

Correspondence to: L. B. Canto (Ibcanto@ima.ufrj.br).

Journal of Applied Polymer Science, Vol. 109, 3266-3274 (2008)
©2008 Wiley Periodicals, Inc.

composite, fiber orientation and distribution through
the thermoplastic matrix of the molded parts, and
the adhesion between the fiber and the polymeric
matrix. This adhesion is dependent on the surface
chemistry of the fiber and on the presence of func-
tional groups in the polymer. Another important as-
pect governing the reinforcement of this kind of
composite is the semicrystalline morphology of the
thermoplastic matrix, i.e., the spherulitic morphology
and the degree of crystallinity, the degree of orienta-
tion of amorphous phase, and the skin-core thickness
of molded parts. These two kinds of morphologies,
that is, polymer/fiber and the semicrystalline nature
of polymeric matrix, are usually interdependent.'
Attempts to correlate raw material properties and
processing conditions to the PET/GF performance
have been reported in some articles.*'? Particular
attention has been given to composites based on
recycled PET, due to the economical and environ-
mental advantages of this recycled polymer.”® Gir-
aldi at al.** have correlated the mechanical proper-
ties with compounding conditions—screw speed and
screw torque—for twin-screw compounded recycled
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PET/GF composites. These studies have showed that
higher values of screw speed or screw torque pro-
duce small increases in the modulus, impact strength
and melt flow index (MFI) due to a better GF disper-
sion and lower PET degradation. Arencon and
Velasco® have correlated the microstructure and the
mechanical properties of short glass fiber-reinforced
PET composites with the injection molding variables
mold temperature and cooling time. The authors
showed that these variables play a decisive role in
controlling the development of the PET matrix crys-
tallinity, which is directly correlated with the values
of tensile strength, elongation at break, and Vicat
softening temperature.

The aim of this study is compare the performance
of two types of extruder (single-screw extruder fitted
with a barrier screw versus intermeshing corotating
twin-screw extruder) as well as the mold tempera-
ture of the injection-molding process on ultimate
microstructure, degree of crystallinity and mechani-
cal and thermal-mechanical properties of PET rein-
forced with short glass fiber.

EXPERIMENTAL
Raw materials

Waste bottle-grade PET, in flake form, with intrinsic
viscosity of 0.70 dL g_1 (ASTM D 4603), was used.
The short glass fiber, supplied by Vetrotex Saint-
Gobain Company, Brazil, under code EC 983, was E-
glass roving of 4.5-mm chopped filaments with fiber
diameter of 10 pm and with an aminosilane sizing.

Extruder compounding

PET/GF composites with different amounts of glass
fiber (0, 20, 30, and 40 wt %) were processed indi-
vidually in two different types of extruder: single-
screw extruder and intermeshing corotating twin-
screw extruder. Prior to the processing, the PET and
GF were dried in an air-circulating oven at 65°C for
48 h.

The single-screw extruder (SSE) (L/D = 32 and
D = 35 mm) was designed to provide high intensity
mixing. The screw geometry is comprised of a bar-
rier flight screw melting zone, in between single
flight screw feed and metering zones. It was oper-
ated with a barrel temperature profile of 250-260-
270-275°C (from hopper to die) and screw speed of
50 rpm. The materials were formulated by introduc-
ing all the components simultaneously into the ex-
truder hopper during a single processing step. The
throughput was 8 kg h™! at this condition.

The twin-screw extruder (TSE), a Werner and
Pfleiderer modular intermeshing corotating model,
with L/D = 36 and D = 30mm, was set with a
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screw configuration comprising two kneading blocks
(stagger angles of 45°) separated by a conventional
conveying section. The set upstream contains fifteen
right-hand kneading discs followed by a set of five
left-hand kneading discs, whereas the set down-
stream is composed of ten right-hand kneading discs
followed by a left-hand conveying element. The bar-
rel temperature profile was set to be constant at
275°C and the screw speed at 200 rpm. The PET was
fed into the hopper by a gravimetric feeder. Glass
fiber was introduced into the molten PET by a side
feeder at a location just before the second set of
kneading blocks. The feed rate (PET + GF) was set
from 10 to 15 kg h™! to maintain the extruder torque
level constant at 85%.

