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ABSTRACT: Toughening of recycled poly(ethylene
terephthalate) (PET) was carried out by blending with a
maleic anhydride grafted styrene-ethylene/butylene-sty-
rene triblock copolymer (SEBS-g-MA). With 30 wt % of the
SEBS-g-MA, the notched Izod impact strength of the recy-
cled PET was improved by more than 10-fold. SEM micro-
graphs indicated that cavitation occurred in just a small area
near the notch root. Addition of 0.2 phr of a tetrafunctional
epoxy monomer increased the recycled PET melt viscosity
by chain extension reaction. Different from the positive ef-
fect of the epoxy monomer in toughening of nylon and PBT

with elastomers, the use of the epoxy monomer in the recy-
cled PET/SEBS-¢g-MA blends failed to further enhance dis-
persion quality and thus notched impact strength. This neg-
ative effect of the epoxy monomer was attributed to the
faster reactivity of the epoxy group with maleic anhydride
of the SEBS-¢g-MA than with the carboxyl or hydroxyl group
of recycled PET. © 2004 Wiley Periodicals, Inc. ] Appl Polym Sci
93: 1462-1472, 2004
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INTRODUCTION

Poly(ethylene terephthalate) (PET) is a widely used
engineering plastic, used especially as soft drink bot-
tles. This market success is mainly caused by its trans-
parency, thermal stability, chemical resistance, and
beneficial barrier properties. As a result, fast-growing
quantities of used, secondary PET materials become
available. The environmental policy of many countries
encourages recycling of plastics. As the recycled ma-
terial after cleaning is unsuitable for production of
water or beverage bottles, new approaches for its uti-
lization have to be found. Three recycling methods are
of interest, as follows: mechanical recycling including
blending and alloying technologies, incineration with
energy recovery, and feedstock recycling (pyrolysis,
hydrogenation, gasification, chemolysis).l_7 Of these
three methods, mechanical recycling is straightfor-
ward and relatively simple. Several attempts were
made to recycle PET wastes by mixing with chain
extenders to improve their molecular weights and
melt viscosities, or by melt blending with other poly-

Correspondence to: Z.-Z. Yu (zhongzhen.yu@aeromech.
usyd.edu.au).

Contract grant sponsor: Australian Research Council.

Contract grant sponsor: ARC Federation Fellowship.

Journal of Applied Polymer Science, Vol. 93, 1462-1472 (2004)
© 2004 Wiley Periodicals, Inc.

mers to convert them to high-performance engineer-
ing plastics.

Blending of PET with polyolefins and/or elastomers
is known to improve certain properties of PET.®™?
Tanrattanakul et al.”™'? investigated toughening of
PET by blending with maleic anhydride grafted sty-
rene-ethylene/butylenes-styrene triblock copolymer
(SEBS-g-MA). The in situ formation of a graft copoly-
mer by reaction of PET hydroxyl end groups with
maleic anhydride was confirmed. The graft copolymer
acted as a compatibilizer to lower the interfacial ten-
sion and suppress the tendency of coalescence, thus
improving the dispersion of SEBS-g-MA. Simulta-
neously, it also enhanced interfacial adhesion between
the components.” Tensile toughness of the PET was
enhanced with 5 wt % SEBS-¢-MA. Mouzakis et al."?
studied the static fracture toughness of PET blends
with glycidyl methacrylate (GMA)-modified polyole-
fin elastomer by using the essential work of fracture
method. It was found that both essential and nones-
sential works decreased with increasing elastomer
content (up to 20 wt %) if the PET matrix was amor-
phous and unaged. Heino et al.'” reported compatibi-
lization of PET/polypropylene (PP) blends with SEBS-
g-GMA. An addition of 5 wt % of SEBS-g-GMA was
found to stabilize the blend morphology and improve
the impact strength. Lepers et al.>**' evaluated the
compatibilizing effect of SEBS-¢-MA in PET/PP
blends. Toughening of PET/polycarbonate (PC) blend
was studied by adding butylacrylate core-shell elas-
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tomer®” or ethylene-methacrylate-glycidyl methacry-
late copolymer (E-MA-GMA).* Studies on toughen-
ing mechanisms showed that the major energy dissi-
pating events during impact testing were cavitation
and matrix shear yielding.

