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Abstract
This paper reports on the eﬀects of hygrothermal aging at 70 (C in water, and at 80% relative humidity, on the molar mass and
thermal properties of recycled poly(ethylene terephthalate) and its short glass ﬁbre composites.
During the initial period of exposure, water uptake increases linearly with the square root of time and apparent diﬀusivity
decreases as ﬁbre content increases and as relative humidity decreases. Samples exposed to 80% RH reach an equilibrium water
content, while samples immersed in water do not. Composites absorb more water than expected on the basis of matrix sorption
behaviour, thus suggesting that other mechanisms, like capillarity and/or transport by microcracks, are active.
The observed molar mass decrease has been successfully modelled as a pseudo ﬁrst-order reaction whose rate constant depends
on the humidity conditions.
Due to a chemicrystallization process the crystallinity of rPET and its composites increases during aging. The glass transition
temperature, as measured on the second DSC scan, depends on the number-average molar mass reached during hygrothermal aging.
Ó 2004 Elsevier Ltd. All rights reserved.
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1. Introduction
Poly(ethylene terephthalate) (PET) separation from
municipal wastes represents one of the most successful
examples of polymer recycling. In 2000, 187.4 ktons of
PET were recycled in Europe, and most of them
(70 ktons) in Italy [1]. In fact, as a result of the diversity
of its applications in large volume products such as
ﬁbres, yarns, ﬁlms, and bottles, the total consumption of
PET is comparable to that of commodity polymers [2].
Due to the possible loss of properties induced by
reprocessing [3e11], recycling is usually based on the
reutilization of the recovered PET for production of
articles having less demanding performance requirements than the original products (mostly ﬁbres) [12e14].
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On the other hand, the availability of large amounts of
recycled poly(ethylene terephthalate) (rPET) is stimulating an in depth investigation of the properties of new
products based on it. The most challenging opportunity
is a possible usage of rPET for highly demanding
applications, for which virgin reinforced PET is already
used, like windshield wiper arms, brake systems, motor
end frames, microswitches, coil formers, lamp sockets,
oven handles, iron skirts, etc [15]. In most engineering
applications a key point for a successful use of a polymeric material is the knowledge of how a given property
changes with selected environmental variables. In the
case of thermoplastic polyesters, such as poly(butylene
terephthalate) (PBT) and PET (or rPET), an important
feature is the stability of the material in the presence of
water. Several studies have been published on the
hygrothermal behaviour of PBT and its short glass ﬁbre
composites [16e22] and of virgin PET [23e31] but, to
our knowledge, quite limited information is available on
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the hygrothermal stability of PET (or rPET) glass ﬁbre
composites under accelerated aging conditions [32,33].
On the other hand, a large amount of literature
information is available on the hydrolytic degradation
of PET (and rPET) during processing, i.e. in the molten
state [3e11], or at the high temperature and pressure
conditions adopted for chemical recycling by hydrolytic
depolymerisation [34e40].
The aim of this paper is to report on the eﬀects of
hygrothermal aging at 70 (C in water or at 80% relative
humidity on the molar mass and thermal properties of
recycled poly(ethylene terephthalate) and its short glass
ﬁbre composites.

2. Experimental
2.1. Materials and processing
Recycled poly(ethylene terephthalate) (rPET) pellets
(density ISO 1183(A): 1.328 g/cm3; MVR ISO 1133 Z
115 ml/10 min; intrinsic viscosity ISO 1628-5 Z 0.70 dl/g)
were produced by Eco Selekta Europa Srl (Salorno-BZ,
Italy) starting from beverage bottles recovered from
municipal wastes and crushed into ﬂakes. Tests of
contaminants performed on rPET ﬂakes in accordance
with UNI 10667 standard, indicated the presence of about
40 ppm of PVC and less than 20 ppm of polyoleﬁns,
respectively. Chopped strand E-glass ﬁbres type 952,
produced by Saint GobaineVetrotex, were used as
reinforcing agents in percentages of 15 and 30 by weight
(samples rPETe15GF and rPETe30GF, respectively).
All components, i.e., rPET, nucleating agent, and short
glass ﬁbres were mixed in a single screw extruder (model
EEGT/35/L-D36/ESI) working at 160 rpm and at temperatures in the range 280e310 (C. The pellets produced
were used for feeding a Sandretto injection moulding
machine, model 310/95, (average barrel temperature
range: 270e300 (C; injection pressure: 20 MPa; mould
temperature: 130 (C) to obtain rectangular test bars
(length: 127 mm; width: 12.7 mm; thickness: 3.3 mm).
Before melt processing all components were carefully
dried at temperatures in the range 100e130 (C for at
least 4 h in order to reduce their hydrolytic degradation
during processing.
2.2. Conditioning of specimens
After moulding, all samples were conditioned for three
months under laboratory conditions (23 (C, 40% RH)
until a constant weight was reached. The initial water
content of samples reported in Table 1 was determined by
evaluating their mass loss after drying at 120 (C under
vacuum for 84 h. These annealing conditions have been
proven to be suitable to completely remove the excess of
water from a 3.2 mm thick plate [41].

