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Abstract The cure reaction of NADIC/PA modified
unsaturated (epoxy) polyesters with styrene initiated by
benzoyl peroxide (BPO) or the mixture of benzoyl per-
oxide/tetrahydrophthalic anhydride (BPO/THPA) and the
thermal properties of obtained styrene copolymers have
been studied. Based on non-isothermal DSC analysis, it
was proved that the course of the cure reaction clearly
depended on the structure of polyesters as well as used
curing agent. Generally, one or two asymmetrical peaks for
the cure reaction of NADIC/PA modified unsaturated
epoxy polyesters with styrene were observed. They were
attributed to the copolymerization process of carbon—car-
bon double bonds of polyester and styrene and/or to the
thermal curing of epoxy groups or polyaddition reaction of
epoxy groups to anhydride groups, in dependence of used
hardener. In addition, only one asymmetrical peak con-
nected with the copolymerization process for the cure
reaction of NADIC/PA modified unsaturated polyesters
and styrene was observed. Moreover, the cure process of
NADIC/PA modified unsaturated epoxy polyesters with
styrene initiated with BPO/THPA was more exothermic
(higher values of AH) compared to the cure process initi-
ated only with BPO.

The obtained styrene copolymers based on NADIC/PA
modified unsaturated epoxy polyesters were characterized
by better thermal properties compared to copolymers based
on NADIC/PA modified unsaturated polyesters. It has
manifested by higher E'>g oc, E”maxs t20max, T as well as
higher IDT, Tig%, Tao0%, Tso and Ty temperatures.
Moreover, the introduction of non-polymerizable
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cycloaliphatic anhydride (NADIC anhydride) into unsatu-
rated (epoxy) polyester structure caused improvement of
the thermal properties of cured copolymers compared to
copolymers based on non-polymerizable, aromatic (PA)
modified unsaturated (epoxy) polyesters.
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Introduction

Unsaturated polyesters are low-molecular-weight maleate
or fumarate esters containing various chemical structures
designed for their specific coast and performance purposes
[1, 2]. The commonly used unsaturated polyesters are
based on maleic anhydride which provides a site for cross-
linking. Moreover, appreciable cis and trans isomerization
generally occurs during the polycondensation process and
in polyester chain maleic anhydride is incorporated mostly
as fumarate groups. This is desirable phenomenon, as
fumarate forms are more reactive in copolymerization
process with vinyl monomer. It has a favorable effect on
thermal and mechanical properties of obtained materials
[3-5]. In the unsaturated polyester chemistry the number
and position of double bonds is an important factor
responsible for their properties. Unsaturated polyesters are
often prepared with the addition of saturated acids/anhy-
drides. They act as a spacer to reduce the number of double
bonds and thus the cross-linking density [6]. The most
often applied saturated, non-polymerizable acids/anhy-
drides are phthalic anhydride, sebacic acids or cyclo-ole-
phinic acids or anhydrides used for polyesters for special
applications [7].
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The present paper describes the studies on the cure reac-
tion of NADIC/PA modified unsaturated (epoxy) polyesters
with styrene initiated by BPO or the mixture of BPO and
THPA. Moreover, the thermal properties of copolymers
based on those prepared polyesters have been studied by
means of DSC, TG and DMA analyses. The NADIC/PA
modified unsaturated polyesters were prepared in conven-
tional polycondensation process of THPA, maleic anhy-
dride, NADIC/phthalic anhydride and ethylene glycol. The
obtained unsaturated polyesters contained carbon—carbon
double bonds and cyclohexenyl rings in polyester backbone.
They were suitable for further chemical modification. By the
use of peracids as the oxidant reagents of polyesters, their
epoxy derivatives can be prepared [8—12]. Moreover, as
previously described, the epoxidation reaction performed in
mild temperature and time conditions allowed to selective
oxidation of unsaturated polyesters based on maleic anhy-
dride and THPA. In this process the polyesters containing
carbon—carbon double bonds in polyester chain and epoxy
groups in cycloaliphatic rings can be prepared [13—15]. The
selective oxidation of NADIC/PA modified unsaturated
polyesters by the use of peracetic acid allowed to obtain
NADIC/PA modified unsaturated epoxy polyesters. The
structure of polyesters before and after oxidation process was
confirmed by FT IR, '"H NMR and DSC analyses.

