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ABSTRACT: Unsaturated polyester resins (UPRs) are
used widely in the fiber-reinforced plastics (FRPs) industry.
These resins have the disadvantages of brittleness and poor
resistance to crack propagation. In this study, hybrid poly-
mer networks (HPNs) based on UPR and epoxidized phe-
nolic novolacs (EPNs) were prepared by reactive blending.
A HPN is composed of a backbone polymer containing two
types of reactive groups that can take part in crosslinking
reactions via different mechanisms. EPNs were prepared by
glycidylation of novolacs using epichlorohydrin. The novol-
acs had varying phenol: formaldehyde ratios. Blends of un-
saturated polyester with EPN were then prepared. The
physical properties of the cured blends were compared with
those of the control resin. EPN shows good miscibility and

compatibility with the resin and improves the toughness
and impact resistance substantially. Considerable enhance-
ment of tensile strength is also noticed at about 5% by
weight of epoxidized novolac resin. TGA, DMA, and DSC
were used to study the thermal properties of the toughened
resin and the fracture behavior was studied using SEM. The
blends are also found to have better thermal stability. Blend-
ing with EPN can be a useful and cost-effective technique for
modification of UPR. © 2006 Wiley Periodicals, Inc. J Appl Polym
Sci 100: 457–465, 2006

Key words: epoxidized phenolic novolac resins; hybrid
polymer networks; impact resistance; toughness; unsatur-
ated polyester resin

INTRODUCTION

Unsaturated polyester resins (UPRs) are widely used
as a matrix for fiber-reinforced plastics (FRPs). The
widespread use of these resins is due to their low cost,
ease of processing, excellent wetting properties with
reinforcements, good weathering resistance, excellent
dimensional stability, and the wide variety of grades
available. UPRs are blends of unsaturated polyester
with an unsaturated coreactant diluent like styrene.
Carothers was the first to prepare UPR with well-
defined polymeric structures.1 The general purpose
(GP) grade UPR is a blend of styrene with the conden-
sation product of 1,2-propylene glycol and a mixture
of maleic acid and phthalic acid in the form of the
anhydride. When crosslinking is initiated, with the
help of a catalyst and an accelerator, styrene forms
polystyrene chains, which crosslink the polyester
chains at the sites of unsaturation.2 The cured UPR has
high glass transition temperature values and are too
brittle for many engineering applications in the ab-
sence of reinforcements.3 Although failure in FRP is
often limited to the resin–reinforcement interface,4 ar-

eas with relatively low amount of fibers are prone to
damage when the product is in use or during demoul-
ding.

One major approach towards toughening UPR is the
incorporation of elastomers.5–8 Notable success has
been achieved in this area over the past few decades.
The modification of resin, using an elastomer additive,
leads to a randomly dispersed rubbery phase in the
material. This results in enhanced dissipation of en-
ergy before impact failure. Incorporation of elastomers
also causes significant reduction in mold shrinkage. It
has been found that a significant enhancement in
toughness can be obtained by adding thermoplastics.9

The solubilized or finely dispersed thermoplastics are
precipitated into the interstitial spaces within the
crosslinked network, as styrene is depleted from the
solution during crosslinking.

Chemical modification using other resins is another
possibility. Recently, block copolymers of UPR with
polyurethanes, polyureas, polysiloxanes, polyimides,
polyoxazolines, or polyglycols have been reported.10

Another approach is the copolymerization of hy-
droxyl- or carboxyl-terminated liquid rubbers and
polymer monomer units, which result in polyesters
containing rubber segments in the main chain.11 Mod-
ification of UPR with dicyclopentadiene,12 bismaleim-
ide,13 and poly(-caprolactone)-per fluro polyethers14

has also been studied recently. Reactive blending with
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other thermoset resins offers another attractive route
and can lead to deactivating the end groups of UPR.15

Reactive blending

In recent years, chemical modification by reactive
blending of UPR and other thermosets via semi-inter-
penetrating polymer networks and hybrid polymer
networks (HPNs) has been reported. Blending of ep-
oxy resin and polyesters resulting in IPNs16–18 has
been widely studied. HPNs of polyurethane prepoly-
mers and unsaturated polyester are also reported.19–22

Segmented polyester polyurethanes have been stud-
ied by Cooper and coworkers.23,24 Similarly, creation
of chemical bonds between elastomer and UPR, using
methacrylate end-capped carboxy terminated nitrile
rubber25 or isocyanate end-capped polybutadiene26 or
epoxy terminated nitrile rubber,27 has also been ex-
plored. The mechanical properties of resins and lam-
inates are improved by this technique.

In this investigation, epoxidized phenolic novolac
resin has been used as a modifier for UPR. To our
knowledge this is the first study of this type involving
EPN. The blends are highly compatible and have a
shelf life of at least 6 months. The hydroxyl and car-
boxyl end groups of UPR or unreacted anhydrides can
open the epoxy rings of the EPN at the peak exother-
mic temperature attained during the cure of polyester
resin. This can lead to the formation of hybrid net-
works of EPN and UPR with idealized structures
shown in Figure 1.