Table 1
Water content of samples before hygrothermal aging treatments
Material

Water content (wt%)

Water content
related to matrix
weight fraction (wt%)

rPET
rPETe15GF
rPETe30GF

0.192 G 0.004
0.176 G 0.004
0.156 G 0.001

0.192 G 0.004
0.207 G 0.004
0.223 G 0.002

Specimens were then hygrothermally aged at 70 (C
under two diﬀerent conditions, i.e. (i) exposure to
a humid environment (80% RH), and (ii) direct
immersion in water (100% RH). The ﬁrst condition
was achieved by an ATS-FAAR mod. CU/220-35
humidostatic chamber set at 70 (C and 80% relative
humidity. In the second condition, the specimens were
totally immersed in a large surplus of distilled water
(about 40 g of material per litre of water) at 70 (C in
a Grant W38 thermostatic bath.
The aging was followed up to 24 weeks for condition
(i) and 37 weeks for condition (ii). At each follow-up
time, part of the samples were removed from the
degradation medium, quickly wiped and weighed on
a Mettler balance with an accuracy of 0.1 mg in order to
assess their mass variation. The water content Mt at any
time t was calculated as:
Mt ð%Þ ¼

Wt  W0
W0

where W0 and Wt denote specimen weights prior and
after aging exposure, respectively.
After hygrothermal exposure, samples returned to
their original weight when dried, thus showing no mass
losses (dissolution or migration) during aging.
2.3. Sample characterization
Molar mass was determined by means of viscometric
measurements performed at 25.0 (C in an Ubbelohde
viscometer (type 1C) on diluted dichloroacetic acid/
polymer solutions. All solutions were stirred for 45 min
at 100 (C in order to obtain a complete dissolution of
rPET specimens in the selected solvent. The relationship
between intrinsic viscosity (IV in dl/g) and the numberaverage molar mass (Mn in g/mol) under this condition
is given by the following MarkeHouwink equation [42]:
IV ¼ 6:7!103 M0:47
n

ð1Þ

Diﬀerential scanning calorimetry (DSC) measurements
were conducted with a Mettler DSC 30 calorimeter. A
ﬁrst heating ramp from 0 (C up to 300 (C was followed
by a cooling stage from 300 to 0 (C and by a second
heating ramp up to 300 (C. Both heating and cooling
rates were ﬁxed at 10 (C/min and all tests were
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square root of time. Each data point represents the
average of three experimental results. First of all, it is
worthwhile to note that while specimens exposed to
a relative humidity of 80% reach their equilibrium water
content, samples immersed in water do not. During the
initial period of exposure, water uptake increases linearly
with the square root of time: as expected, the apparent
diﬀusivity decreases as ﬁbre content increases and as
relative humidity decreases. A diﬀusion coeﬃcient, D, can
be obtained by supposing a Fickian behaviour according
to the following formula [44]:
(
"
!#)
2
N
8X
1
Dð2mC1Þ p2 t
M t ¼ MN 1  2
exp 
p m¼0 ð2mC1Þ2
h2

conducted in nitrogen ﬂushing at 150 ml/min. The
crystallinity content was assessed by integrating the
normalized area of the melting endothermic peak and
ratioing the heat involved to the reference value of
a 100% crystalline PET (140.2 J/g) [43]. All tests were
conducted on humid specimens.
3. Results and discussion
3.1. Water uptake
As reported in Table 1, the initial equilibrium water
content of samples before hygrothermal aging decreases
as the ﬁbre content increases, as expected. However, if
these values are referred to the matrix content of samples
(see Table 1), the water percentage is found to increase
slightly with the ﬁbre content, thus indicating that the
presence of ﬁbres inﬂuences the equilibrium water content
under laboratory conditions. Jabarin and Logfren [23]
reported equilibrium values for the water uptake of a thin
(about 25 microns) amorphous PET ﬁlm at 23 (C in the
range 0.3e0.7%, depending on the relative humidity. The
lower values obtained in this study can be explained by
taking into account the fact that rPET sample has an
initial crystallinity content of about 30% (see Section 3.3)
and that water diﬀuses preferentially into the amorphous
regions of the polymer [27e29]. Fig. 1 shows the moisture
absorption for rPET and its composites at 70 (C, during
exposure at 80% RH and 100% RH, as a function of the