Experimental
Materials

Tetrahydrophthalic anhydride (THPA), maleic anhydride
(MA), nadic anhydride (NADIC) and phthalic anhydride
(PA) were obtained from Merck—Schuchardt (Hohenbrunn,
Germany). Ethylene glycol (EG) was from Fluka (Buchs,
Switzeland). 38—40% peracetic acid, methylene chloride,
tetrahydrofuran were purchased from Merck-Schuchardt
(Hohenbrunn, Germany). Hydroquinone, styrene (ST) were
delivered by POCh (Gliwice, Poland). All reagents were
used without further purification.

Preparation of NADIC/PA modified unsaturated
(epoxy) polyesters

The modified unsaturated epoxy polyesters were prepared in
two stage process. In the first stage, the modified unsaturated
polyesters were obtained during polycondensation process
of THPA, maleic anhydride (MA), nadic anhydride
(NADIC)/phthalic anhydride (PA) and ethylene glycol (EG).
The 0.015 wt% of hydroquinone as an inhibitor was used.
The reaction was carried out at the ratio of 1 mol of THPA,
0.5 mol of MA, 0.5 mol of NADIC or PA and 2.65 mol of
EG in the temperature range of 150—180 °C. The reaction
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course extent was controlled by determining acid number of
the reaction mixture. The acid number was defined as a
number of mg KOH required for the titration of 1 g of a
sample. The drop of an acid number to final value 30 mg
KOH/g was indication of the process completion. In the
second stage the NADIC/PA modified unsaturated polyes-
ters were oxidized using 38—40% peracetic acid. The oxi-
dation reaction was performed at 40 °C for 2 h in methylene
chloride as the solvent. The raw product was purified as
described in [12]. The epoxy value (determined by dioxane/
HC1 titration method) was 0.23 mg KOH/g or 0.24 mg
KOH/g for NADIC/PA modified unsaturated epoxy poly-
esters, respectively.

Characterization of NADIC/PA modified unsaturated
(epoxy) polyesters and their copolymers

Fourier transform infrared (FTIR) spectra were obtained by
using a Perkin-Elmer 1725 X FTIR spectrophotometer in
the 400—4,000 cm™' wavenumber range using KBr pallets.

Proton nuclear magnetic resonance (‘H NMR) spectra
were recorded on a NMR Brucker-Avance 300 MSL
(Germany) spectrometer at 300 MHz with deuterated chloro-
form (CDCl5) as the solvent. 'H NMR chemical shifts in parts
per million (ppm) were reported downfield from 0.00 ppm
using tetramethylsilane (TMS) as an internal reference.

The calorimetric measurements were carried out in the
Netzsch DSC 204 calorimeter (Germany) operating in
a dynamic mode. The dynamic scans were performed at a
heating rate of 10 K min~' from room temperature to a
maximum of 500 °C wunder nitrogen atmosphere
(30 mL min~"). As a reference an empty aluminium cru-
cible was used. Curing characteristic such as temperature
of the cure initiation (Topser), peak maximum temperature
(Tmax), final cure temperature (T.,q), the heat generated
during the cure reaction (AH), the glass transition tem-
perature (T,) and the decomposition temperature (Tq) were
evaluated.

Thermogravimetric analysis (TG) was carried out on a
MOM 3427 derivatograph Paulik and Erdey (Hungary) at a
heating rate of 10 °C min ™" in air, in the temperature range
of 20-1,000 °C with the sample weight of 100 mg. The
IDT, Ty0%, Ta0%, Tsog of weight loss, final decomposition
temperature (Ty) and temperature of the maximum rate of
weight loss (Tp,a.x) were determined.

DMA measurements of cured copolymers were per-
formed using Dynamic Mechanical Analyzer Q 800 TA
Instruments (USA). Tests were conducted with a dual
Cantilever device with a support span of 35 mm, calibrated
according to the producer’s recommendation. Temperature
scanning from —135 to 250 °C was performed with a
constant heating rate of 4 °C min~' at an oscillation fre-
quency of 10 Hz. The rectangular profile of the samples
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was used (35 x 10 x 4 mm). Viscoelastic properties of
cured copolymers were estimated from the changes of
storage modulus (E’), mechanical loss (E”) as well as from
the changes of tan ¢ at constant frequency depending on
temperature. Glass transition temperature («-relaxation) for
obtained copolymers was determined from the dependence
of the tan 4 on temperature and was identified as the
maximum of the tan 9.