EXPERIMENTAL

Materials

GP grade UPR (Bakelite Hylam resin HSR 8113M),
methyl ethyl ketone peroxide (catalyst) and cobalt

napthenate (accelerator) were supplied by Sharon En-
gineering Enterprises (Cochin, India). Phenol, p-cresol,
sodium hydroxide, formaldehyde, and epichlorohy-
drin were supplied by E. Merck India Ltd. (Bombay,
India).

Preparation of epoxidized phenolic novolacs

The novolacs were first prepared by reacting phenol
with formaldehyde in presence of oxalic acid catalyst
in a three-necked flask fitted with a mechanical stirrer,
water condenser, and thermometer. The reaction mix-
ture was heated and allowed to reflux at about 100°C
for 2–3 h. When the resin separated from the aqueous
phase the reaction was stopped. The resin was neu-
tralized with sodium hydroxide, filtered, washed with

Figure 2 Tensile strength of modified resin versus EPN
concentration.

Figure 1 Schematic representation of EPN modified UPR (A) before cure (B) after cure: (a) UPR, (b) styrene, and (c) initiator.
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water, and vacuum dried. The novolac resin contains
4–6 benzene rings per molecule.3

Epoxidized phenolic novolac resin was prepared by
the following method. About 1 mol of the novolac
resin was dissolved in 8 mol of epichlorohydrin and
the mixture heated in a boiling water bath. The reac-
tion mixture was stirred continuously for 16 h, while 4
mol of 30% sodium hydroxide solution was added
drop wise. The rate of addition was maintained such
that the reaction mixture remained at a pH, insuffi-
cient to color phenolphthalein. The resulting organic
layer was separated, dried with sodium sulfate, and
then fractionally distilled under vacuum. The epoxide
equivalent was determined by reacting a known quan-
tity of resin with hydrochloric acid in pyridine me-
dium and measuring the unreacted acid by back titra-
tion with standard alkali.28

Various stoichiometric ratios (1 : 0.6, 1 : 0.7, 1 : 0.8,
and 1 : 0.9) of phenol and formaldehyde were em-
ployed for the preparation of the novolac resin. The
corresponding EPNs are designated as I, II, III, and IV.
The weight per epoxy (wpe) values of these EPNs are
181.8, 175, 169.5, and 204, respectively.

Modification of UPR by EPNs

For comparison purposes the unmodified resin was
first cured at room temperature by a catalyst (methyl
ethyl ketone peroxide as 60% solution in dimethyl
phthalate) and accelerator (6% solution of cobalt
napthenate in styrene) combination. These were used
in concentrations of 0.5 and 1% of the weight of the
resin respectively. The resin was then poured into
appropriate molds coated with a releasing agent. Cur-

Figure 3 Tensile modulus of modified resin versus EPN
concentration.

Figure 4 Elongation at break of modified resin versus EPN
concentration.

Figure 5 Toughness of modified resin versus EPN concen-
tration.

Figure 6 Impact strength of modified resin versus EPN
concentration.
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ing was done at room temperature for 24 h followed
by post curing at 80°C for 3 h in an air oven.

Varying amounts (0–10 wt %) of EPNs were added
to the resin. The mixture was stirred well to give a
homogeneous liquid. Curing and post curing of the
blend was done by the same procedure employed for
UPR.

The samples, after post curing, were tested for ten-
sile strength, modulus, elongation at break, toughness,
impact strength, surface hardness, abrasion resistance,
and water absorption, taking six trials in each case.
The tensile properties were tested on a Schimadzu
Autograph Universal Testing Machine (ASTM D638–
89) and Izod impact strength was measured on a
Zwick impact tester as per ASTM D256 specifications.
A shore D Durometer was used for measuring surface

hardness (ASTM D2240–86). Abrasion resistance was
tested on a Zwick DL 100 machine as per DIN 55,516.
Water absorption was tested as per ASTM D570. The
scanning electron micrographs (SEM) of the fracture
surfaces of unmodified and modified UPR were taken
on a Cambridge Instruments S 360 Stereoscanner Ver-
sion V02–01. A TA Instruments’ TGA Q 50 was used
to investigate thermal degradation. TA Instruments
DSC Q 100 equipped with a RCS cooling system was
used to study thermal transitions in the samples (at
10°C/min). The damping qualities were measured us-
ing fixed frequency dynamic analysis techniques. A
dynamic analyzer model DMA-983 from DuPont,
USA, was used for this purpose. DMA test were con-
ducted at a constant frequency of 1 Hz. A temperature
ramp was run from room temperature to 200°C at
1°C/min to get an overview of the thermomechanical
behavior of modified and unmodified samples.

Soxhlet extraction of cured resin samples using ben-
zene was done for 48 h to determine the amount of
soluble matter. Samples for spectral studies were pre-
pared by casting films and subsequently extracting
them with benzene to remove any unreacted material.
The crosslink density was indirectly estimated from
the equilibrium swelling data using chloroform. The
volume fraction of polyester (Vp) in the swollen sam-
ples was calculated.29 Vp is linearly related to the
crosslink density of the polymer samples.