It is well known that molecular weights of PET are
easily reduced during melt processing because of ther-
mal, oxidative, and hydrolytic degradations caused by
the simultaneous presence of retained moisture
and/or contaminants. Hence, much attention has been
to increase the molecular weights (or melt viscosity)
and decrease carboxyl content by adding certain chain
extenders. Some popular chain extenders are dianhy-
drides, bis(oxazolines), bis(dihydrooxazines), carbodi-
imides, diepoxides, and diisocyanates. Thus, Aharoni
et al.** studied the chain extension reaction of PET
with 0.5-2.5 wt % of triphenylphosphite (TPP). Al-
though TPP greatly increased the molecular weight of
PET, one drawback was that this reaction also pro-
duced diphenylphosphite as byproduct. Inata and
Matsumura®® reported chain extension of recycled
PET with addition-type heterocyclic bifunctional com-
pounds such as oxazolines, oxazines, or oxazinones.
These compounds reacted with the carboxyl or hy-
droxyl end groups of PET and resulted in chain-ex-
tended PET with very low carboxyl content. Cardi et
al.?” confirmed the chain extension effect of 2,2"-bis(2-
oxazoline) on recycled PET. Haralabakopoulos et al.*®
showed that some commercially available cyclic diep-
oxides were effective in chain extension of PET. Xan-
thos et al.* used a diimido-diepoxide compound with
low molecular weight and high melting point to reac-
tively modify PET. There was an overall decrease in
carboxyl content and increase in hydroxyl content,
and intrinsic and melt viscosities. A commercially
available tetrafunctional low molecular weight epoxy
monomer was also used as chain extender and com-
patibilizer in PET blends with poly(phenylene ether)
(PPE) or thermotropic liquid crystalline polymer
(LCP).30732

In a previous work®>>* by one of us, the influence of
0.3 phr low molecular weight bifunctional epoxy
monomer on toughness of nylon 6/maleated polyeth-
ylene-octene elastomer (POE-g-MA) blend was stud-
ied. The bifunctional epoxy monomer was found to
play dual roles in the blend. First, the chain extension
effect of the epoxy monomer on nylon 6 improved its
melt viscosity. Second, the coupling effect of the epoxy
monomer at nylon 6/POE-g-MA interface resulted in
mixed copolymers, which further improved the com-
patibility of the blend. Both effects combined further
enhanced the dispersion of POE-¢g-MA and increased
notched impact strengths of nylon 6/POE-g-MA
blends.*

The aim of the present work was to convert recycled
PET flakes into polymer materials with high-notched
impact strength (toughness) by blending with a com-
mercially available SEBS-g-MA. To increase melt vis-
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cosity of recycled PET matrix and improve dispersion
quality of SEBS-¢g-MA, a tetrafunctional epoxy mono-
mer was added in the recycled PET/SEBS-g-MA
blends during reactive extrusion. The effectiveness of
toughening by SEBS-g-MA and the influence of the
epoxy monomer were investigated.

EXPERIMENTAL
Materials and processing of blends

Recycled PET flakes were supplied by Coca-Cola
Amatil (Australia) and designated r-PET. The num-
ber-average and weight-average molecular weights of
r-PET measured by GPC were 3.85 X 10* and 11.9
X 10%, respectively. Styrene-ethylene/butylene-sty-
rene triblock copolymer grafted with 1.84 wt % of
maleic anhydride (SEBS-g-MA) was supplied by Shell
Chemical Co. (USA) under the trade name of Kraton
FG 1901X. It was reported that the ratio of styrene to
ethylene/butylene in the triblock copolymer is 28/72
wt % and the glass transition temperature of the SEBS-
-MA is —42°C. A tetrafunctional epoxy monomer,
N,N,N',N’-tetraglycidyl-4,4'-diaminodiphenyl meth-
ane (TGDDM), with epoxy equivalent weight of 110—
130 g/eq, was obtained from Ciba-Geigy Pty. Ltd.
(The Netherlands).