Curing procedure

The styrene solutions of NADIC/PA modified unsaturated
epoxy polyesters by mixing polyester and styrene in the ratio
of 4:1 were prepared. Then, to cure those styrene solutions,
0.5 wt% of BPO or the mixture of the stoichiometric ratio of
THPA and 0.5 wt% of BPO were added. Also, to compare
the course of the cure reaction and the properties of cured
copolymers, the styrene solutions of NADIC/PA modified
unsaturated polyesters prepared in the same concentrations,
were cured using 0.5 wt% of BPO. The samples used for
DSC, DMA and TGA experiments were prepared by mixing
styrene with BPO to obtain homogeneous solutions. Then,
the BPO/styrene solutions were added to modified unsatu-
rated epoxy polyesters or modified unsaturated polyesters
and tested immediately after mixing. On the contrary,
THPA/BPO compositions were prepared as follows: THPA
and modified unsaturated epoxy polyesters were mixed and
heated up above the melting point of anhydride, quenched in
cold water and after cooling the solution of BPO and styrene
were added, mixed and tested. The samples used for DMA
and TGA experiments were conditioned in the temperature
range of 100-180 °C. The condition temperatures were
appointed from the position of the exothermic peaks at DSC
curves. In this way, the fully cured styrene copolymers
without damage connected with thermal degradation were
prepared.

Results and discussion

Characterization of NADIC/PA modified unsaturated
(epoxy) polyesters

The structure of NADIC/PA modified unsaturated epoxy
polyesters and NADIC/PA modified unsaturated polyesters
was confirmed by 'H NMR, IR and DSC analyses. The
fragment of "H NMR spectra of NADIC modified unsatu-
rated polyester and NADIC modified unsaturated epoxy
polyester has been presented in Fig. 1. Figure 2 showed the
"H NMR spectra of PA modified unsaturated polyester and
PA modified unsaturated epoxy polyester. The differences
of resonance signals attributed to the protons attached to
double bonds in cyclohexenyl rings were observed. The

spectra analysis of NADIC/PA modified unsaturated epoxy
polyesters indicated disappearance of peaks for protons
assigned to double bonds at cyclohexenyl rings (5.67-
5.7 x 107°). The presence of protons assigned to carbon—
carbon double bonds in polyester chain before and after
oxidation process was indicated (6.3 x 107° and
6.9 x 107%. The IR spectra of NADIC/PA modified
unsaturated epoxy polyesters and unsaturated polyesters
were given in Figs. 3 and 4, respectively. Significant dif-
ferences in IR spectra before and after oxidation process
were showed. The absorption bands at 665, 727 and
775 em™ ! (C-H out of plane deformation vibration) char-
acteristic for double bonds in cyclohexenyl rings were
observed. Moreover, the absorption bands for carbon—car-
bon double bonds in polyester chain (C=C stretching
vibration) at 1,645-1,648 cm™' appeared in the spectra
before oxidation. The performed selective oxidation process
caused the disappearance of absorption bands for double
bonds in cyclohexenyl rings. However, the appearance of
new absorption bands at 788-790, 807-808 and 836—
851 cm ™' responsible for oxirane ring vibration groups was
indicated. The C=C stretching vibration in polyester chain
before and after oxidation process were observed. It con-
firmed that the oxidation of NADIC/PA modified unsatu-
rated polyesters was selective. The double bonds in
cyclohexenyl rings were converted into epoxy groups whilst
carbon—carbon double bonds in polyester chain were not
oxidized. Moreover, DSC analysis showed the differences in
thermal behavior of NADIC/PA modified unsaturated
(epoxy) polyesters, Figs. 5 and 6. The exothermic peak at
352.2 or 354.4 °C for NADIC/PA modified unsaturated
polyesters was observed. It may be due to the double bonds
copolymerization. The exothermic peaks at 175.3 or
177.9 °C and 308.2 or 296.7 °C were characteristic for
NADIC/PA modified unsaturated epoxy polyesters. They
were attributed to the reaction of epoxy groups with
hydroxyl groups in polyester or to a thermal cross-linking
process of epoxy groups with carboxylic groups, as reported
by other authors [16—18]. The temperatures of degradation
process (Ty) of studied polyesters before oxidation reaction
were 36—43.4 °C higher then those obtained for polyesters
after oxidation. It was connected with different structure of
cured polyesters.