ð2Þ
where h is the thickness of the sample and MN is the
equilibrium sorption attained theoretically after inﬁnite
time.
At short times, and for ðDt=h2 Þ > 0:05, Eq. (2)
reduces to [16]:
rﬃﬃﬃﬃﬃﬃ
Mt
4
Dt
¼ pﬃﬃﬃ
ð3Þ
MN
p h2
Since samples immersed in water do not reach an
equilibrium water content within the exposure period,
values of D and MN can be evaluated only for samples
exposed to 80% RH (see Table 2). The value of
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Fig. 1. Water uptake as a function of the square root of aging time for rPET and its composites.
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transport in microcracks [16,20e22], are active when
composites are immersed in water.

Table 2
Diﬀusivity, D, and equilibrium moisture content, MN, of rPET and its
composites at 70 (C and 80% RH
Material

D (!1012 m2/s)

MN (wt%)

rPET
rPETe15GF
rPETe30GF

2.5
2.1
1.4

0.476
0.373
0.341

3.2. Molar mass
Number-average molar mass values as a function of
time are reported in Fig. 3a for rPET hygrothermally
aged at 70 (C and 80% or 100% RH. As expected,
rPET shows a molar mass decrease during aging with
a rate depending on the relative humidity conditions, in
agreement with literature results obtained on amorphous PET [24,25]. In a steric exclusion chromatography study of the hydrolysis process of PET in boiling
water, Launay et al. [29] concluded that the numberaverage molar mass tends towards an asymptotic value
of about 2000 g/mol. The authors explained this result
by considering the fact that water diﬀuses only in the
amorphous regions and, consequently, the crystalline
fraction is insensitive to hydrolysis. Therefore one
expects that the residual polymer, after complete
degradation of the amorphous phase, is composed of
chains of length equal to the crystalline lamellae
thickness [45]. In the present study Mn reached
a minimum value of about 4200 g/mol and therefore
we may assume that the hydrolysis does not reach its
maximum possible conversion within the observed aging
time. In Fig. 3b the molar mass is reported as a function
of water uptake. It can be observed that the molar mass
is not unequivocally related to the water content, since
the same molar mass can be reached for diﬀerent
amounts of absorbed water. This suggests that the
polymer chain degradation is related to both variables,
i.e. the water content and the time of exposure. In fact, it

1:4!1012 m2 =s obtained for rPETe30GF is in good
agreement with the value of 2:2!1012 m2 =s reported by
Bastioli et al. [32] for long glass ﬁbre reinforced virgin
PET immersed in water at 67 (C. Moreover, the trend
observed in this study for the eﬀect of ﬁbre content on
the water sorption kinetics is consistent with the results
reported by Ishak et al. [16,20,22], who investigated the
behaviour of PBT and its short glass ﬁbre composites.
The water sorption curves reported in Fig. 1 for the
samples immersed in water indicate that during initial
exposure (up to 70 days) the absorbed water is lower as
ﬁbre content increases. From this period onwards an
inversion of this trend can be observed with a higher
absorption for composites with respect to rPET matrix.
It is quite interesting to evaluate the amount of absorbed
water normalized to the matrix content of the composites. In fact, by assuming that the glass ﬁbres do not
absorb moisture, and that diﬀusion in polymer matrix is
the only mechanism of moisture penetration, sorption
data of various samples should lie on the same curve for
a given humidity condition. As reported in Fig. 2 this
trend is reasonably well followed by the samples
hygrothermally aged at 80% RH but not for the
samples exposed to 100% RH. Consequently we may
assume that other mechanisms, like capillarity and/or
4.0
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Fig. 2. Water uptake referred to matrix weight fraction as a function of the square root of aging time for rPET and its composites.
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Fig. 3. Number-average molar mass as a function of (a) aging time, (b) water uptake.