Before blending, r-PET was dried at 140°C in vac-
uum for at least 6 h. Blends were prepared in a Werner
and Pfleiderer ZSK-30 twin-screw extruder (L/D = 30,
L = 0.88 m) at a temperature range of 260-280°C and
a screw speed of 330 rpm. The extrudates were pellet-
ized at the die exit, dried, and then injection molded
into standard dumbbell tensile (50 mm gauge length,
10 mm width, and 4 mm thickness) and rectangular
bars (127 mm length, 12.7 mm width, and 12.7 mm
thickness) by an injection-molding machine (SZ-
160/80 NB, China), whose barrel temperature was
kept at 260°C and the mold was kept at 80°C. The
rectangular bars were subsequently cut to two 63.5-
mm-long samples for Izod impact testing. A 45° V-
notch (depth 2.54 mm) was machined midway on one
side of the bar with a slow speed to avoid plastic
deformation.

Mechanical testing, viscosity measurements, and
morphology observation

Tensile tests were performed on the dumbbell samples
in an Instron 5567 testing machine according to ASTM
standard D638. Tensile strength, Young’s modulus,
and elongation-at-break were measured at a crosshead
speed of 50 mm/min. Notched Izod impact strength
was measured on V-notch bars in a ITR-2000 instru-
mented impact tester by using ASTM standard D256.
During impact testing, a load cell in the tup recorded
the force generated in the deformed sample. Assum-
ing the hammer did not change speed greatly during
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Figure 1 The location of fracture flank in gray color pro-
duced by cryofracturing of the Izod impact specimen for
SEM observation.

fracture due to energy absorbed by the sample and
effect of gravity, the load-deflection curve was ob-
tained. The integral of the load-deflection curve gave
the fracture energy absorbed. Except where indicated,
all these tests were conducted at ambient temperature
(~20-25°C) and the average value of five repeated
tests was taken for each composition.

Dynamic viscosity measurements were conducted
on a Rheometer Bohlin VOR-HTC with 25-mm-diam-
eter parallel plates at 280°C under protection in nitro-
gen atmosphere. The gap between the plates was 1.0
mm. The specimens were predried in a vacuum oven
at 100°C for 6 h. Each specimen was first heated to
280°C and held at that temperature until thermal equi-
librium was established between the plate and the
melt. The temperature was measured by using a ther-
mocouple located in the center of the top plate.

To evaluate fracture mechanisms, the fracture sur-
face as well as the fracture flank of impact specimens
were coated with gold and then observed with a Phil-
ips 5-505 scanning electron microscope (SEM). The
fracture flank in a plane perpendicular to the fracture
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surface and parallel to the crack propagation direc-
tion, shown in Figure 1, was cut from the impact-
tested specimen under liquid nitrogen temperature. A
notch was introduced before cryofracturing so as to
get a smooth surface. To assess the dispersion quality
of SEBS-g-MA, image analysis was carried out to mea-
sure the apparent diameter (a,) of the dispersed phase,
which was then converted into true particle diameter
(d).%” Typically, over 200 particles from different pho-
tographs of a specimen surface were analyzed to cal-
culate the number-average diameter d,, from the fol-
lowing relationship:

q, = Enid,-/ S, 1)

where n; is the number of particles having the true
particle diameter d;.

RESULTS AND DISCUSSION
Dispersion of SEBS-g-MA

To assess the dispersion quality of SEBS-g-MA in recy-
cled PET, Figure 2 displays SEM micrographs of fracture
surfaces of r-PET/SEBS-g-MA blends. The SEBS-¢-MA
particles are fine and homogeneous. Figure 3 presents
the effects of SEBS-g-MA content on number-average
diameter of dispersed phase in recycled PET matrix. The
average diameter of SEBS-g-MA is very similar, ranging
from 0.89 to 0.98 um, irrespective of its contents, which
is a direct characteristic of a compatibilized blend. The
compatibility between r-PET and SEBS-g-MA is derived
from the PET-co-SEBS-g-MA copolymer formed in situ
during melt extrusion:”

>) * HO T~ T TN PET " "NCO00H —>»

