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ABSTRACT: We attempted to introduce crosslinking into poly(butylene adipate-co-suc-
cinate) (PBAS) to improve the properties, such as the mechanical strength and elastic-
ity, by a simple addition of dicumyl peroxide (DCP). Prior to curing, the thermal
stability of PBAS was investigated. Above 170°C PBAS was severely degraded, and the
degradation could not be successfully stabilized by an antioxidant. The PBAS was
effectively crosslinked by DCP, and the gel fraction increased as the DCP content
increased. A major structure of the crosslinked PBAS was an ester and aliphatic group.
The tensile strength and elongation of PBAS were improved with an increasing content
of DCP, but there was little affect on the tear strength. The biodegradability of
crosslinked PBAS was not seriously deteriorated. A higher degree of crosslinking gave
a lower heat of crystallization and heat of fusion. However, the melt crystallization
temperatures of the crosslinked PBAS were higher than that of PBAS. © 2001 John Wiley
& Sons, Inc. J Appl Polym Sci 81: 637–645, 2001
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INTRODUCTION

The three main strategies available for the man-
agement of plastic waste are incineration, recy-
cling, and putting it in a landfill.1 In recent years
the utility of biodegradable polymers has received
much attention because of their potential impact
upon the complex issue of plastics waste manage-
ment.2,3 Aliphatic polyester is one of the most
promising structural materials for biodegradable
or compostable fibers, films, sheets, bottles, injec-
tion-molded products, and foamed sheets. How-
ever, commercial use of high molecular weight

aliphatic polyesters has been limited to polyesters
produced by microorganisms,4 ring-opening poly-
merization of lactones,5 and ring-opening polyad-
dition of cyclic dimers.6 This approach is neces-
sary because of the inherent difficulty in synthe-
sizing high molecular weight aliphatic polyesters
through the polycondensation of diols and dicar-
boxylic acids.7 Because polycondensation alone
does not produce polyesters with properties that
make them suitable for practical use as biode-
gradable plastics, it is necessary to further in-
crease the molecular weight. This can be accom-
plished through one of two methods: a polycon-
densation reaction with a multifunctional group
such as trimethylolpropane, pentaerythritol, and
diepoxide, or a coupling reaction of polyesters end
groups with a compound that possesses two of the
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more reactive functional groups in a molecule.
The initial use of an organic peroxide8 as a
crosslinking agent was reported for the first time
by Ostromislenski in 1915 for the vulcanization of
natural rubber. Since around 1950 the interest in
the industrial use of peroxides as crosslinking
agents has been increasing, partly as a result of
the introduction of saturated rubbers such as eth-
ylene-propylene monomer and silicone rubber,
which cannot be vulcanized with the usual sulfur
systems. Parallel to their application in elas-
tomers, interest is being shown in the use of per-
oxides for the crosslinking of thermoplastics, the
aim being to improve the latter’s dimensional sta-
bility at elevated temperatures and their chemi-
cal resistance. Up to now, however, the crosslink-
ing of saturated aliphatic polyesters has not been
reported. In this study we attempted to introduce
crosslinking into poly(butylene adipate-co-succi-
nate) (PBAS) to improve properties such as the
mechanical strength and elasticity by the simple
addition of dicumyl peroxide (DCP).

EXPERIMENTAL

Materials

The PBAS used in the experiment was from a
sample of SG2109 provided by SK Chemicals Co.,
Ltd. To minimize the moisture effects and hydro-
lysis, the PBAS was dried in a vacuum oven at
70°C for 12 h before use. A primary antioxidant
(Irganox 1010) and secondary antioxidant (Ir-
gafos 168) were supplied by Ciba Specialty Chem-
icals Inc. The DCP was from Nippon Oil & Fats
Co., Ltd. Chloroform and 1,1,2,2,-tetrachloroeth-
ane were from Aldrich Chemical Co. All chemicals
were used without further purification. Scheme 1
shows the chemical structure of the PBAS and
DCP.

Thermal Stability

The thermal stability of PBAS was investigated to
establish a processing temperature. The PBAS
was placed in a convection oven at four different

temperatures, and the change in the reduced vis-
cosity of the PBAS was measured with respect to
the oven residence time. The reduced viscosity of
the polymers was measured by using an Ubbelohde
viscometer in 1,1,2,2,-tetrachloroethane solvent
at 0.05 g PBAS/10 mL solvent at 25°C.