The extruded strands were quenched in a water
bath, pelletized, and dried in air-circulating oven at
65°C for 48 h.

Injection molding

Specimens for mechanical tests (ASTM standard
bars) were injection-molded from the extruded pel-
lets using a HIMACO LH 150-80 at a barrel tempera-
ture of 280°C, holding pressure of 650 bar for 4 s,
mold cooling time of 45 s and mold temperature of
(120 + 2)°C (or 10 = 2)°C.

Scanning electron microscopy investigations

The microstructures of the PET/GF composites were
investigated using a Jeol JSM 6060 scanning electron
microscope (SEM) in the top of cryo-fractured injec-
tion-molded impact bars. The fractured surfaces
were coated with gold using a diode sputtering
coater before SEM observation.

Optical microscopy investigations

The average lengths (L,) of the fibers in the compo-
sites were determined using a Nicon Epihot 200 op-
tical microscope coupled with a DMX 1200F digital
camera, and an Image Pro-Plus image analyzer, on
about 400 fibers. The fibers were recovered from the
injection-molded impact bars by burning off the PET
at 600°C for 3 h.

Differential scanning calorimetry analysis

Differential scanning calorimetry (DSC) analysis was
performed to determine the degree of crystallinity of
the PET in the injection-molded bars. Scans from 20
to 300°C, with a heating rate of 10°C min~ ' and
under N, atmosphere (50 mL min~ '), were carried
out in a Shimadzu DSC-50 calorimeter. Samples
(~ 10 mg) were taken from the inner part of the
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injection-molded Izod bars. The degree of crystallin-
ity of the PET (X.) was calculated using eq. (1):

 AH,, — AH,

X, £ X 100% 1
c AH; 00% 1)

In eq. (1), AH, is the cold crystallization enthalpy
and AH,, is the melting enthalpy, which were calcu-
lated from the DSC thermograms, and AHy is the
heat of fusion of 100% crystalline PET (120 ] g~ *)."

Mechanical tests

Tensile tests were performed on type I bars using an
EMIC DL 2000 universal testing machine at a cross-
head speed of 50 mm min~', according to ASTM D
638.

Flexural tests (three point bending) were carried
out according to ASTM D 790, with a EMIC DL 2000
machine, at a crosshead speed of 2 mm min L.

Izod impact strength was measured with a Ceast
Resil 25 pendulum using notched specimens, accord-
ing to ASTM D 256.

Heat distortion temperature (HDT) tests were per-
formed on a CEAST instrument under a load of 1.8
MPa and with a heating rate of 2°C min~ ", according
to ASTM D 648.

The bars were conditioned at 23°C and 50% rela-
tive humidity for 48 h prior to the tests, which were
all conducted under the same climatic conditions.
Each mechanical test value was calculated as the
average of at least five independent measurements.
The standard deviations of each value were calcu-
lated and are shown as error bars in the plots.

RESULTS AND DISCUSSION

The scanning electron micrographs of cryo-fractured
surfaces of PET/GF composites compounded in the
two types of extruder (SSE and TSE) followed by
injection molding are presented in Figure 1. For all
the composites, good fiber wetting and an absence
of fiber bundles were observed, which reveals
appropriate dispersive and distributive mixing of the
glass fiber throughout the PET matrix, as required to
impart good mechanical properties. There was no
apparent difference between the two extrusion proc-
esses or in the amount of fiber used.

The glass fiber length distributions in the PET/GF
composites are shown in Figure 2. The average
lengths (L,) of the glass fibers obtained from the sta-
tistical data are shown in the Figure 2(a—f). For each
PET/GF composite (a,b, c,d, e,f), similar fiber length
distribution patterns were observed, irrespective of
the manner in which the composites were processed
(single- or twin-screw extruder). For all the compo-
sites, the fiber length reduction is more severe as

Journal of Applied Polymer Science DOI 10.1002/app

MONDADORI ET AL.

the fiber content increases in the composites, due to
the increased fiber—fiber interactions during proc-
essingS.