is interesting to observe that the degradation curves
overlap if plotted as a function of the product of
exposure time and the corresponding water uptake (see
Fig. 4).
The average number of random chain scissions per
unit mass, nt , is given by [27,28]:
1
1

Mn Mn0

ð4Þ

11000
10000
9000

Mn (g/mol)

nt ¼

Mn0 and Mn being the number-average molar masses of
the polymer at zero and time t during degradation. As
reported in Fig. 5, the number of chain scissions increases almost linearly in time for both humidity conditions up to 20 weeks of exposure, and then accelerates
for sample immersed in water. This acceleration could
be related to an increase of hydrophilicity or autocatalysis during the hydrolysis, as reported by other authors
[24e28]. Ravens and Ward [46] suggested that the bulk
hydrolytic chain scission of PET is autocatalysed by the
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Fig. 4. Number-average molar mass as a function of the product of aging time and the water uptake.

238

A. Pegoretti, A. Penati / Polymer Degradation and Stability 86 (2004) 233e243

0.15
rPET

80% RH

rPET

100% RH

nt (mol/kg)

0.10

0.05

0.00
0

5

10

15

20

25

30

35

time (weeks)
Fig. 5. Average number of random chain scissions per unit mass for rPET exposed to 80% or 100% relative humidity.

carboxylic acid end groups. The process of hydrolytic
degradation of poly(lactic acid) (PLA) and related
aliphatic polyesters have been successfully modelled by
Pitt and co-workers [47,48] as an autocatalytic process,
whose overall rate equation can be written as:
d½COOH
¼ k½COOH½H2 O½E
dt

ð5Þ

where ½COOH, ½H2 O and ½E are the concentrations in
mol/kg of carboxylic end groups, water and ester groups
in the polymer, respectively. As long as the extent of
chain cleavage remains small, both ½H2 O and ½E can be
assumed constants and Eq. (5) simpliﬁes to the
following pseudo ﬁrst-order relationship:
d½COOH
¼ kH ½COOH
dt

ð6Þ

where kH ¼ ½H2 O½E. The integrated form then describes the change in the carboxylic end group concentration with time:
½COOH ¼ ½COOH0 expðkH tÞ

ð7Þ

that can be also written as:
ln

½COOH
¼ kH t
½COOH0

ð8Þ

In the case of poly(3-caprolactone) [47] and various
poly-DL-lactic acid copolymers [48] the kinetic expression given by Eq. (8) was found to hold surprisingly well
for an extended degradation period, during which Mn
decreased to less than 10% of its initial value.

Considering that the average concentration, [b], of
the chain ends can be estimated as [27]:
½b ¼

2
Mn

ð9Þ

and that the chain ends consist of the same amount of
COOH and OH groups, we can estimate the carboxylic
end groups concentration [COOH] as:
½COOH ¼

1
Mn

ð10Þ

Eq. (8) can be now rewritten in the following form:
ln

Mn
¼ kH t
Mn0

ð11Þ

As represented in Fig. 6, such a kinetic relationship
appears to be followed reasonably well by rPET for both
humidity conditions considered in the present study. It is
quite interesting to observe that the slope kH of the ﬁtting
lines increases as the aging humidity level increases, as
expected from its dependence on the water concentration.
The presence of ﬁbres does not change the degradation
rate of the rPET matrix. In fact, as reported in Table 3,
intrinsic viscosity (and, consequently, the number-average molar mass), measured on ﬁltered solutions of samples hygrothermally aged in water for 20 weeks, is
found to be practically independent of the ﬁbre presence.
3.3. Thermal behaviour
Typical DSC thermograms representing ﬁrst heating,
cooling, and second heating of unaged rPET are
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Fig. 6. Semi-logarithmic plot of the number-average molar mass for rPET as a function of time of exposure at 80% or 100% relative humidity.

chain segments that become suﬃciently free to ﬁnd
a spatial rearrangement into the crystalline phase. It is
worth noting that, when hygrothermal history is erased
by ﬁrst DSC scan and subsequent cooling at controlled
rate, the crystallinity content increases on aged samples.
This is evidenced by the cross symbols in Fig. 9 that
refer to the crystallinity content as determined during
the second DSC heating on rPET specimens hygrothermally aged in water. A possible explanation of this
behaviour could be based on the consideration that
a molar mass decrease generally favours the chain
mobility and their possibility to arrange in an ordered
habit (i.e. to crystallize).