Crosslinking Behavior

Crosslinked PBAS was prepared by simple mix-
ing of DCP into PBAS in a Brabender plasticorder
(PLE331) equipped with a cam-type rotor (model
W50). The PBAS was melted at 150°C for 3 min,
then the DCP was added. A rotor speed of 40 rpm
was used, and the mixing torque change was re-
corded from the instant when the DCP was
added. The crosslinked samples were extracted by
chloroform using a Soxhlet extractor. The poly-
mers were weighed and then extracted for 24 h.
Prior to the final weighing, the samples were
dried in a vacuum at 70°C for 24 h. The gel frac-
tion was calculated as the weight of the dried
extracted samples divided by the original sample
weight. The solid-state 13C-NMR spectra of the
PBAS and extraction residual of PBAS cured by 4
phr DCP were obtained using a Varian Unity
Inova 300WB.

Mechanical Properties

The PBAS was compounded with DCP in a Bra-
bender Plasticorder at 115°C and subsequently
compression molded into a sheet (0.25 6 0.02 mm
thickness) using a hydrodynamic press at 150°C.
Tensile and tear tests were performed on an In-
stron model 4465. We used KS procedures for
measuring the tensile strength, elongation at
break, and tear strength (KS M 3503) of PBAS
and DCP cured PBAS.

Thermal Properties

Thermogravimetric analysis (TGA) was adminis-
tered to 10 3 1 mg samples under a nitrogen flow
at a heating rate of 10°C/min on a Perkin–Elmer
thermal analysis instrument (TGA 7). The calori-
metric measurements were carried out on a Per-
kin–Elmer Pyris 1 differential scanning calorim-
eter (DSC) operating under a nitrogen flow. The
samples were first heated at a rate of 10°C/min
from 30 to 120°C and held at this temperature for
5 min to allow the complete melting of the crys-
tallites. Then the samples were cooled at a rate of
10°C/min from 130 to 0°C. The values of the crys-
tallization temperature Tc and enthalpy of crys-

Scheme 1 The chemical structures of PBAS and
DCP.
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tallization DHc were calculated during these cool-
ing runs. The samples were then heated to 120°C
at 10°C/min and the results of the melting tem-
perature Tm and enthalpy of melting DHf refer-
ring to these traces were reported.

Enzymatic Degradation

Compression molded films of poly(ethylene
terephthalate) (PET), PBAS, and crosslinked
PBAS were degraded at 37°C in phosphate buffer
solution (pH 7). Film samples (45 6 2 mm thick-
ness, 6.2-mm diameter) were introduced into
small bottles containing 2 mL of buffer, and then
4 mL of a solution of lipase from Rhizopus arrhi-
zus (200 U) was added. The enzymatic hydrolysis
was carried out for 48 h. After filtration (0.2-mm
membrane filter), a small amount of 1N hydro-
chloric acid was dropped onto the filtrate. The
water-soluble total organic carbon (TOC) concen-
tration in the filtrate was measured as an indica-
tion of the biodegradability with a Shimadzu 500
TOC analyzer. As controls, the TOC value for the
enzyme itself was measured under the same con-
dition. The TOC data were the average of three
measurements and were corrected appropriately
with the blank levels.

RESULTS AND DISCUSSION

Thermal Stability

If a polymer is thermally degraded in the course
of processing, the mechanical properties of the
end products will be deteriorated. Thus, it is im-
portant to measure the thermal stability of a poly-
mer and set up the processing temperature win-
dow. Figure 1 shows the change in the reduced
viscosity of PBAS as a function of the oven resi-
dence time.

At 170°C there was little change in the reduced
viscosity of PBAS, but above 170°C the reduced
viscosity was decreased as the oven residence
time increased and the higher the temperature,
the higher was the slope. This meant that poly-
mer degradation rapidly occurred above 170°C.
An antioxidant could not entirely stabilize the
degradation. This result may have been due to the
following. Scheme 2 shows the three decomposi-
tion modes of the polyester.8 Hydrolytic degrada-
tion of polyester is due to water, and the carbox-
ylic acid group formed on the hydrolysis of the
ester group catalyzes the degradation reaction. In
this study the PBAS was dried in a vacuum oven

at 70°C for 12 h before use, and so hydrolytic
degradation could be disregarded.

