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ABSTRACT: Blends of low-density polyethylene (LDPE)
and poly(ethylene terephthalate) (PET) were prepared
with different weight compositions with a plasticorder at
240°C at a rotor speed of 64 rpm for 10 min. The physico-
mechanical properties of the prepared blends were inves-
tigated with special reference to the effects of the blend
ratio. Graft copolymers, that is, LDPE-grafted acrylic acid
and LDPE-grafted acrylonitrile, were prepared with v-
irradiation. The copolymers were melt-mixed in various
contents (i.e.,, 3, 5, 7, and 9 phr) with a LDPE/PET blend
with a weight ratio of 75/25 and used as compatibilizers.
The effect of the compatibilizer contents on the physico-
mechanical properties and equilibrium swelling of the bi-
nary blend was investigated. With an increase in the

compatibilizer content up to 7 phr, the blend showed an
improvement in the physicomechanical properties and
reduced equilibrium swelling in comparison with the
uncompatibilized one. The addition of a compatibilizer
beyond 7 phr did not improve the blend properties any
further. The efficiency of the compatibilizers (7 phr) was
also evaluated by studies of the phase morphology (scan-
ning electron microscopy) and thermal properties (differ-
ential scanning calorimetry and thermogravimetric
analysis). © 2008 Wiley Periodicals, Inc. ] Appl Polym Sci
110: 1929-1937, 2008
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INTRODUCTION

Poly(ethylene terephthalate) (PET) is a widely used
engineering plastic.' Especially in the field of soft-
drink-bottle applications, a steep rise in PET con-
sumption has occurred in recent years.”> Weight saving
and breakage security are the major reasons for this
success. As a result, fast-growing quantities of used,
secondary PET material have become available.”

In the area of polymer blends, the challenge is to
recycle mixed plastic® while at the same time main-
taining acceptable levels of properties and cost.
Blends of PET with other polymers, particularly poly-
olefins (POs), may offer an attractive balance of me-
chanical and barrier properties and processability.

In this context, the study of PET/PO blends is of
considerable technological importance. Compatibili-
zation is then a necessary step to obtain blends of
PET and PO with good properties from both virgin
and recycled materials. The incompatibility of these
two classes of polymers,* polyesters and POs, gives
rise to bad morphology, a lack of adhesion between
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the phases, and then poor mechanical and barrier
properties.

In the past 2 decades, many researchers have
focused on the control of the morphology and inter-
faces of PET/PO blends to improve their compatibil-
ity. The compatibilizers have included an
unfunctionalized hydrogenated styrene-butadiene—
styrene triblock copolymer (SEBS) or ethylene—pro-
pylene-diene monomer (EPDM).>® Functionalized
grades of SEBS containing maleic anhydride (MA),”

glycidyl methacrylate,” and diethyl maleate'® have
been used. SEBS has also been functionalized with
2-hydroxyl ethyl methacrylate to obtain a more reac-
tive compatibilizer precursor.'® Reactive copolymers
have also been tested successfully. Thus, the transes-
terification of PET with an ethylene/vinyl acetate co-
polymer gave a graft copolymer that acted as a
compatibilizer."! An ethylene/vinyl alcohol copoly-
mer was derived by simple and low-cost reactions
from commercial ethylene/vinyl acetate copolymers
and used to promote the compatibilization of this
blend through different routes.'> A polyethylene
(PE)-MA copolymer13 was found to be effective in
compatibilizing this blend by forming a compatibil-
izer in situ. Most works have been concerned with
the use of commercial copolymers such as PO-
grafted acrylic acid (AA),"* ethylene/glycidyl
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methacrylate, an ethylene/ethyl acrylate/gly-
cidyl methacrylate terpolymer,”'® an MA ethylene-
MA copolymer,” and an MA-modified ethylene—pro-
pylene copolymer' or ionomer resins.** Boutevin et
al.*! synthesized graft copolymers through the ozo-
nization of PE followed by the grafting of vinylic or
acrylic monomers and used them as compatibilizers
for PET /high-density PE. A new class of copolyest-
ers®® have been usefully employed as compatibiliz-
ing agents for PET/high-density PE blends. Patents
also have shown the efficiency of EPDM-g-GMA****
as an impact modifier for PET/PE blends. Improved
morphology, and better mechanical properties
have been observed with the above mentioned
components.