H—cC
/\/\/\ /\/\/\
\o PET COOH

H;—COOH
SEBS-g-MA

Tanrattanakul et al.” confirmed this chemical reaction.
In their work, blends of PET with grafted SEBS-g-MA
and nongrafted SEBS were extracted by tetrahydrofu-
ran (THF) to isolate an SEBS-g-MA component that
had chemically reacted with PET. THF is a good sol-
vent for SEBS and SEBS-g-MA, but is a nonsolvent for
PET. The THF-insoluble fraction was characterized by
photoacoustic FTIR. They showed that most of the

SEBS-g-MA did not react with PET and thus was
extracted with THF; only a small amount reacted with
PET because of the weak reactivity between hydroxyl
and anhydride groups.

Mechanical properties

Figure 4 shows notched Izod impact strengths plotted
as a function of SEBS-g-MA content for r-PET/SEBS-
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Figure 2 High-magnification SEM micrographs of impact-
fractured surfaces of r-PET blends with SEBS-g-MA contents
of (a) 10 wt %, (b) 20 wt %, and (c) 30 wt %, respectively,
showing the sizes of the elastomers.

2.5
— —&—r-PET/SEBS-g-MA
c 2
[=]
1
0
E -
§ 1.5 1
[T
£
8
o 11
2
0
5
& 0.5 1
0 " " T
0 10 20 30 40

SEBS-g-MA Content (wt%)

Figure 3 Plot of number-average diameter against SEBS-
$-MA content for r-PET/SEBS-¢g-MA blends.
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¢-MA blends with and without 0.2 phr of the tetra-
functional epoxy monomer. The recycled PET has
low-notched impact strength, about 10.5 J/m at ambi-
ent temperature. Addition of 30 wt % SEBS-g-MA
increases the notched impact strength of recycled PET
by more than 10-fold. Even though SEBS-¢-MA was
effective in toughening recycled PET flakes, its effi-
ciency is much less than that in toughening nylon and
poly(butylene terephthalate) (PBT).***® In addition,
0.2 phr of the epoxy monomer only increases slightly
the notched impact strength of the recycled PET be-
cause of its chain extension effect on r-PET. Surpris-
ingly, when 0.2 phr epoxy monomer was added to the
r-PET/SEBS-g-MA during melt extrusion, the notched
impact strengths of the blends are not improved but
reduced. The negative effect of the epoxy monomer
will be explained later.

Figure 5 depicts typical stress—strain curves of r-PET
and its blends with different SEBS-g-MA contents.
Tensile properties such as Young’s modulus, yield
strength, fracture strength, and elongation at break are
listed in Table I. As a semicrystalline polymer, PET
normally has good ductility.”'*> However, r-PET
broke before yielding. It should be noted that, when
r-PET was injection molded, the mold temperature
was kept at 80°C to obtain a specimen with low
shrinkage and good dimension stability. The high
mold temperature favored increases of crystallization
rate and crystallinity and thus lowered the ductility of
the recycled PET. Also, impurities in r-PET could
cause degradation during melt extrusion and subse-
quent injection molding and thus impair its ductility.®
Except for the pristine r-PET, all the blends showed
yielding followed by necking. The engineering stress

150

—i— r-PET/SEBS-g-MA

120 —&— r-PET/SEBS-g-MA/Epoxy (0.2 phr)

Notched Izod Impact Strength (J/m)

o T T L) L] T T L}
0 5 10 15 20 25 30 35

SEBS-g-MA Content (wt%)

Figure 4 Plots of notched Izod impact strength as a func-
tion of SEBS-g-MA content for r-PET/SEBS-g-MA blends
with and without the tetrafunctional epoxy monomer.
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Figure 5 Typical stress-strain curves of r-PET and its
blends with different SEBS-g-MA contents at a speed of 50
mm/min.

increased with engineering strain and reached a max-
imum at yield point, corresponding to formation of a
neck in the specimen width. Post yielding, the engi-
neering stress rapidly dropped to about half the yield
stress as necking started to spread to the end of the
gauge section. During necking, the stress was con-
stant. Most of the r-PET/SEBS-g-MA specimens frac-
tured during necking. However, few r-PET/SEBS-
g-MA (70/30) specimens did not break after necking
spread to both ends of the gauge section, and thereaf-
ter, the necked down region appeared to be strain-
hardened under increasing stress. In this circum-
stance, tests were discontinued without specimen fail-
ure. Hence, no fracture strengths are given for the
r-PET blends.