Ist heating

0.5 W/g

reported in Fig. 7. Thermograms of the composites are
quite similar and not reported. During the ﬁrst heating,
a glass transition (Tg ) and two endothermic melting
peaks are detectable. The ﬁrst small endothermic peak is
related to the presence of a commercial nucleating agent
dispersed in polypropylene, while the second endothermic peak is associated with the melting of the crystalline
phase of rPET. No exothermic crystallization peak is
observed, thus conﬁrming that the material is fully
crystallized after moulding. As clearly shown in Fig. 8,
the temperature of the melting peak of rPET and its
composites is not aﬀected by the investigated hygrothermal treatments. However, the area under the
endothermic peak increases steadily during aging for
all samples, thus indicating the presence of a crystallization process favoured by temperature, by the plasticising
eﬀect of water, and by the reduction of molar mass (see
Fig. 9). Such a phenomenon, known as chemicrystallisation, has been previously reported on virgin PET
[25,27,28] and widely observed even on biodegradable
semicrystalline aliphatic polyesters [49e55]. This process
can be explained by considering that chain scission in
the amorphous phase may release previously entangled

cooling

Table 3
Eﬀect of ﬁltration on the intrinsic viscosity and number-average
molecular weight for materials aged in water at 70 (C for 20 weeks
Material

IV (dl/g)

Mn ( g/mol)

rPET
Filtered rPET
Filtered rPETe15GF
Filtered rPETe30GF

0.408
0.406
0.407
0.409

6270
6200
6230
6300

IInd heating

0

50

100

150

200

250

300

temperature (°C)
Fig. 7. DSC thermograms obtained during the ﬁrst heating, cooling,
and second heating of unaged rPET sample.
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Fig. 8. Melting temperature of rPET and its composites during aging at 80% or 100% RH.

As the hygrothermal exposure proceeds, an endothermic peak related to the evaporation of the absorbed
water, overlaps the glass transition signal, which is no
longer detectable (see Fig. 10). On the other hand, glass
transition is always detectable during the second heating
run, since the material is completely dry during the ﬁrst
DSC scan. As shown in Fig. 11a, the glass transition

values detected during the second heating in the DSC
chamber are clearly decreasing during the time of
exposure at 80% or 100% RH. Since both thermal
history and humidity content are erased during ﬁrst
DSC scans and subsequent cooling, the observed trend
can be related to the molar mass dependence of Tg . The
dependence of Tg on the number-average molar mass

crystallinity content, Xc (wt%)
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Fig. 9. Crystallinity content of rPET and its composites during aging at 80% or 100% RH.

35

A. Pegoretti, A. Penati / Polymer Degradation and Stability 86 (2004) 233e243

can be expressed according to the equation proposed by
Fox and Flory [56]:

unaged

Tg ¼ TN
g 
0.2 W/g

4 weeks at 100%RH

24 weeks at 100%RH

20

241

40

80

60

100

120

temperature (°C)
Fig. 10. Eﬀect of water sorption during aging on the DSC thermograms in the glass transition region for rPET sample.

K
Mn

ð12Þ

where K is a constant depending on the polymer and TN
g
is the limiting value of Tg at inﬁnite molar mass. In
practice this limit is usually reached for values of Mn of
the order of 105 g/mol [57]. This equation can be
deduced from the free volume theory, taking into
account that terminal groups are associated with more
free volume than the intermediate ones. The relationship
between the Tg measured in the second DSC scan and
the inverse of number-average molar mass for rPET and
its composites is represented in Fig. 11b. Even if quite
scattered, the data points agree reasonably well with the
trend predicted by Eq. (12). In fact, data obtained under
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Fig. 11. (a) Glass transition temperature measured during second DSC scan of rPET and its composites during aging at 80% or 100% RH. (b) Glass
transition temperature measured during second DSC scan as a function of the inverse of number-average molar mass for rPET and its composites.
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diﬀerent humidity conditions tend to follow a common
line thus indicating that glass transition depends on the
molar mass and not on the way this is reached. A slope
change is evident for molar masses lower than about
7500 g/mol. This eﬀect could be tentatively explained by
considering that crystallinity increases during aging,
thus inﬂuencing the glass transition temperature. In
eﬀect, it is well known that Tg is often increased in
temperature by the molecular-motion restricting crystallites [58]. Therefore, molar mass decrease and
crystallinity increase have two opposite eﬀects on Tg
that could account for the observed trend.