The goal of the work was PET modification or
compatibilization of its blend with low-density poly-
ethylene (LDPE) by the introduction of grafted
copolymers such as low-density polyethylene grafted
acrylic acid (LDPE-g-AA) or low-density polyethylene
grafted acrylonitrile (LDPE-g-AN) as compatibilizers.
Besides the importance of mechanical property
improvement, an additional incentive was the social
demand for the utilization of a recyclable engineer-
ing plastic.

EXPERIMENTAL
Materials

LDPE and PET were the blend components used in
this study. LDPE was a heavy-duty grade [Dow Co.,
Midland, MI; density = 921 kg/m’ at 23°C and melt
flow index = 0.26 g/10 min (190°C, 2.16 kg)]. PET
was a waste soft-drink-bottle-grade material with a
number-average molecular weight of 26 x 10° g/
mol, an intrinsic viscosity of 0.76 dL/g, and melting
point of 257°C. AA and acrylonitrile (AN) monomers
were purchased from Sigma-Aldrich Co. (Bellefonte,
PA) The solvents and all chemicals were used as
received.

Methods
Synthesis of the graft copolymers

The direct radiation grafting method®>*® was chosen
to synthesize the graft copolymers, LDPE-g-AA and
LDPE-g-AN.

In this method, LDPE powder (mesh size = 80-
90 um) was washed with acetone and dried in a vac-
uum oven for 24 h at 60°C. AA monomer or AN mono-
mer was dissolved in a suitable solvent (i.e., water or
dimethylformamide, respectively) to obtain different
concentrations (10-90 wt %) for each monomer.

In glass ampules, a known weight of completely
dried LDPE (50 g) was mixed with the prepared
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monomer solutions under nitrogen gas bubbling to
avoid oxidation.

Then, the samples were irradiated with 30 kGy at
a dose rate of 8.75 kGy/s with y-irradiation (cobalt
60 cell, 220 V).

The prepared grafted copolymers (i.e., LDPE-g-AA
and LDPE-g-AN) were removed and washed thor-
oughly in a reflux system with the appropriate sol-
vent (i.e., water or dimethylformamide) to extract
the residual monomer AA or AN and homopolymer
that may have accumulated in the grafted
copolymers.

Finally, the grafted samples were washed with
distilled hot water, dried in a vacuum oven at 50-
60°C for 24 h, and weighed to calculate the different
grafting yield percentages according to the different
monomer concentrations used. The degree of graft-
ing was calculated as follows:

Degree of grafting (%) = [(wg — wo) /wo] x 100

where w, and w, represent the weights of the
grafted and initial samples, respectively.

Melt processing

LDPE/PET blends of various weight compositions
(i.e.,, 0/100, 25/75, 50/50, 75/25, and 100/0 wt %)
with and without compatibilizers were prepared
with a Brabender plasticorder (C. W. Bra Instrument,
Inc., Hackensack, NJ). LDPE-g-AA and LDPE-g-AN
were used as compatibilizers in various contents
(i.e., 3,5, 7, and 9 phr). At the start, PET was intro-
duced into the Brabender plasticorder preheated to
240°C for 5 min, and LDPE was added thereafter.
The mixer was operated at 240°C, the rotor speed
being maintained at 64 rpm for 10 min. The molten
mix was quickly removed from the Brabender plasti-
corder and mixed with different concentrations of
the tested compatibilizers in a two-roll mill (outside
distance = 470 mm, working distance = 300 mm,
speed of slow roll = 24 rpm, and fraction ratio = 1.4
: 1). The blends were removed and subsequently
compressed in an electrically heated hydraulic press
at about 220°C for 10 min under 7 kN into thin
sheets about 1 mm thick, and from these, test speci-
mens were prepared.