Careful inspections of the elongation at break data
for the r-PET/SEBS-g-MA blends reported in Table I
indicate that the addition of SEBS-g-MA has a large
improvement on elongation of r-PET but little influ-
ence on that of r-PET with 0.2 phr epoxy monomer.
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Figure 6 Plots of notched Izod impact strength against
Young’s modulus for r-PET/SEBS-g-MA blends with or
without the tetrafunctional epoxy monomer.

This relative effect of the epoxy monomer disappears
when the Young’s modulus data are examined closely.
Indeed, Young’s moduli for r-PET/SEBS-g-MA blends
with or without the epoxy monomer decrease almost
linearly with SEBS-g-MA content, a trend that is ex-
pected of elastomer toughened polymers.

Toughness and stiffness are two important proper-
ties for a structural material. To clearly evaluate the
effects of the epoxy monomer on toughness and mod-
ulus, Figure 6 shows plots of notched Izod impact
strength against Young’s modulus for r-PET/SEBS-
g-MA blends with and without 0.2 phr epoxy mono-
mer. It was thought that addition of the epoxy mono-
mer would move the PET/SEBS-g-MA blends upward
to the zone with high-notched impact strength and
high stiffness. In fact, the resultant effect of the epoxy
monomer was negative, evidenced by reductions in
notched impact strength (toughness), Young’s modu-
lus (stiffness), and elongation to break (ductility).
These results are at odds with results obtained in

TABLE I
Tensile Properties of r-PET and Its Blends with or without 0.2 phr Tetrafunctional Epoxy Monomer
Measured at Crosshead Speed of 50 mm/min

Elongation at break

Young’s modulus Yield strength Break strength

Composition (%) (GPa) (MPa) (MPa)
r-PET 6+ 1 1.10 = 0.01 — 65.4 + 4.6
r-PET/SEBS-¢g-MA (90/10) 160 = 10 0.88 = 0.02 483+ 0.9 —
r-PET/SEBS-¢g-MA (80/20) 346 = 34 0.72 = 0.01 384+ 0.6 —
r-PET/SEBS-g-MA (70/30) 433 = 153 0.62 = 0.01 312+ 09 —
r-PET/Epoxy (100/0.2) 41 = 26 1.10 = 0.02 650+ 1.3 —
r-PET/SEBS-g-MA /Epoxy (90/10/0.2) 108 = 29 0.86 = 0.01 462 = 1.1 —
r-PET/SEBS-¢g-MA /Epoxy (80/20/0.2) 56+ 6 0.72 £ 0.01 37.1 £ 0.98 —
r-PET/SEBS-¢g-MA /Epoxy (70/30/0.2) 92 £ 20 0.57 = 0.01 28.4 = 0.92 —
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nylon 6/POE-g-MA blends and PBT/E-MA-GMA
blends,®?*** for which small amounts of epoxy
monomers showed positive effects on toughness and
stiffness of the blends. Figure 7 displays notched Izod
impact strength versus flexural modulus for nylon
6/POE-g-MA blends with or without 0.3 phr of a
bifunctional diglycidyl ether of bisphenol-A (DGEBA)
epoxy monomer.” For required notched impact
strength, it is seen that the blend with the DGEBA
epoxy monomer has higher flexural modulus than the
blend without DGEBA epoxy monomer. Likewise, for
a required flexural modulus, the blend with DGEBA
monomer shows higher notched impact strength than
the blend without the monomer. Similarly, Figure 8
indicates that the additions of a tetrafunctional epoxy
monomer into PBT/E-MA-GMA blends have the
same effect of increasing both notched impact strength
and stiffness relative to the blends without the mono-
mer.*°

Fractography

To elucidate the effects of SEBS-g-MA and epoxy
monomer on notched impact strength, we need to
study the impact-fracture surfaces of the recycled PET
and its blends. Figure 9 presents SEM micrographs for
r-PET, which display two regions: one for slow
growth initiated at the notch root followed by another
for subsequent fast crack growth, Figure 9(a). The
slow growth region exhibits a smooth, featureless sur-
face, even under a high magnification, Figure 9(b).
When the crack reached its critical length, it became
unstable and spread rapidly, giving a nonplanar crack
growth, Figure 9(c).