The critical fiber length for composite reinforce-
ment, (L/D)., can be deduced using eq. (2),15 which
expresses the balance of force between the tensile
strength of the fiber (o) and the fiber-matrix interfa-
cial shear strength (Tin):

L _ (Sf
(D)C o 2Tint (2)

Assuming a perfect bonding between the fiber and
the matrix, the interfacial shear strength becomes the
shear strength of the polymer matrix, which is 45
MPa for PET.'® Taking a typical value for the fiber
strength of 1500 MPa? a critical fiber length of 167
um is obtained for PET reinforcement.

Thus, for the composites under study the average
fiber lengths (Fig. 2) are around 1.5-2.0 times the criti-
cal value for PET, which is essential for ensuring effec-
tive stress transfer from the PET matrix to the glass
fibers as the composites are mechanically overloaded.

It is important to mention that although the micro-
structure of the PET/GF composites were evaluated
from injection molded bars, it is reasonable to use
the data to make a comparison between the perform-
ance of the two extruders that were used to com-
pound the composites, since it is well-known that
the extrusion is the step where the main fiber break-
age takes place.’

The observations above show that the single-screw
extrusion was able to generate a suitable level of
mixing for preparation of PET/GF composites with
an optimized microstructure, comparable with that
of corotating twin-screw extruded samples.

The barrier screw melting section can be consid-
ered the key factor determining the performance of
the SSE, since it is well-known that mixing in single-
flight screws is poor.'” The barrier flight divides the
main screw channel so that the melt pool is continu-
ously separated from the solid bed along the screw
section length. This melt separation enlarges the area
of heat conduction between the solid bed and the
screw barrel wall that increases the overall melting
capacity’” and melt temperature homogeneity.'® In
addition, as the melt pool is forced over the barrier
it undergoes dispersive mixing."

Therefore, for the PET/GF composites under
study, the barrier melting section of the SSE is
believed to increase the residence time in which glass
fibers remain in contact with melted PET chains, thus
maximizing the glass fiber dispersion and distribu-
tion throughout the PET. Moreover, although not
measured here, some studies have shown that barrier
screws are suitable for oxygen reduction in the
molten polymer®® and this could help to minimize
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Figure 1 Scanning electron micrographs of cryo-fractured surfaces of injection molded PET/GF composites. Samples
with varying compositions (20-40 wt % of GF, a—f) prepared using two types of extruder (SSE (a, c, e) and TSE (b, d, f))
and injection molded at mold temperature of 120°C.

the PET degradation during extrusion, which is an  because they can generally provide more effective
additional benefit. mixing than single screw extruders. However, the

Corotating twin-screw extruders are frequently latter are generally less expensive and more readily
preferred for compounding polymer composites  available for commercial purposes. Thus, the per-
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Figure 2 Glass fiber length distributions of injection molded PET/GF composites. Samples with varying compositions
(2040 wt % of GF, a—f) prepared using two types of extruder (SSE (a, ¢, e) and TSE (b, d, f)) and injection molded at
mold temperature of 120°C.

formance of SSE in the PET/GF composites process- Figure 3 shows the tensile modulus as a function
ing is in addition an interesting feature from a tech-  of glass-fiber content for the composites processed in
nological point of view. the SSE and in the TSE and injection molded at
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Figure 3 Tensile modulus of PET/GF composites. Sam-
ples with varying compositions (20-40 wt % of GF) pre-
pared using two types of extruder (SSE and TSE) and
injection molded at mold temperature of 120°C.