A second degradation route is by the oxidation
mechanism developed originally by Bolland and
Gee.9,10 It is generally assumed that primary rad-
icals are formed through the action of heat or
through the combined actions of heat and me-
chanical stress. The fixation of an oxygen mole-
cule onto a carbon atom centered free radical is
generally a very fast reaction if the concentration
of oxygen in the polymer is sufficient. It rapidly
transforms alkyl radicals (P z) into peroxy radicals
(PO2 z). A primary antioxidant stabilizes alkyl
radicals and peroxy radicals and inhibits the
propagation reaction. A secondary antioxidant de-
composes hydroperoxides without intermediate
formation of free radicals. Commonly, primary
and secondary antioxidants are mixed and used
for their synergistic effect. However, in this study
the PBAS was severely degraded at 210°C and
degradation could not be successfully stabilized
by an antioxidant. This was because thermal de-
composition is concerned with degradation. As
shown in Scheme 2, Plage and Schulten11 re-
ported that polyester forms a six-membered cyclic
transition state and b hydrogen is transferred to
oxygen to yield carboxylic and vinyl end groups.
That is to say, although the PBAS in this exper-
iment was degraded through thermal oxidation

Figure 1 The change in the reduced viscosity of
PBAS with respect to the oven residence time. AO 0.4,
PBAS with 0.2 phr primary antioxidant and 0.2 phr
secondary antioxidant.
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and thermal decomposition, antioxidants were
only involved in the thermal oxidation. Thus, they
could not entirely stabilize the degradation. Con-
sequently, the processing temperature of PBAS
should not be over 170°C.

Crosslinking Behavior

In order to be suitable for technical applications,
a peroxide crosslinking agent must fulfill a num-
ber of conditions.8 There are a number of major
requirements. It must be safe to handle during
transportation, storage, and processing. The na-
ture of its decomposition products must be such
that rapid crosslinking takes place at the desired
temperature without a tendency to premature
crosslinking (prevulcanization, scorch). It should
react in such a way that crosslinking is the only
modification to the polymer that occurs. According
to the chemical structure, organic peroxides can be
subdivided into hydroperoxides (ROOH), alkyl per-
oxides (R1OOR2), peroxyesters (R1OACOOR2),
and diacyl peroxides (R1OACOOCAOR2). They
have various decomposition temperatures and the
range commences at a temperature below 0°C and
finishes at nearly 200°C. DCP is one of the alkyl
peroxides and its decomposition temperature is
approximately 170°C. For polymers melting at
100–120°C, DCP is the most suitable.12 Figure 2

shows the change in the Plasticorder torque with
time when DCP was added to the PBAS.

A slight decline in the beginning was due to
melting of the solid DCP. After 30–40 s the
torque was rapidly increased and the higher the
DCP content, the higher were the torque values.
This meant that PBAS was effectively crosslinked
by the simple addition of the organic peroxide

Scheme 2 The hydrolytic, thermal, and thermooxidative degradation of polyester.

Figure 2 Brabender plastograms for PBAS as a func-
tion of the DCP content (150°C, 40 rpm).
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DCP. The gel fraction of crosslinked PBAS with
respect to the DCP content is shown in Figure 3.

The gel fraction was increased as the content of
DCP increased, and the range was 20–69%.
Above 5 phr no change was seen. Takashima and
Nakayama13 reported that the gel content of poly-
ethylene (PE) crosslinked by 2 phr DCP at 140–
180°C and then extracted by xylene was 80–90%.
Comparing our results with Takashima and Na-
kayama’s report, the PBAS showed a relatively
lower gel content than PE. The possible justifica-
tions are as follows. First, PBAS may have fewer
crosslinking sites than PE. The crosslinking reac-
tions by DCP are as follows14:

(1)

(2)

(3)

CH3z 1 PH 3 CH4 1 Pz (4)

2Pz 3 POP (crosslinking) (5)

DCP cleaves thermally to produce two cumyloxy
radicals [reaction (1)] that abstract hydrogen at-
oms from the polymer chains [reaction (2)], and a
cumyloxy radical can also lead to the formation of
a methyl radical and a phenylmethyl ketone [re-
action (3)]. The methyl radical is likewise able to
abstract hydrogen [reaction (4)]. Then these poly-
mer radicals couple to crosslink. Considering this
crosslinking mechanism, it was anticipated that
PBAS had a lower content of the methylene group
in the main chain than PE. These relatively few
crosslinking sites made it difficult to crosslink.
Second, the polymer–solvent solubility parameter
deference could be involved. This difference was
one of the possible reasons for the gel content gap
between DCP cured PE and PBAS.

On the other hand, a major attraction of ali-
phatic polyesters is their biodegradability and
this comes from ester groups in the polymer main
chain. If the ester groups of PBAS were broken
down in the course of crosslinking, the biodegrad-
ability would be deteriorated. Figure 4 shows sol-
id-state 13CNMR spectra of PBAS and an extrac-
tion residual of PBAS cured by 4 phr DCP
(EXXPBAS4d). The ester group carbon resonance
at 173.7 ppm in spectrum a and those in spectra
b–e at 28.6, 66.1, 25.9, and 34.8 ppm, respec-
tively, were obtained.15 However, there was no
trace of resonance at 95–100 ppm. This result
may explain that the basic structure of
crosslinked PBAS consisted mainly of ester and
aliphatic groups.