Property evaluation

The tensile strength (og), elongation at break (eg),
and Young’s modulus (E) were determined with a
Zwick 1425 testing machine (Germany). The com-
pressed sheets were cut into dumbbell-shaped speci-
mens with appropriate punching dies with a width
of 4 mm (DIN 53504STABIN/EF). The specimens,
with a width of 4 mm, a neck length of 15 mm, and
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a thickness of 1-1.5 mm, were tested at a crosshead
speed of 50 mm/min and with a load cell of 10-20
N.*” The hardness of test specimens at least 6 mm
thick was measured with a Shore A durometer (Har-
tepriifer; DIN 53505).® Equilibrium swelling of the
test pieces was carried out in the solvent toluene.
About 0.1-0.2 g of each specimen was weighed in a
weighing bottle, which was covered with toluene for
24 h so that the state of equilibrium swelling could
be reached. The swollen samples were weighed and
then dried in an oven to a constant weight. The last
weight was taken as the correct weight of the sam-
ple free from dissolved matter. The swelling percent-
age (Q%) of the samples was calculated as follows:

Q% = [(w — D) /] x 100

where w and @ represent the weights of the samples
after swelling and free from dissolved matter,
respectively.”” All these tests were performed at
room temperature (25 £+ 1°C), and the reported
results were averaged from a minimum of five speci-
mens. The surface topography of the samples was
analyzed by scanning electron microscopy (SEM).
The samples were sputter-coated with gold and
examined in a JEOL SEM-25 scanning electron
microscope (Japan). The middle part of the cross sec-
tion of the specimens was chosen as representative
of the overall morphology. The thermal studies were
made with differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA). Analysis by
DSC was performed with a Mettler model TA 3000
calorimeter (Shimadzu, Japan). The running condi-
tions were a nominal weight of 20 mg, a heating rate
of 10°C/min, and an N, flow rate of 10 mL/min. An
appropriate temperature range was chosen accord-
ing to the particular composition of the studied
blend. The melting temperatures (T,,’s) of the sam-
ples were taken as the endothermic peaks of the
thermograms. TGA was conducted with a Shimadzu
TGA-4000 system (Shimadzu, Japan). The studies
were performed in a nitrogen atmosphere at a flow
rate of 10 mL/min and a heating rate of 10°C/min
from 0 to 600°C. The weight of the samples was 5
mg in all cases. All samples were previously heated
to 100°C for 5 min to eliminate residual water
(humidity)

RESULTS AND DISCUSSION

The importance of the interface in multiphase poly-
mer systems has been long recognized.’® Physical
and chemical interactions across the phase bounda-
ries are known to control the overall performances
of immiscible polymer blends. Graft copolymeriza-
tions of AA or AN monomers with LDPE powder
have been widely studied by various research-
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ers.”>?**132 The copolymer products have been used
extensively in the area of polymer blending as com-
patibilizers or in composite matrices.’>>*

Uncompatibilized LDPE/PET blends

The physicomechanical properties (cor, er, E, and
Shore A hardness) of the pure polymers and the pre-
pared blends without the compatibilizers are listed
in Table I. The data indicate that the addition of
LDPE as a PO to the blends improved the brittle
character of PET. As the LDPE content increased
within the blends, the stiffness and brittleness of the
blends decreased gradually with an associated
increase in eg. However, the poor mechanical prop-
erties of uncompatibilized LDPE/PET blends indi-
cated that these blends were still incompatible
during the thermomechanical processing.

Compatibilized LDPE/PET blends

In this work, a third component (compatibilizers) ca-
pable of specific interactions with the blend constitu-
ents (75/25 wt % LDPE/PET) was added to improve
compatibility. The choice of LDPE-¢g-AA and LDPE-
g-AN as compatibilizers was based on the miscibility
or reactivity of their segments with at least one of
the blend components.

Effect of the monomer content on the grafting yield

The backbone of LDPE was grafted with AA or AN
as a unity monomer. The effects of the monomer
concentrations of both AA and AN on the grafting
percentage are shown in Figure 1. Experiments were
performed in the monomer concentration range of
10-90 wt % in the solvents at an irradiation dose of
30 kGy. Most of the monomers were grafted onto
LDPE, providing a high grafting yield (i.e., 350% for
70 wt % AN and 300% for 50 wt % AA). However,
at higher monomer concentrations, a reduction of
the grafting yield was observed. This may be

TABLE I
Physicomechanical Properties of the Pure Polymers
and Uncompatibilized LDPE/PET Blends