Curing process of NADIC/PA modified unsaturated
(epoxy) polyesters

The cure reaction of NADIC/PA modified unsaturated
(epoxy) polyesters was monitored by means of DSC. The
DSC curves of the cure reaction of NADIC/PA modified
unsaturated epoxy polyesters (UEP) with BPO or BPO/
THPA and modified unsaturated polyesters (UP) with BPO
were presented in Figs. 7 and 8, respectively. As can be
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seen from those figures, the course of the cure reaction for the cure reaction of NADIC/PA modified unsaturated
depended on the structure of used polyesters as well as  epoxy polyesters with styrene initiated by BPO was
used curing agent. The one asymmetrical exothermic peak  appeared. The heat generated during the cure reaction (AH)
(at Tpax 125.3 or 124.2 °C) for the cure reaction of  of polyesters before and after oxidation was comparable,
NADIC/PA modified unsaturated polyesters initiated with ~ Tables 1 and 2. It indicated on the similar amount of

BPO was observed. It was associated with the copoly-  unsaturated units in modified epoxy polyesters and modi-
merization process of carbon—carbon double bonds in  fied unsaturated polyesters. This observation additionally
polyester chain and vinyl monomer-styrene [14, 19]. confirmed that the unsaturated double bonds in polyester

Similarly, the exothermic peak (at Ty,,,x 124.7 or 120.0 °C)  chain did not change during the oxidation process.
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Fig. 2 'H NMR spectra of PA o)
modified unsaturated polyester [I [
(a) and PA modified unsaturated
epoxy polyester (b)
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Moreover, the second exothermic peak (at T,.x 307.3 or
272.3 °C) for the cure reaction of NADIC/PA modified
unsaturated epoxy polyesters with styrene initiated by BPO
was indicated. It can be attributed to the thermal curing of
epoxy groups to the hydroxyl or carboxyl groups in poly-
ester resulting in forming ether or ester linkages [20, 21].
The broad asymmetric exothermic peak was characteristic
for the cure reaction of NADIC/PA modified unsaturated
epoxy polyesters with styrene initiated by the mixture of
BPO/THPA. The cure process was more exothermic

compared to the cure reaction initiated with BPO. The AH
values were 296.8 and 287.9 kJ mol ™' indicating that
copolymerization process of carbon—carbon double bonds
and styrene and polyaddition reaction of epoxy groups to
anhydride groups happened simultaneously. Moreover, the
cure reaction of NADIC/PA modified unsaturated epoxy
polyesters started at lower temperatures (Topse¢) compared
to those initiated only with BPO, Tables 1 and 2. However,
higher final cure temperatures (T.,q) were observed (230.4
and 235.2 °C). This could be caused by increasing the
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Fig. 3 IR spectra of NADIC modified unsaturated polyester (a) and
NADIC modified unsaturated epoxy polyester (b)
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Fig. 4 IR spectra of PA modified unsaturated polyester (a) and PA
modified unsaturated epoxy polyester (b)
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Fig. 5 DSC curves of NADIC modified unsaturated polyester (a) and
NADIC modified unsaturated epoxy polyester (b)

cross-links density of the matrix as the curing process
progress. So, due to the steric hindrance, the movement of
reacting groups was reduced. It resulted in decreasing of
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Fig. 7 DSC curves of the cure reaction of NADIC modified
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Table 1 DSC data of the cure reaction of NADIC modified unsaturated (epoxy) polyesters with styrene

Formulation Tonset (°C) Tinax1 (°C) Tena (°C) AH (kJ mol ™) Tmaxa2 (°C) T, (°C) AHy (kJ mol ™)
UP/BPO 89.4 125.3 170.2 79.0 - 420.3 173.3
UEP/BPO 76.8 124.7 174.8 75.1 307.3 380.5 -
UEP/BPO/THPA 58.4 130.2 230.4 296.8 - 4004 202.8

Table 2 DSC data of the cure reaction of PA modified unsaturated (epoxy) polyesters with styrene

Formulation Tonset (°C) Tmax1 (°C) Tena (°C) AH (kJ mol™") Tinaxz2 (°C) Ta (°C) AHy (kJ mol™")
UP/BPO 90.8 124.2 160.5 76.0 - 408.0 158.7
UEP/BPO 75.2 120.0 168.2 72.2 272.3 362.5 -
UEP/BPO/THPA 59.3 128.4 235.2 287.9 - 383.7 187.6