Mechanical Properties

One of the main purposes of this study was to
improve the mechanical strength of aliphatic
polyesters produced by crosslinking. Hence, we
compared the tensile and tear properties of
crosslinked PBAS with that of the unreacted poly-
mer. Table I shows the tensile strength, elonga-
tion, and tear strength of PBAS and PBAS cured
by DCP with respect to the DCP content. As we
can see in the table, the higher DCP content
caused the higher tensile strength and elonga-
tion. Nielsen16 and Flory17 illustrated the effect of
molecular weight on the tensile strength of poly-
mers as following equation:

sb 5 A 2 B/Mn

where Mn is the number-average molecular
weight and A and B are constants. At very low
molecular weights, the tensile stress to break (sb)

Figure 3 The effect of the DCP content on the gel
percent of PBAS crosslinked in a Brabender plasti-
corder at 150°C.
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was near zero. As the molecular weight increased
the tensile strength rapidly increased, then grad-
ually leveled off. Because a major point of weak-
ness on the molecular scale is the chain ends,
which do not transmit the covalent bond strength,
it is predicted that the tensile strength also
reaches an asymptotic value at infinite molecular
weight. In our study the number of chain ends
was not reduced because the molecular weight of
the polymer was increased by crosslinking, not by
polymerization. However, supposing that two
polymer chains of the same molecular weight are
crosslinked by DCP to produce one crosslinking
point, a molecule is made and the far off end to
end distance is increased, although the number of
chain ends is four. As a result, the number-aver-

age molecular weight is double what it was be-
fore. Accordingly, it is supposed that the molecu-
lar weight augmentation by curing enhanced the
tensile properties. On the other hand, the tear
strength was not affected by crosslinking.18 We
guessed that the tear strength of a polymer
mainly depends on the basic chemical structure of
the polymer, not the molecular weight or
crosslinking.18

Thermal Properties

The thermal properties such as the crystalliza-
tion, melting, and thermal degradation tempera-
tures of the polymer would give useful informa-
tion for processing and service temperatures.

Figure 4 Solid-state 13C-NMR spectra of PBAS and an extraction residual of PBAS
cured by 4 phr DCP (EXXPBAS4D).

Table I Mechanical Properties of PBAS and Crosslinked PBAS with
Respect to DCP Content

Materials
Tensile Strength

(kgf/cm2)
Elongation

(%)
Tear Strength

(kgf/cm)

PBAS 179 275 181
PBAS 1 0.5 phr DCP 183 254 181
PBAS 1 1 phr DCP 237 368 180
PBAS 1 2 phr DCP 231 412 184
PBAS 1 3 phr DCP 235 458 186
PBAS 1 4 phr DCP 243 528 191
PBAS 1 5 phr DCP 256 486 194
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Therefore, the polyester was studied with thermo-
gravimetric (TGA) and differential scanning cal-
orimetric (DSC) analysis. Figure 5 shows TGA
thermograms of PBAS and crosslinked PBAS.
The degradation temperature (temperature of
maximum weight loss rate) for the PBAS was
435°C. The DCP content appeared to have a slight
enhancing effect. The degradation temperature of
the crosslinked PBAS was in the 440–450°C
range.

Plage and Schulten11 proposed that polyester
forms a six-membered cyclic transition state and
the b hydrogen is transferred to oxygen to yield
carboxylic and vinyl end groups. If this scission is
continued, PBAS may be degraded to butadiene,
adipic acid, and succinic acid. Assuming the poly-
ester was degraded like their assumption, the
molecular weight and vaporizing temperature of
the degradation products of crosslinked PBAS
would be expected to be higher than that of PBAS.
On that account, we think that the degradation
temperature of the crosslinked PBAS shifted to a
slightly higher temperature range.

Figures 6 and 7 show DSC thermograms for
cooling and heating runs of PBAS and PBAS
cured by DCP, respectively. The Tc and DHc are
summarized in Table II.

It is general knowledge that the crystallinity of
a polymer is decreased with the introduction of
crosslinking. Albertsson and Eklund19 studied
the copolymerization of adipic anhydride with

1,2,7,8-diepoxyoctane (DEO) as a curing agent.
The percent gel fraction of the crosslinked copoly-
esters increased to 95 wt % with increasing the
amount of DEO to 20 mol %, and these
crosslinked polymers showed crystallinity. How-
ever, no crystallinity could be detected at DEO
contents over 20 mol %. In our work the crystal-
linity was present in both the crosslinked PBAS
and the extracted sample. This indicated that the
crosslinking density of PBAS cured by DCP was
low and polymer chains had enough mobility to
crystallize.