4. Conclusions
From this investigation on the hygrothermal aging of
rPET and its short glass ﬁbre composites at 70 (C, and
80% or 100% RH, the following conclusions can be
drawn:
(i) During the initial period of exposure water uptake
increases linearly with the square root of time and
apparent diﬀusivity decreases as ﬁbre content
increases and as relative humidity decreases. Samples exposed to 80% RH reach an equilibrium
water content while samples immersed in water do
not. Composites absorb more water than is
expected by considering only diﬀusion into polymer
matrix, thus suggesting that other mechanisms, like
capillarity and/or transport by microcracks, are
active.
(ii) The observed molar mass decrease has been
successfully modelled as a pseudo ﬁrst-order reaction whose rate constant depends on the humidity
conditions.
(iii) The crystallinity content of rPET and its composites
increases during aging due to chemicrystallisation.
The glass transition temperature measured on the
second DSC scan decreases during hygrothermal
aging and is found to depend on the numberaverage molar mass.
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Ricerca’’ (MIURdItaly), COFIN 2000 (Grant No.
MM09012922_005). The authors sincerely wish to
thank Mr. Stefano Bonaﬁni for conducting most of
the experimental work and Dr. Gianluca Gottardi of
Eco Selekta Europa Srl (SalornodItaly) for the help in
materials preparation.

References
[1] Available from: http://www.corepla.it/ita/03/01.asp.
[2] Nadkarni VM. Recycling of polyesters. In: Fakirov S, editor.
Handbook of thermoplastic polyesters., vol. 2. Weinheim,
Germany: WileyeVCH; 2002. p. 1223.
[3] Zimmerman H, Kim NT. Investigations on thermal and
hydrolytic degradation of poly(ethylene terephthalate). Polym
Eng Sci 1980;20(10):680e3.
[4] Giannotta G, Po R, Cardi N, Tampellini E, Occhiello E, Garbassi
F, et al. Processing eﬀects on poly(ethylene-terephthalate) from
bottle scraps. Polym Eng Sci 1994;34(15):1219e23.
[5] Paci M, La Mantia FP. Competition between degradation and
chain extension during processing of reclaimed poly(ethylene
terephthalate). Polym Degrad Stab 1998;61(3):417e20.
[6] Paci M, La Mantia FP. Inﬂuence of small amounts of polyvinylchloride on the recycling of polyethylene terephthalate. Polym
Degrad Stab 1999;63(1):11e4.
[7] Frounchi M. Studies on degradation of PET in mechanical
recycling. Macromol Symp 1999;144:465e9.
[8] Torres N, Robin JJ, Boutevin B. Study of thermal and mechanical
properties of virgin and recycled poly(ethylene terephthalate)
before and after injection molding. Eur Polym J 2000;36(10):
2075e80.
[9] Pawlak A, Pluta M, Morawiec J, Galeski A, Pracella M.
Characterization of scrap poly(ethylene terephthalate). Eur Polym
J 2000;36(9):1875e84.
[10] Spinace MAS, De Paoli MA. Characterization of poly(ethylene
terephthalate) after multiple processing cycles. J Appl Polym Sci
2001;80(1):20e5.
[11] Al-AbdsulRazzak S, Jabarin SA. Processing characteristics of
poly(ethylene terephthalate): hydrolytic and thermal degradation.
Polym Int 2002;51(2):164e73.
[12] Gargiulo C, Belletti G. Polyester ﬁber from 100% recycled PET
bottles for apparel. Chem Fibers Int 1997;47:28e30.
[13] Gangloﬀ C. Global demand for textile ﬁbers to exceed 56 millions
tons by 2001. Technical Text Int 1998;7:6.
[14] Johnson T. Outlook for man-made ﬁbers to 2005/2010. Chem
Fibers Int 1999;49:455e9.
[15] RyniteÒ PET Product Guide and Properties, DuPont Engineering
Polymers. Available from: http://www.plastics.dupont.com/.
[16] Mohd Ishak ZA, Lim NC. Eﬀect of moisture absorption on the
tensile properties of short glass-ﬁber-reinforced poly(butylene
terephthalate). Polym Eng Sci 1994;34(22):1645e55.
[17] Czigany, Mohd Ishak ZA, Heitz T, Karger-Kocsis J. Eﬀects of
hygrothermal on the fracture and failure behavior in short glass
ﬁbre reinforced, toughened poly(butylene terephthalate) composites. Polym Compos 1996;17(6):900e9.
[18] Mohd Ishak ZA, Ishiaku US, Karger-Kocsis J. Hygrothermal
aging and fracture behavior of styreneeacrylonitrile/acrylate
based coreeshell rubber toughened poly(butylene terephthalate).
J Appl Polym Sci 1999;74(10):2470e81.
[19] Mohd Ishak ZA, Ishiaku US, Karger-Kocsis J. Hygrothermal
aging and fracture behavior of short-glass-ﬁbre-reinforced rubber
toughened poly(butylene terephthalate) composites. Comp Sci
Technol 2000;60:803e15.
[20] Mohd Ishak ZA, Tengku Mansor TSA, Yow BN, Ishiaku US,
Karger-Kocsis J. Short glass ﬁbre reinforced poly(butylene
terephthalate). Part 1dmicrostructural characterisation and kinetics of moisture absorption. Plast Rub Comp 2000;29(6):263e70.
[21] Mohd Ishak ZA, Tengku Mansor TSA, Yow BN, Ishiaku US,
Karger-Kocsis J. Short glass ﬁbre reinforced poly(butylene
terephthalate). Part 2deﬀect of hygrothermal aging on mechanical properties. Plast Rub Comp 2000;29(6):271e7.
[22] Mohd Ishak ZA, Ariﬃn A, Senawi R. Eﬀects of hygrothermal
aging and a silane coupling agent on the tensile properties of