Table 3 DMA data of the viscoelastic properties of styrene copolymers based on NADIC modified unsaturated (epoxy) polyesters

Formulation E,z() (MPa) tf;"smaxl tg(smaxl (OC) tg(smaxz tg(imzu(Z (OC) E,| E,| (OC) Tg (OC)
UP/BPO 1637 0.112 —59.8 1.086 57.2 —58.7 28.2 -
UEP/BPO 2193 0.035 —56.2 1.008 120.3 —60.3 100.5 80.9
UEP/BPO/THPA 3085 0.029 —57.7 0.765 138.7 —55.4 113.5 91.8
UP modified unsaturated polyester, UEP modified unsaturated epoxy polyester

Table 4 DMA data of the viscoelastic properties of styrene copolymers based on PA modified unsaturated (epoxy) polyesters

Formulation E)), (MPa) t20max1 tg0max1 (°C) t120max2 t20max2 (°C) E{ E{ (°C) T, (°C)
UP/BPO 1059 0.071 —54.7 1.356 48.7 —53.8 22.5 -
UEP/BPO 2085 0.032 —56.8 1.172 108.4 —57.5 87.6 71.0
UEP/BPO/THPA 2966 0.028 —57.2 0.717 129.5 —59.2 102.8 84.6

UP modified unsaturated polyester, UEP modified unsaturated epoxy polyester

the rate of cure process. The degradation temperatures of
cured copolymers based on NADIC/PA modified unsatu-
rated polyesters were higher (420.3 and 408.0 °C) with
lower values of AH4q compared to those obtained based on
NADIC/PA modified unsaturated epoxy polyesters. It can
be connected with different type of formed linkages during
the cure process. The formed additional ether and ester
linkages were decomposed at lower temperatures (T4 were
in the range of 362.5-400.4 °C).

Thermal properties of styrene copolymers based
on NADIC/PA modified unsaturated (epoxy) polyesters

Thermal properties of styrene copolymers based on
NADIC/PA modified unsaturated (epoxy) polyesters were

investigated using DSC, DMA and TG analyses. The data
obtained from DSC and DMA curves were presented in
Tables 3 and 4. The values of storage modulus (E'5g oc) of
fully cured styrene copolymers significantly depended on
the structure of studied polyesters and used curing agent.
Generally, the styrene copolymers based on NADIC
modified unsaturated (epoxy) polyesters have demonstrated
better thermo-mechanical properties compared to styrene
copolymers based on PA modified unsaturated (epoxy)
polyesters. Moreover, BPO cured styrene copolymers
based on NADIC/PA modified unsaturated epoxy polyes-
ters were characterized by higher values of storage mod-
ulus  (E'pp oc), higher values of glass transition
temperatures qualified by DSC and DMA analyses and
larger rigidity of formed polymer network (lower values of
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tg0max) compared to BPO cured styrene copolymers based
on NADIC/PA modified unsaturated polyesters. It was due
to the different structure of used polyesters. As was proved,
based on the study of the cure reaction by means of DSC,
the copolymerization process of carbon—carbon double
bonds of polyester and styrene and thermal curing process
of epoxy groups for BPO cured styrene copolymers based
on NADIC/PA modified unsaturated epoxy polyesters were
expected. On the contrary, the copolymerization of carbon—
carbon double bonds of polyester and styrene for BPO
cured styrene copolymers based on NADIC/PA modified
unsaturated polyesters generally happened. For that reason,
the properties of styrene copolymers based on NADIC/PA
modified unsaturated epoxy polyesters differed from the
properties of styrene copolymers based on NADIC/PA
modified unsaturated polyesters. Moreover, the improve-
ment of examined properties for styrene copolymers based
on NADIC/PA modified unsaturated epoxy polyesters
cured with the use of the mixture of BPO/THPA has been
observed. The additionally formed diester linkages during
the reaction of epoxy groups and anhydride groups caused
the production of more cross-linking network structure
with more stiffness. Consequently, the amplification of
storage modulus values and glass transition temperatures
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Fig. 9 Tan 0 (a) and loss modulus (b) versus temperature curves for