Although the crystallization temperature of
PBAS was 55.9°C, that of crosslinked PBAS

Figure 5 TGA thermograms of PBAS and crosslinked
PBAS.

Figure 6 DSC thermograms for cooling runs of PBAS
and PBAS cured by DCP.

Figure 7 DSC thermograms for heating runs of
PBAS and PBAS cured by DCP.
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jumped to 68.7°C with increasing DCP content up
to 1 phr and then gradually decreased in the
cooling run. The crystallization temperature of
crosslinked PBAS probably increased because of
some substances acting as nucleating agents.
Jensen8 insisted that so-called spontaneous nu-
cleation (i.e., nucleation without the intentional
introduction of a nucleating agent) is generally
believed to be due to a foreign substance such as
catalyst residues, oxidatively degraded polymer,
or other processing-determined impurities whose
physicochemical nature is relatively unknown.
The nucleating agent should be wetted or ab-
sorbed by the polymer and should be homoge-
neously dispersed in the polymer in as fine a form
as possible. Based on this work, it may be possible
that a by-product of the curing reaction or
crosslinking point could act as an impurity that
could initiate crystallization. In the meantime,
the melting temperature and heat of fusion of the
crosslinked PBAS was lower than that of PBAS in
the heating scan. This intimated that the size and
perfectness of the cured PBAS crystals were rel-
atively low because crosslinks restricted chain
motions.

Biodegradability

In the present work we investigated the effect of
crosslinking on the enzymatic degradation behav-
ior. Accelerated degradation was carried out with
PBAS of various contents of the DCP curing
agent. The biodegradability of these polymers
was evaluated by measurement of the TOC values
and comparing them with PET (Fig. 8).

Biodegradability of polyesters is highly depen-
dent on the glass-transition temperature, crystal-
linity,20–25 and the balance between hydrophilic
and hydrophobic groups26–29 in the backbone.
PET shows low biodegradability because of its
high glass-transition temperature and low chain

mobility attributable to the rigid aromatic group.
This is the reason why most of the biodegradable
polyesters are aliphatic. As we can see in Figure
8, the biodegradability of PBAS was much higher
than PET and that of crosslinked PBAS was sim-
ilarly readily biodegraded. This was because the
crosslinked PBAS still consisted of ester and ali-
phatic groups. A slight decrease in the TOC was
observed at high DCP content, which was due to
the increase in the molecular weight.

CONCLUSION

Above 170°C the PBAS was severely degraded
and degradation could not be successfully stabi-

Table II Thermal Properties of PBAS and Crosslinked PBAS

Material PBAS

PBAS

0.5 phr DCP 1 phr DCP 2 phr DCP 3 phr DCP 4 phr DCP 4DEXa

Tc (°C) 55.9 67.9 68.7 67.8 66.8 64.8 63.9
DHc (J/G) 259.3 249.2 246.2 245.2 249.4 249.7 238.5
Tm (°C) 89.9 86.9 87.0 86.3 86.5 85.0 86.6
DHf (J/g) 48.8 51.7 46.6 44.6 42.5 39.1 42.1

a The extraction residual of PBAS cured with 4 phr DCP.

Figure 8 The change of the total organic carbon
(TOC) in the enzymatic hydrolysis of PET, PBAS, and
crosslinked PBAS. AS05D, PBAS cured with 0.5 phr
DCP; AS1D, PBAS cured with 1 phr DCP; AS2D, PBAS
cured with 2 phr DCP; AS3D, PBAS cured with 3 phr
DCP; AS4D, PBAS cured with 4 phr DCP.
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lized by an antioxidant. Thus, the processing tem-
perature of PBAS should not be over 170°C. The
PBAS was effectively crosslinked by DCP, the gel
fraction increased as the DCP content increased,
and the basic structure of the crosslinked PBAS
was mainly ester and aliphatic groups. The ten-
sile strength and elongation of PBAS were im-
proved with increasing DCP content, but the tear
strength was little affected. The degradation tem-
perature of the crosslinked PBAS found by TGA
measurement shifted to a slightly higher temper-
ature range than PBAS. The crystallinity was
present in both the extracted and nonextracted
samples of crosslinked PBAS, and it could be due
to low crosslinking density. The crystallization
temperature of the crosslinked PBAS probably
increased with the help of a substance produced
in the course of crosslinking, which acted as nu-
cleating agent. The enzymatic biodegradability of
crosslinked PBAS was maintained.
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