A. Pegoretti, A. Penati / Polymer Degradation and Stability 86 (2004) 233e243

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]
[36]

[37]

[38]

[39]

injection molded short glass ﬁbre reinforced poly(butylene
terephthalate) composites. Eur Polym J 2001;37(8):1635e47.
Jabarin SA, Logfren EA. Eﬀects of water absorption on physical
properties and degree of molecular orientation of poly(ethylene
terephthalate). Polym Eng Sci 1986;26(9):620e5.
Edge M, Hayes M, Mohammadian M, Allen NS, Jewitt TS,
Brems K, et al. Aspects of poly(ethylene terephthalate) degradation for archival life and environmental degradation. Polym
Degrad Stab 1991;32(2):131e53.
Allen NS, Edge M, Mohammadian M, Jones K. Hydrolytic
degradation of poly(ethylene terephthalate): importance of chain
scission versus crystallinity. Eur Polym J 1991;27(12):1373e8.
Sawada S, Kamiyama K, Ohgushi S, Yabuki K. Degradation
mechanisms of poly(ethylene terephthalate) tire yarn. J Appl
Polym Sci 1991;42(4):1041e8.
Launay A, Thominette F, Verdu J. Hydrolysis of poly(ethylene
terephthalate)da kinetic study. Polym Degrad Stab 1994;46(3):
319e24.
Bellenger V, Ganem M, Mortaigne B, Verdu J. Lifetime
prediction in the hydrolytic ageing of polyesters. Polym Degrad
Stab 1995;49(1):91e7.
Launay A, Thominette F, Verdu J. Hydrolysis of poly(ethylene
terephthalate)da steric exclusion chromatography study. Polym
Degrad Stab 1999;46(3):319e24.
Barany T, Karger-Kocsis J, Czigany T. Eﬀect of hygrothermal
aging on the essential work of fracture response of amorphous
poly(ethylene terephthalate). Polym Degrad Stab 2003;82(2):
271e8.
Kumar A, Rao TR. Kinetics of hydrolysis of polyethylene
terephthalate pellets in nitric acid. J Appl Polym Sci 2003;
87(11):1781e3.
Bastioli C, Guanella I, Romano G. Eﬀects of water sorption on
the physical properties of PET, PBT and their long ﬁbres
composites. Polym Compos 1990;11(1):1e9.
Bergeret A, Pires I, Foulc MP, Abadie B, Ferry L, Crespy A. The
hygrothermal behaviour of glass-ﬁbre-reinforced thermoplastic
composites: a prediction of the composite lifetime. Polym Testing
2001;20(7):753e63.
Campanelli JR, Kamal MR, Cooper DG. A kinetic study of the
hydrolytic degradation of polyethylene terephthalate at high
temperatures. J Appl Polym Sci 1993;48(3):443e51.
Paszu D, Spychaj T. Chemical recycling of poly(ethylene
terephthalate). Ind Eng Chem Res 1997;36(4):1373e83.
Kao CY, Wan BZ, Cheng WH. Kinetics of hydrolytic depolymerization of melt poly(ethylene terephthalate). Ind Eng
Chem Res 1998;37(4):1228e34.
Kao CY, Cheng WH, Wan BZ. Investigation of alkaline
hydrolysis of polyethylene terephthalate by diﬀerential scanning
calorimetry and thermogravimetric analysis. J Appl Polym Sci
1998;70(10):1939e45.
Yalcinyuva T, Kamal MR, Lai-Fork RA, Ozgumus S. Hydrolytic
depolymerization of polyethylene terephthalate by reactive
extrusion. Int Polym Process 2000;15(2):137e46.
Guclu G, Yalcinyuva T, Ozgumu S, Orbay M. Hydrolysis of
waste polyethylene terephthalate and characterization of products
by diﬀerential scanning calorimetry. Therm Acta 2003;404(1e2):
193e205.