mold temperature of 120°C. The modulus values
were found to increase almost monotonically with
addition of GF. In addition, for each composition,
practically no differences in the modulus were
observed regardless of whether the composites were
processed in the twin- or single-screw extruder.
According to the Halpin-Tsai model,*' the tensile
modulus of a fiber-reinforced composite can be
expressed in terms of the corresponding property of
the matrix and the fiber phase together with their
proportions and the fiber geometry, using eq. (3):

(Ef/Em - 1)

E. B 14+ &m.¢ B
N E /B +8)

E,=—=——""—"and
' Em 1—ﬂ~¢

®)

In eq. (3), E, is the relative modulus and E., E,,
and Ey are, respectively, the moduli of the composite,
matrix and fiber; ¢ is the fiber volume fraction.

The factor & of eq. (3) describes the influence of
the geometry of the reinforcing phase. For oriented
short fibers with aspect ratios higher than the critical
value, the factor & assumes the form & = 2.(L/D). for
fibers oriented parallel to the stress/strain; and & = 2
for fibers oriented perpendicular to stress/strain.

The relative tensile modulus values for the compo-
sites processed in SSE and TSE and injection molded
at mold temperature of 120°C are shown in Figure
4(a)b), along with the predictive values obtained
according to the Halpin-Tsai model. In this analysis,
the tensile module of the glass fiber was taken as 70
GPa.? As can be seen in Figure 4, the experimental
tensile modulus values of the composites processed
either in the SSE [Fig. 4(a)] or in the TSE [Fig. 4(b)]
are very close to the maximum value, in which the
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fibers are considered to be longitudinally oriented in
relation to the applied strain. Such a behavior sug-
gests a high level of fiber orientation in the injection-
molded tensile bars.

Flexural modulus, flexural strength and impact
strength values for the composites processed in SSE
and TSE and injection molded at mold temperature
of 120°C are shown in Figure 5(a—).

The flexural modulus [Fig. 5(a)] and the flexural
strength values [Fig. 5(b)] had similar behavior as
the respective tensile modulus and strength values,
that is, a linear increase with glass fiber content.
Similar values were observed irrespective of the
manner in which the composites were extruded,
using SSE or TSE. The mechanical behavior under
tensile and flexure modes attests to the effective PET
reinforcement by the glass fiber provided by both
extruder types. Such a mechanical performance is in

6
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Figure 4 Relative tensile modulus of PET/GF composites
processed in SSE (a) and TSE (b) and injection molded at
mold temperature of 120°C along with the predicted val-
ues obtained according to the Halpin-Tsai model.
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Figure 5 Flexural modulus (a), flexural strength (b) and
notched Izod impact strength (c) of PET/GF composites
processed in SSE and TSE and injection molded at mold
temperature of 120°C.

agreement with the composite microstructures (Fig.
1) and the optimized glass fiber size distributions
(Fig. 2) in the composites, and with the longitudinal
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fiber orientation in the composite molded parts, as
suggested by data from Figure 4.

The Izod impact strengths [Fig. 5(c)] were found
to increase with fiber content. However, the
improvement in impact strength was not linearly de-
pendent on the amount of fiber, tending to level off
for composites with more than 30 wt % glass fiber.
This is to a certain extent predictable due to the con-
straining effect of neighboring fibers as the fiber vol-
ume is increased significantly. In fact, the mecha-
nism of polymer matrix toughening using short glass
fibers is distinct as compared to that of fiber rein-
forcement. For effective toughening fiber lengths
shorter than the critical values are desired, since
fibers are likely to debond from the matrix, and then
to pull completely out of the matrix, allowing plastic
deformation before failure. Of course, since there is a
fiber length distribution in the molded composites,
the presence of a proportion of short fibers is prob-
ably responsible for the observed toughness
enhancement.’