—_ ={I~Nylon 6/POE-g-MA
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Figure 7 Plots of notched Izod impact strength against
flexural modulus for nylon 6/POE-g-MA blends with or
without a bifunctional di%lycidyl ether of bisphenol-A
(DGEBA) epoxy monomer.™
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Figure 8 Plots of notched Izod impact strength against
Young’s modulus for PBT/E-MA-GMA blends with or with-
out the tetrafunctional epoxy monomer.>®

Figure 10 displays SEM micrographs of impact-frac-
ture surfaces of the recycled PET blended with 10 wt
% of SEBS-g-MA. Cavitation is clearly seen in the slow
crack growth region adjacent to the V-notch root, Fig-
ure 10(a, c), which is thought to be largely responsible
for the enhanced impact strength of the blend. The fast
nonplanar crack growth, Figure 10(d), exhibits no cav-
itation even though the SEBS-g-MA particles are ho-
mogeneously dispersed. It is also noted that many
nonspherical but elongated SEBS-g-MA particles exist
in regions near the lateral surfaces of the injection-
molded specimen, Figure 10(b). During the injection-
molding process, the melt in the neighborhood of the
wall of the mold experienced strong shearing stresses,
so that the SEBS-g-MA particles were elongated to
platelets parallel to the wall. Away from the wall, the
shearing stresses decreased and the SEBS-g-MA dis-
persed phase converted back to stable spherical
shapes. The thickness of this elongation region is not
larger than 1 mm. Tanrattanakul et al.'” characterized
the elongation of SEBS-g-MA in PET by examining the
edge and bulk of injection-molded samples that were
freeze-fractured parallel and normal to injection direc-
tion and then etched to remove the SEBS-g-MA phase.
It was found that the elastomers near the edge were
platelet-shaped, whereas those in the bulk were spher-
ical and had the same size as the extruded pellets. It
should be pointed out that the presence of the elon-
gation zone does not affect the notched impact
strength values because the V-notch introduced in the
samples is 2.54 mm in depth.

Similar observations are seen in the SEM micro-
graphs in Figures 11 and 12 for the recycled PET
blends with 20 and 30 wt % of SEBS-g-MA. In the slow
crack growth region, Figures 11(b) and 12(b), cavita-



1468 YU ET AL.

Figure 9 Low (a) and high (b, ¢) magnification SEM micrographs of impact-fractured surfaces of r-PET showing character-
istics of the slow S and F crack growth regions.

tion is more extensive compared to that observed in  region, Figures 11(a) and 12(a). It appears that the
the r-PET/SEBS-g-MA (90/10) blend [Fig. 10(c)]. Non-  notch impact strength of these blends increases with
planar growth is again noticeable in the fast growth  the size of the slow crack growth region where the

Figure 10 Low (a, b) and high (c, d) magnification SEM micrographs of impact-fractured surface of r-PET/SEBS-g-MA
(90/10) blend. S and F denote slow and fast crack growth regions, respectively.
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Figure 11 Low (a) and high (b, c) magnification SEM mi-
crographs of impact-fractured surface of r-PET/SEBS-g-MA
(80/20) blend showing slow S and fast F crack growth
regions.