styrene copolymers based on NADIC modified unsaturated (epoxy)
polyesters
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was indicated, Tables 3 and 4. The asymmetrical peak
noted as the secondary f-relaxation [22] at lower temper-
atures (from —53.8 to —60.3 °C) was visible. It testified
about the molecular motions of end polyester groups or
motions of diester segments formed between two cross-
links in cured copolymers [23, 24] (Figs. 9, 10).
The styrene copolymers based on NADIC modified
unsaturated (epoxy) polyesters were generally more ther-
mally stable (based on TG analysis) than those based on
PA modified unsaturated (epoxy) polyesters. They were
characterized by higher values of IDT, Tigq, T20%, Tso%
and Ty, Tables 5 and 6, respectively. Moreover, the styrene
copolymers based on NADIC/PA modified unsaturated
epoxy polyesters were characterized by higher thermal
stability. It was connected with more cross-linked polymer
networks obtained for those copolymers. The formation of
additional linkages between epoxy groups or epoxy and
anhydride groups were expected. The thermal degradation
pattern of all styrene copolymers exhibited two separated
degradation steps. The T,.x; could indicated on ester bond
breakdown in polyester or new diester segments formed
during the cure process [16, 17]. The T,.x> Was probably

connected with the total degradation process of styrene
copolymers.
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Table 5 TG and DTG data of the thermal degradation of styrene copolymers based on NADIC modified unsaturated (epoxy) polyesters

Formulation IDT (°C) T1o% (°O) Ta09 (°C) Tso% (°C) Ty (°O) Thaxt (°C) Thaxz (°C)
UP/BPO 235 265 315 360 595 360 555
UEP/BPO 260 285 320 360 600 360 520
UEP/BPO/THPA 270 300 325 370 620 370 520

Table 6 TG and DTG data of the thermal degradation of styrene copolymers based on PA modified unsaturated (epoxy) polyesters

Formulation IDT (°C) T1o9% (°O) Ta09 (°C) Tso% (°C) Ty (°O) Tiaxt (°C) Tiaxz (°C)
UP/BPO 225 250 300 360 580 360 540
UEP/BPO 250 280 310 360 595 360 520
UEP/BPO/THPA 270 300 320 365 600 370 520
Conclusions 6. Vijayakumar ChT, Sivesamy P, Rajkumar T. Synthesis and

Based on performed analyses, it was proved that both the
chemical structure of polyesters and used curing agent
influenced on the cure behavior and thermal properties. The
cure reaction of NADIC/PA modified unsaturated epoxy
polyesters with styrene initiated by the mixture of THPA/
BPO was more exothermic and started at lower tempera-
tures than those initiated with only BPO. Significantly
higher values of E'5g oc, E”, tg0max2, T and larger rigidity
of formed polymer networks (lower values of tan d,x),
better thermal stability for copolymers based on NADIC/
PA modified unsaturated epoxy polyesters were observed.
It was connected with simultaneous copolymerization of
carbon—carbon double bonds of polyester and styrene,
thermal curing of epoxy groups to hydroxyl or carboxyl
groups in polyester and polyaddition reaction of epoxy
groups to anhydride groups. Consequently, the production
of more cross-linked polymer networks for copolymers
based on NADIC/PA modified unsaturated epoxy polyes-
ters was expected.

References

1. Shin YF, Jeng RJ. Thermal degradation behaviour and kinetic
analysis of unsaturated polyester-based composites and IPNs by
conventional and modulated thermogravimetric analysis. Polym
Degrad Stab. 2006;91:823-31.

2. Johnson KG, Yang LS. Preparation, properties and applications
of unsaturated polyesters. In: Scheirs J, Long TE, editors. Modern
polyesters: chemistry and technology of polyesters and copoly-
esters. New York: Wiley; 2003. Chap. 21, p. 699-713.

3. Chiu HT, Chen SCh. Curing reaction of unsaturated polyester resin
modified by dicyclopentadiene. J Polym Res. 2001;8:183-90.

4. El-Chahawi M, Vollkommer N. Unsaturated polyester resin. US
Patent 4,036,819; 1977.

5. Hager WG, Ramey TW, Krukmlauf PR, Beckmann JJ. Unsatu-
rated polyester resins compositions. US Patent 5,373,058; 1994.

10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

characterization of 1,3-bis(2-hydroxyethoxy) benzene based sat-
urated and unsaturated polyesters. Eur Polym J. 2007;43:3028—
35.

. Krolikowski W, Ktosowska-Wotkowicz Z, Penczek P. Zywice i

Laminaty Poliestrowe. Warsaw: WNT; 1986.