Blend ratio Physicomechanical properties

Shore A

LDPE PET o (N/mm?) &g (%) E (N/mm? hardness
0 100 39.18 62 1900 95
25 75 35.14 210 990 83
50 50 27.12 350 860 70
75 25 17.80 520 720 60
100 0 14.50 610 500 50
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Figure 1 Effect of the AA and AN monomer concentra-
tions on the grafting yield of the LDPE powder at an irra-
diation dose of 30 kGy.

attributed to the increasing trend of side reactions,
such as chain transfer to monomers as the predomi-
nant termination process or homopolymer produc-
tion of both AA and AN.*

Physicomechanical properties

Table II and Figures 2-5 summarize the effects of
LDPE-g-AA and LDPE-g-AN grafted copolymers as
compatibilizers with various contents (3, 5, 7, and
9 phr) on the physicomechanical properties of LDPE/
PET (75/25 wt %) blends. The tested grafted copoly-
mers had an influence on the mechanical behavior
of the blends because all the mechanical properties
were improved in each case with respect to the
uncompatibilized blends. The properties increased
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up to 7 phr compatibilizer and then leveled off.
Also, all the compatibilized blends became ductile;
in particular, the ternary blend with 7 phr LDPE-g-
AA showed a high value of & in comparison with
the blend with 7 phr LDPE-g-AN. Although compa-
tibilized blends with 7 phr LDPE-g-AN exhibited
higher values of og, E, and hardness, a higher pro-
portion of the compatibilizer (i.e., 9 phr), achieved
the opposite effect. This may be attributed to the for-
mation of a third phase in the system, which desta-
bilized the phase morphology and lowered the
mechanical properties.

The variation of the mechanical data of the ternary
blends with different compatibilizers depended on
the morphologies of the blends with respect to the
size of the dispersed phase, interfacial adhesion, and
dispersion of the minority phase in the matrix. Also,
this variation depended on the chemical structure of
the tested compatibilizers, which determined the
main mechanisms of phase interaction, as discussed
later.

Equilibrium swelling

The effect of the blend composition on the equilib-
rium swelling of the uncompatibilized LDPE/PET
blends in the solvent toluene for 24 h is shown in
Figure 6. The equilibrium swelling increased with
increasing LDPE content in the composition. These
results indicated that there was no adhesion between
the two phases, suggesting the incompatibility of the
components.

The effects of the compatibilizer type and content
(i.e., 3, 5, 7, and 9 phr) on the equilibrium swelling
of LDPE/PET (75/25 wt %) are illustrated in Figure 7.
The results indicated that the addition of a compati-
bilizer to the blend decreased its equilibrium swel-
ling value in comparison with the uncompatibilized
one. This observation was perhaps due to the
enhancement of the adhesion between LDPE and
PET phases. With the increase in the compatibilizer

TABLE II
Physicomechanical Properties of the Compatibilized LDPE/PET (75/25 wt %) Blends

Blend ratio Compatibilizer Physicomechanical properties
Concentration OR €R E Shore
LDPE PET Type (phr) (N/mm?) (%) (N/mm? A hardness

75 25 — — 17.80 520 720 60
75 25 LDPE-g-AA 3 19.83 525 725 62

5 25.44 540 800 75

7 34.98 630 925 88

9 32.38 580 900 83
75 25 LDPE-g-AN 3 20.26 522 744 70

5 28.44 530 820 78

7 38.49 600 930 92

9 36.26 570 920 90

Journal of Applied Polymer Science DOI 10.1002/app
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content, the equilibrium swelling decreased up to
7 phr and then leveled off for the two tested compati-
bilizers. Also, the compatibilized blends with LDPE-
3-AN exhibited lower equilibrium swelling with
respect to those with LDPE-g-AA. This was due to
the self-reinforcing character of AN. Thus, this made
blends with LDPE-g-AN stiffer than those with
LDPE-g-AA and subsequently reduced the equilib-
rium swelling further. These results were in accord-
ance with oy, E, and hardness values (see Table II).
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Figure 4 E values of the LDPE/PET (75/25 wt %) blends
versus the compatibilizer content.