extent of cavitation depends on the elastomer content.
It should be noted that the stress-whitening zone can-
not be observed in the fracture flank near the impact-
fractured surface even if the content of SEBS-g-MA is
up to 30 wt %. Figure 13 displays a SEM photograph
of the fracture flank near the fracture surface of the
r-PET/SEBS-g-MA (70/30) blend. The fracture surface
is located at the top. It is clear that no cavitation and
matrix yielding are observed under the impact-frac-
tured surface. The recycled PET blend displays a brit-
tle fracture, although its notched Izod impact strength
is improved by more than 10-fold with 30 wt % of
SEBS-g-MA. However, 20-30 wt % of MA- or GMA-
grafted elastomers was enough to supertoughen nylon
and PBT thermoplastics, evidenced by over 20-fold
increase of notched impact strength caused by exten-
sive cavitation and matrix shear yielding.>*>*

To obtain a supertoughened PET, the elastomer
component should have finer dispersion by further
improving its compatibility with PET. For this pur-
pose, a tetrafunctional epoxy monomer was used in
the r-PET/SEBS-g-MA blends in this work. Figures

Figure 12 Low (a) and high (b, c) magnification SEM mi-
crographs of impact-fractured surface of r-PET/SEBS-g-MA
(70/30) blend showing slow S and fast F crack growth
regions.

14-16 depict SEM micrographs of impact-fractured
surfaces of these recycled blends with 0.2 phr epoxy
monomer. It is surprising that the dispersion quality

Figure 13 SEM micrographs of fracture flank perpendicu-
lar to impact-fractured surface and parallel to crack propa-
gation direction of r-PET/SEBS-g-MA (70/30) blend.
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Figure 14 Low (a) and high (b, c) magnification SEM mi-
crographs of impact-fractured surfaces of r-PET/SEBS-
g-MA (90/10) blends with 0.2 phr of tetrafunctional epoxy
monomer. S and F denote slow and fast crack growth re-
gions, respectively.

of SEBS-g-MA was not improved. In fact, dispersion
becomes worse, and the SEBS-g-MA particles are very
large and could be visible under a low magnification,
Figures 14(a), 15(a), and 16(a). No cavitation appeared
in both the slow and the fast crack growth regions,
Figures 14(b, c), 15(b, c), and 16(b, c).

The negative effect of the epoxy monomer on dis-
persion of SEBS-g-MA can be understood by consid-
ering the competitive reactions among SEBS-¢g-MA,
r-PET, and epoxy monomer. In the r-PET/SEBS-g-MA
two-component blends, SEBS-g-MA reacted with the
hydroxyl group of r-PET, forming a copolymer in situ,
which is responsible for the uniform dispersion of
SEBS-g-MA in r-PET. Similarly, with use of epoxy
monomer in r-PET, the epoxy group reacted with the
carboxyl and hydroxyl groups in the melt, thus in-
creasing the molecular weights of r-PET as confirmed
by an increase in viscosity, Figure 17. This is respon-
sible for enhanced mechanical properties of r-PET.
Conversely, the situation was changed when the ep-
oxy monomer was added as a third component to the
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r-PET/SEBS-g-MA components during melt extru-
sion. Because the reactivity between epoxy and anhy-
dride groups is higher than that between epoxy and
carboxyl/hydroxyl groups and that between hydroxyl
and anhydride groups, the epoxy monomer preferen-
tially reacted with maleic anhydride groups of SEBS-
g-MA than with the groups of r-PET. The preferential
reaction increased viscosity of the SEBS-g-MA rather
than that of the matrix and enlarged the viscosity
mismatch between the recycled PET and SEBS-g-MA
adversely affecting the dispersion of the SEBS-g-MA.
Besides, this preferential reaction consumed most of
maleic anhydride groups on SEBS-g-MA, so that r-PET
did not have an opportunity to form a copolymer with
SEBS-¢g-MA.. This was another factor not favoring dis-
persion of SEBS-g-MA. Also, it is reasonable to spec-
ulate that the increased viscosity of r-PET/SEBS-g-MA
(80/20) blend due to the use of the epoxy monomer, as
shown in Figure 17, is caused mainly by the viscosity
increase of the SEBS-g-MA dispersed phase.