. Sharma P, Choudhary V, Narula AK. Curing kinetics and thermal

stability of diglycidyl ether of bisphenol. Mixture of aromatic
imide-amines of benzophenone 3,3/, 4,4'-tetra-carboxylic acid
dianhydride and 4,4’-tetra-diaminodiphenylsulfone. J Therm Anal
Calorim. 2008;91:231-6.

. Penczek P, Bonicza-Tomaszewski Z, Baftkkowska A. Epoxypoly-

esters as film-forming materials. Macromol Symp. 2002;187:
243-8.

Batog AE, Partko I, Penczek P. Aliphatic-cycloaliphatic epoxy
compounds and polymers. Adv Polym Sci. 1999;144:49-113.
Boncza-Tomaszewski Z, Penczek P, Bankowska A. Photocat-
ionic-curable powder coatings. Surf Coat Int B Coat Trans.
2006;89:157-61.

Worzakowska M. Thermal analysis of polyesters containing
oxirane groups. J Therm Anal Calorim. 2008;93:799-803.

. Worzakowska M. Synthesis and characterization of the new

unsaturated epoxyligoester suitable for further modification. J
Appl Polym Sci. 2008;109:2973-8.

Worzakowska M. Synthesis, characterization, thermal and vis-
coelastic properties of an unsaturated epoxypolyester cured with
different hardeners. J Appl Polym Sci. 2008;110:3582-9.
Worzakowska M. The influence of chemical modification of
unsaturated polyesters on viscoelastic properties and thermal
behavior of styrene copolymers. J Therm Anal Calorim. 2009;96:
235-41.

Park WH, Lenz RW, Goodwin S. Epoxidation of bacterial
polyesters with unsaturated side chains: IV. Thermal degradation
of initial and epoxidized polymers. Polym Degrad Stab.
1999:63:287-91.

Grassie N, Murry EJ, Holmes PA. The thermal degradation of
poly(p--hydroxybutyric acid): part 2-changes in molecular
weight. Polym Degrad Stab. 1984;6:95-103.

Janowska G, Rybinski P. Influence of carbon black on thermal
properties and flammability of crosslinked elastomers. J Therm
Anal Calorim. 2008;91:697-701.

Yang H, Lee J. Comparison of unsaturated polyester and viny-
lester resins in low temperature polymerization. J Appl Polym
Sci. 2000;79:1230-42.

Stevens GC. Cure kinetics of a high epoxide/hydroxyl group-ratio
bisphenol a epoxy resin—anhydride system by infrared absorp-
tion spectroscop. J Appl Polym Sci. 1981;26:4279-97.

@ Springer



608 M. Worzakowska

21. Park WH, Lee JK, Kwan KI. Cure behavior of an epoxy-anhy- 24. Ochi M, Iesako H, Nakajima S, Shimbo M. Relaxation mecha-

dride-imidazole system. Polym J. 1996;28:407-11. nisms of epoxyde resins cred with acid anhydrides. II. Effect of
22. Barral L, Cano J, Lépez J, Lopez-Bueno I, Nogueira P, Abad MJ, the chemical structure of the anhydrides on the f relaxation
et al. Physical aging of a tetrafunctional/phenol novolac epoxy mechanism. J Polym Sci Polym Phys Ed. 1984;24:251-61.

mixture cured with diamine, DSC and DMA measurements. J
Therm Anal Calorim. 2000;60:391-9.

23. Shimbo M, Ochi M, Iesako H. Mechanical relaxation mechanism
of epoxyde resins cured with acid anhydrides. J Polym Sci Polym
Phys Ed. 1984;22:1461-70.

@ Springer



	Studies on the cure reaction and thermal properties of NADIC/phthalic anhydride modified unsaturated (epoxy) polyesters
	Abstract
	Introduction
	Experimental
	Materials
	Preparation of NADIC/PA modified unsaturated (epoxy) polyesters
	Characterization of NADIC/PA modified unsaturated (epoxy) polyesters and their copolymers
	Curing procedure

	Results and discussion
	Characterization of NADIC/PA modified unsaturated (epoxy) polyesters
	Curing process of NADIC/PA modified unsaturated (epoxy) polyesters
	Thermal properties of styrene copolymers based �on NADIC/PA modified unsaturated (epoxy) polyesters

	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