In the following, because only the type of compati-
bilizer was varied in the ternary blends, they are
characterized by the name of this component; thus, a
PE-g-AA ternary blend signifies a blend of LDPE
and PET with a weight ratio of 75/25 with 7 phr PE-
8-AA as a compatibilizer.

Blend morphology

The fractured surface and intersection of the LDPE/
PET blend with and without compatibilizers were

100

—/— PE-g-AA
—O— PE-g-AN

Hardness (Shore A)

60

50 1 I I 1
0 2 4 ] 8 10

Compatibilizer content {phr)

Figure 5 Hardness of the LDPE/PET (75/25 wt %)
blends versus the compatibilizer content.
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Figure 6 Effect of the LDPE content on the equilibrium
swelling of the LDPE/PET blends in toluene solvent.

observed by SEM to study the effects of the compati-
bilizers on the morphology. The fractured surfaces
of the blends without compatibilizers possessed a
coarse morphology [Fig. 8(a)] with a larger domain
size in comparison with the compatibilized ones.
The larger particle size, with no evidence of adhe-
sion between the matrix (LDPE) and dispersed
phase (PET), confirmed the incompatibility of the
two components, although the PE-g-AA ternary
blend [Fig. 8(b)] showed a more regular dispersion

35
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N
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Equilibrium swelling(Q)

»
T
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Figure 7 Variation of the equilibrium swelling of the
LDPE/PET (75/25 wt %) blends in toluene solvent as a
function of the compatibilizer type and content.
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Figure 8 SEM of the LDPE/PET (75/25 wt %) surfaces
with (a) 0 phr compatibilizer, (b) 7 phr PE-g-AA, and
(c) 7 phr PE-g-AN.

of PET nodules inside the LDPE matrix, a smaller
nodule size, and an improvement in interfacial adhe-
sion with respect to the PE-g-AN ternary blend [Fig.
8(c)]. The surface photographs were in line with the
intersection inspection [Fig. 9(d—f)].
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Figure 9 SEM of the LDPE/PET (75/25 wt %) intersec-
tion with (d) 0 phr compatibilizer, (e) 7 phr PE-g-AA, and
(f) 7 phr PE-g-AN.

Given the different blend morphologies, one could
qualitatively explain the mechanical properties. The
ultimate tensile properties and especially & are very
sensitive to the blend component adhesion
strength® and are routinely used to evaluate the
degree of compatibilization in polymer alloys.'® The
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improvement of the interfacial adhesion due to local-
ization of the additive at the interface and the pres-
ence of small nodules of the additive inside the
dispersed phase could explain the good values of &g
for the PE-g-AA ternary blend (see Table II). The
compatibilization performance difference between
these two compatibilizers was due to their types of
interactions with the PET segments. During melt
mixing, the compatibilizer with a polyolefinic chain
was expected to mix with LDPE. In the former case,
PE-g-AA with AA functions was linked to PET
chains by hydrogen bonding.””*® On the other hand,
in the case of the AN-containing compatibilizers, the
compatibilizing efficiency of PE-g-AN was due to
the dipolar interaction between nitrile groups of PE-
g-AN and PET segments. These kinds of interactions
were weaker than the hydrogen links. Thus, in the
case of the AA-containing compatibilizers, the dis-
persed phase was more efficiently stabilized, and
more uniform submicrometer domains were
obtained.

Thermal analyses

The effects of compatibilization on the polymer
blends were investigated by the determination of
their thermal properties.

The DSC results for the uncompatibilized and
compatibilized blends are shown in Figure 10. The
melting peaks of LDPE in the blends were actually
the same as those in the pure state. All the T, s
were about 111°C, as listed in Figure 10. These
results were easy to understand because LDPE was
the major phase in the blends. With respect to the
T,, values of the PET component, it appeared that
they were all somewhat lower than those of neat
PET (with T,, = 257°C) and dependent on the blend

LDPE/PET
R PE-g-AA
- —— PE-g-AN
2
2
- 254.22 °C
©
L N - o
_— — ~
I |"— R ~/
3 252.04°C
N\ AN L— — e e
N i ~ T
~. | 250.96°C
N
v
AN
111.03 °C \-..-’
v
1 1 1 1 1 1
50 100 150 200 250 300 350