It can be seen that the size of SEBS-¢-MA shows a
trend to decrease with increasing SEBS-g-MA con-

Figure 15 Low (a) and high (b, c) magnification SEM mi-
crographs of impact-fractured surfaces of r-PET/SEBS-
g-MA (80/20) blends with 0.2 phr of tetrafunctional epoxy
monomer. S and F denote slow and fast crack growth re-
gions, respectively.
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tents. This can also be explained by the competitive
reactions in the three-component blend. At low SEBS-
g-MA content, the maleic anhydride groups are
mainly consumed by the epoxy monomer, resulting in
the worst dispersion of these particles. With high
SEBS-g-MA content, not all anhydrides are taken up
by the epoxy monomer; some react with hydroxyl
groups of r-PET to generate a PET-co-SEBS-g-MA co-
polymer, which benefits dispersion of the SEBS-g-MA.

Generally, to obtain a fine dispersion of a dispersed
phase (D) in a thermoplastic matrix (M) by adding a
small amount of reactive component (R), the reaction
rates among them should be (R — M) = (R — D). For
example, in nylon 6/POE-g-MA /epoxy monomer (0.3
phr) blends, because the epoxy group reacts faster
with the amine end group of nylon 6 than with the
maleic anhydride group of POE-g-MA, the use of ep-
oXy monomer increases the matrix viscosity by chain
extension reaction with nylon 6; at the same time, it
generates a nylon 6-co-epoxy-co-POE-g-MA copoly-
mer by a coupling reaction at the interface between
nylon 6 and POE-¢g-MA, resulting in a fine dispersion
and thus improves toughening efficiency of POE-g-

Figure 16 Low (a) and high (b, c) magnification SEM mi-
crographs of impact-fractured surfaces of r-PET/SEBS-
g-MA (70/30) blends with 0.2 phr of tetrafunctional epoxy
monomer. S and F denote slow and fast crack growth re-
gions, respectively.
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Figure 17 Plots of dynamic viscosity against frequency for
r-PET and r-PET/SEBS-g-MA (80/20) blends with and with-
out 0.2 phr of tetrafunctional epoxy monomer at 280°C

MA.* Similarly, as shown in Figure 8, the positive
effects of the epoxy monomer on notched impact
strength and stiffness of the PBT/SEBS-g-MA /epoxy
blends can be attributed to the comparable reactivity
of the epoxy group of the monomer with the carboxyl
group of the PBT and the epoxy group of the elas-
tomer.*® Chiou and Chang* reported reactive com-
patibilization of nylon 6/PBT blends with 0.3 phr of
the tetrafunctional epoxy monomer. As the epoxy
group reacted faster with amine group of nylon 6
than with carboxyl group of PBT, this explained
why compatibilization of epoxy monomer was more
effective in nylon 6 rich than PBT-rich blends. The
positive compatibilization of the tetrafunctional epoxy
monomer on PET/PPE (70/30) blends was also
caused by the faster reaction of epoxy with PET than
with PPE.*

CONCLUSION

SEBS-g-MA elastomer was effective in toughening re-
cycled PET. The elastomer (30 wt %) was found to
increase the notched Izod impact strength of r-PET by
more than 10-fold. SEM micrographs indicated that
cavitation occurred in a small area ahead of the notch
root but no matrix shear yielding was found. SEBS-
§-MA was homogeneously dispersed in the recycled
PET matrix but the sizes were relatively large, ~ 0.89
—-0.98 um. To obtain a supertough blend, a much finer
dispersion is needed.

With 0.2 phr of a tetrafunctional epoxy monomer
blended with r-PET, their mechanical properties were
slightly improved because of the chain extension re-
action of the monomer. Different from the positive
effect of the epoxy monomer in toughening of nylon
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and PBT with maleated or GMA-grafted elastomers,
the use of epoxy monomer in the recycled PET/SEBS-
§-MA blends failed to further improve the notched
impact strength. SEM micrographs confirmed that the
dispersion of SEBS-¢g-MA became worse upon adding
the epoxy monomer. By considering the competitive
reactions among SEBS-g-MA, r-PET, and epoxy mono-
mer, this negative effect of the epoxy monomer on
dispersion of SEBS-g-MA should be attributed to the
faster reactivity of the epoxy group with maleic anhy-
dride groups of the SEBS-g-MA than with the carboxyl
and hydroxyl groups of the recycled PET matrix.
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