Figure 6 shows the PET degree of crystallinity, as
measured by DSC, in the PET/GF composites proc-
essed in SSE and TSE and injection molded at two
different mold temperatures: 10 and 120°C. As
expected, the mold temperature significantly influ-
enced the degree of crystallinity of the PET in the
injection-molded PET/GF composites. The higher
mold temperature (120°C) led to a greater PET
degree of crystallinity in the composites, regardless
the extrusion method. Higher mold temperatures
reduce the cooling rate during mold filling, hence
allowing the PET chains to stay longer at around
165-175°C (temperature range where the rate of PET
crystallization is at a maximum), facilitating the

50
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454 —o— single-screw; mold at 120°C
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Figure 6 Degree of crystallinity of PET in the PET/GF
composites processed in SSE and TSE and injection
molded at two different mold temperatures (10 and
120°C).
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spherulitic crystallization of PET and increasing the
PET degree of crystallinity.22 In addition, small
increases in the degree of crystallinity of PET were
observed for composites with increasing amounts of
GF up to 30 wt %, which suggests that GF acts as a
nucleating agent for PET, in addition to its role as in
reinforcement.

The PET degrees of crystallinity influenced the
mechanical and thermal-mechanical performance of
the composites. As the composites are injection-
molded at low mold temperature (10°C) the impact
strength is increased to some extent (Fig. 7). How-
ever, slightly lower modulus values are observed
(Fig. 7) in addition to a dramatic decrease in the
HDT (Fig. 8).

The observations relating to the mechanical prop-
erties as a function of PET crystallinity degree can
be explained based on the individual behavior of the
amorphous and the crystalline phases of semicrystal-
line PET. Higher crystallinity degrees result in a
higher amount of densely packed chains, thus con-
straining the molecular motion and restricting plastic
deformation. Hence, an increase in stiffness but a
decrease in toughness is expected as the mold tem-
perature is increased. With regard to the softening
temperature, the amorphous phase of PET softens at
temperatures close to T, (70°C), whereas the crystal-
line phase softens at temperatures close to the melt-
ing temperature (255°C). Thus, depending on the rel-
ative fraction of amorphous and crystalline phases,
the behavior of the HDT will be determined by one
of these microstructures. Arencon and Velasco® have
previously shown a similar effect of the degree of
crystallinity on the modulus and Vicat softening of
glass fiber-reinforced PET composites On the other
hand, relationships between impact strength and

1004 —m=—single-screw ; mold at 10°C

| —o—single-screw ; mold at 120°C

IS o =
=) S =]
1 1 1

=
Flexural Modulus (GPa)

Izod Impact Strength (J m")

Glass fiber content (wt%)

Figure 7 Notched Izod impact strength and flexural mod-
ulus of PET/GF composites. Samples with varying compo-
sitions (2040 wt % of GF) prepared using SSE and injec-
tion molded at two different mold temperatures (10 and
120°C). Some graphical data of Figure 5(a,c) were enclosed
for comparison.
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Figure 8 Heat distortion temperature (HDT) of PET/GF
composites. Samples with varying compositions (2040 wt
% of GF) prepared using SSE and injection molded at two
different mold temperatures (10 and 120°C).

degree of crystallinity have been explored using neat
PET,? but an extension of these studies to PET com-
posites containing glass-fiber has not been reported
to date.

CONCLUSIONS

The studies here reported on short glass fiber-rein-
forced PET composites showed that a single-screw
extruder with screw geometry containing a barrier
double-flight screw melting section can replace suc-
cessfully a corotating twin-screw extruder with a typ-
ical configuration for this purpose. Appropriate com-
posite microstructure as well as fine mechanical and
thermal-mechanical properties were achieved regard-
less of whether the composites were processed using
the single-screw or twin-screw extruder. In injection
molding, the mold temperature was observed to be
an important parameter influencing the mechanical
properties of PET/GF composites, by controlling of
the degree of crystallinity of the PET in the PET/GF
composites. For a good balance of mechanical proper-
ties, high mold temperature is desirable, typically
120°C for a mold cooling time of 45 s.

The authors thank FAPERGS-Brazil for the grant awarded
to N. M. L. Mondadori and to Professor Elias Hage
(UFSCar/Brazil) who kindly loaned the twin-screw
extruder.
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