Temperature °C

Figure 10 DSC thermogram of the uncompatibilized and
compatibilized LDPE/PET (75/25 wt %) blends.
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Figure 11 TGA thermograms of the uncompatibilized
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composition. The data in Figure 10 suggest that the
T,, value of the PET component was related to the
morphology of the blend: the smaller the PET do-
main size was, the lower its T,, value was. It was
more pronounced in the PE-g-AA ternary blend.
This result may have originated from the effect of
interfacial tension between the two phases.**

The TGA results for the uncompatibilized and ter-
nary blends are shown in Figure 11 and summarized
in Table IIl. Thermogravimetric curves (Fig. 11)
showed that thermal degradation occurred in two
stages. The TGA thermogram indicated the initial
thermodegradation temperature (T;) corresponding
to a 5-7% weight loss; after that, degradation
occurred rapidly. Tyo, T30, T50, and T7s are the tem-
peratures at which 10, 30, 50, and 75 wt % loss
occurred, respectively, and the final decomposition
temperature (Ty) corresponds to the temperature af-
ter which there was negligible weight loss. The
uncompatibilized LDPE/PET blend (75/25) showed
a T; value of 296°C. T; increased with the addition of
a compatibilizer to the system. The T; value
increased from 296 to 347°C for PE-g-AN to 383°C
for PE-g-AA ternary blends. Also, Ty for the compati-
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bilized blends was higher than that for the uncom-
patibilized blends. Ty for the PE-g-AA ternary blends
was as high as 498°C with the highest residual
weight percentage, and this indicated that this blend
was more stable than the other blends studied. The
same trend was also observed for Ty, T3y, T59, and
T7s, as observed from Table III. Thus, the compatibi-
lized blends displayed higher thermal resistance
with a higher residual weight percentage than the
uncompatibilized blends. This could be attributed to
the fact that the addition of a compatibilizer to the
system brought the stability of the dispersed phase
due to compatibilization. On the other hand, the
blends without compatibilizers tended to form a sep-
arate phase, thus destabilizing the phase morphol-
ogy and lowering the thermal stability. This initiated
degradation at a much lower temperature than
expected.” In the presence of the graft copolymer
compatibilizer (i.e., PE-g-AA), a finer dispersion and
stable morphology [Figs. 8 and 9(b,e), respectively]
were obtained, and the thermal stability increased
compared with that of the PE-g-AN ternary blends.
Thus, T; and Ty supported the idea that the compati-
bilized blends were more resistant to thermal degra-
dation than the uncompatibilized ones.

CONCLUSIONS

The compatibility of LDPE and PET is poor and can
be enhanced by the addition of compatibilizers. In
this study, LDPE/PET (75/25 wt %) polymeric
blends were modified by the addition of compatibil-
izers; that is, LDPE-g-AA and LDPE-g-AN were
prepared by the radiation-induced graft copolymer-
ization of LDPE with AA and AN monomers. The
effect of the monomer concentration (i.e., 10-90 wt
%) on the grafting yield was also studied at an irra-
diation dose of 30 kGy. The compatibilization
performance difference between these two compati-
bilizers lay in their route of interaction with the PET
segment. Ternary blends with LDPE-¢g-AA (7 phr,
300% grafting yield for 50 wt % AA) showed an
improvement in flexibility with a smooth surface
and fine dispersion, which in turn lowered T,, and
increased the thermal stability in comparison with
those compatibilized with LDPE-¢g-AN. The addition
of LDPE-g-AN (7 phr, 350% grafting yield for 70 wt

TABLE III
TGA of the Uncompatibilized and Ternary Blends

Weight-loss temperatures (°C)

Sample code Ts Tys Tso Tsg Tio T; Residual weight (%)
LDPE/PET 475 396 415 430 443 296 6.1
LDPE-g-AN 486 413 433 445 459 347 79
LDPE-g-AA 498 418 438 450 468 383 9.2

Journal of Applied Polymer Science DOI 10.1002/app
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% AN) increased the tensile properties with a sharp
decrease in the equilibrium swelling. The addition of
both compatibilizers beyond 7 phr did not improve
the mechanical properties or equilibrium swelling
any further.
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