243

[40] Mishra S, Zope VS, Goje AS. Kinetics and thermodynamics of
hydrolytic depolymerization of poly(ethylene terephthalate) at
high pressure and temperature. J Appl Polym Sci 2003;90(12):
3305e9.
[41] Pecorini TJ, Hertzberg RW. The fracture toughness and
fatigue-crack propagation behavior of annealed PET. Polymer
1993;34(24):5053e62.
[42] Moore WR, Sanderson D. Viscosities of dilute solutions of
polyethylene terephthalate. Polymer 1968;9:153e8.
[43] Mehta A, Gaur U, Wunderlich B. Equilibrium melting parameters of poly(ethylene terephthalate). J Polym Sci Part B: Polym
Phys 1978;16:289e96.
[44] Crank J. The mathematics of diﬀusion. 2nd ed. Oxford: Oxford
University Press; 1975. p. 238.
[45] Miyagi A, Wunderlich B. Etching of crystalline poly(ethylene
terephthalate) by hydrolysis. J Polym Sci Polym Phys Ed 1972;10:
2073e83.
[46] Ravens DAS, Ward IM. Chemical reactivity of poly(ethylene
terephthalate)dhydrolysis and esteriﬁcation reactions in the solid
phase. Trans Faraday Soc 1961;57:150e9.
[47] Gilbert RD, Stannet V, Pitt CG, Schindler A. In: Grassie N,
editor. Developments in polymer degradationd4. London:
Applied Science Publishers Ltd; 1982. p. 259e93.
[48] Shah SS, Zhu KJ, Pitt CG. Poly-DL-lactic acid: polyethylene
glycol block copolymers. The inﬂuence of polyethylene glycol on
the degradation of poly-DL-lactic acid. J Biomater Sci Polym Ed
1994;5(5):421e31.
[49] Chu CC. Hydrolytic degradation of polyglycolic acid: tensile
strength and crystallinity study. J Appl Polym Sci 1981;26:
1727e34.
[50] Pitt CG, Chasalow FJ, Hibionada YM, Klimas DM, Schindler A.
Aliphatic polyesters. I. The degradation of poly(3-caprolactone)
in vivo. J Appl Polym Sci 1981;26:3779e87.
[51] Mathisen T, Albertsson AC. Hydrolytic degradation of meltextruded ﬁbers from poly(b-propiolactone). J Appl Polym Sci
1990;39:591e601.
[52] Grijpma DW, Nijenhuis AJ, Pennings AJ. Synthesis and
hydrolytic degradation behaviour of high-molecular-weight L-lactide and glycolide copolymers. Polymer 1990;31:2201e6.
[53] Lin HL, Chu CC, Grubb D. Hydrolytic degradation and
morphologic study of poly-p-dioxanone. J Biomed Mater Res
1993;27:153e66.
[54] Migliaresi C, Fambri L, Cohn D. A study on the in vitro
degradation of poly(lactic acid). J Biomed Sci Polym Ed 1994;
5(6):591e606.
[55] Pegoretti A, Fambri L, Migliaresi C. In vitro degradation of
poly(L-lactic acid) ﬁbers produced by melt spinning. J Appl Polym
Sci 1997;64(2):213e23.
[56] Fox TG, Flory PJ. Second-order transition temperatures and
related properties of polystyrene. I. Inﬂuence of molecular weight.
J Appl Phys 1950;21:581e91.
[57] Riande E, Diaz-Calleja R, Prolongo MG, Masegosa RM, Salom
C. Polymer viscoelasticity. New York: Marcel Dekker Inc; 1987.
p. 29e84 [chapter 2].
[58] Sperling LH. Introduction to physical polymer science.
3rd ed. New York: Wiley Interscience; 2001. p. 295e362
[chapter 8].