RESULTS AND DISCUSSION

EPN can influence UPR properties by causing chain
extension or crosslinking. HPNs are thus formed. The
hydroxyl and carboxyl end groups in UPR catalyzes
the curing reactions of EPN resulting in linking of two
or more UPR chains. Considerable improvement in

Figure 7 Surface hardness of modified resin versus EPN
concentration.

Figure 8 Abrasion loss of modified resin versus EPN con-
centration.

Figure 9 Water absorption of modified resin versus EPN
concentration.
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mechanical properties is noticed after this. Possible
reasons for property enhancement are chain extension
and hybrid network formation. The results of earlier
studies based on addition of commercial epoxy resin
(DGEBA) to UPR are also included here for compari-
son.

Physical properties

Tensile properties

The effect of addition of various EPNs on the tensile
properties is shown in Figure 2–4, which indicate the
variation in tensile strength, modulus, and elongation
at break, respectively. In Figure 2, tensile strength
values obtained by adding EPN-III are significantly
higher than that obtained by adding other EPNs. Ten-
sile strength reaches a maximum at 5% EPN concen-
tration on adding progressively larger amounts of
EPN. Beyond this point, addition of more EPN results
in lowering of tensile strength. The improvement in
tensile strength over that of the base resin at all per-
centages of EPN-III is due to its greater functionality
as indicated by lower wpe values. Tensile strength
values in the case of EPN-I, EPN-II, and EPN-IV are
lower, presumably due to their lower epoxy function-
ality. All the EPNs are seen to improve the tensile
strength to varying extents at low concentrations due
to the formation of hybrid networks. At higher per-
centages, many epoxy groups of EPN may remain
unopened resulting in weakening of the matrix.

Figure 3 shows the effect of EPNs on tensile modu-
lus. Modulus values are lower than the base resin
values at all concentrations. Modulus decreases
steadily on adding progressively larger amounts of
EPN. This reflects the capacity of the modified resin to
absorb energy and provide a higher degree of molec-
ular flexibility.

The effect of EPN addition on the elongation at
break is shown in Figure 4. Compared with unmodi-
fied resin the blends show substantial increase in elon-
gation. Blends show maximum elongation at 7.5 wt %
of epoxy novolac. The addition of EPN-III produces

TABLE I
Summary of Properties of UPR Modified With 0–10% Epoxy Resins

Property UPR

Maximum improvement achieved (%)/epoxy resin concentration (%)

EPN-I/UPR EPN-II/UPR EPN-III/UPR EPN-IV/UPR DGEBA/UPR

Tensile strength (MPa) 38 5.92/5 17.11/5 32.24/5 15.13/2.5 26.32/7.5
Modulus (MPa) 1850 �16.22/2.5 �6.76/2.5 �4.59/2.5 �10.70/2.5 �7.03/2.5
Elongation at break (%) 2.25 100/7.5 120/7.5 136.4/7.5 111/7.5 100/7.5
Toughness (MPa) 0.4 100/5 162.5/5 237.5/5 115/5 175/7.5
Impact strength (10�2 J/mm2) 1.21 87.5/2.5 116.67/5 189.26/5 95.83/5 119/7.5
Hardness (Shore D) 88 �2.27/2.5 �1.14/2.5 0/2.5 �1.7/2.5 �0.56/2.5
Abrasion loss (cc/hr) 10.15 �5.42/2.5 �8.37/2.5 �12.31/2.5 �3.44/2.5 �2.46/2.5
Water absorption (%) 0.21 104.76/10 61.9/10 42.86/10 85.71/10 61.9/10

TABLE II
Soxhlet Extraction and Swelling Data

Property UPR EPN-I/UPR EPN-II/UPR EPN-III/UPR EPN-IV/UPR DGEBA/UPR

5 % Epoxy resin
Soluble matter (%) 9.02 6.42 5.85 4.60 5.70 5.42
Vp 0.92 0.936 0.942 0.964 0.953 0.95
10 % Epoxy resin
Soluble matter (%) 9.02 6.81 6.21 4.82 6.12 5.85
Vp 0.92 0.931 0.938 0.958 0.947 0.945

Figure 10 TGA curves of (a) UPR, (b) 5% EPN-III/UPR,
and (c) 5% DGEBA/UPR.
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the greatest increase in elongation at break at about
5–7.5% EPN concentration. The increase in elongation
at break can be attributed to the presence of ether
linkages as well as straightening of entangled chains.

Toughness properties

The variation in toughness of the cured resin with the
EPN content is shown in Figure 5. The enhanced en-
ergy absorption can be attributed to a greater level of
flexibility and capacity for spatial rearrangement be-
tween the chains. The toughness of the blend is max-
imum at 5% EPN-III concentration (about 338% of the
toughness of UPR). At still higher percentages, a
weakening of the matrix may result, as a part of the
EPN remains unreacted. The toughening effect is less
in the case of EPN-I, EPN-II, and EPN-IV because of
the lower epoxy values.

Figure 6 shows the variation in impact strength with
EPN concentration. In this respect also EPN-III shows
maximum improvement again, at a concentration of
5%. This can also be explained in terms of a higher
degree of molecular flexibility and greater capacity for
spatial molecular rearrangement.

Hardness and abrasion loss

Figure 7 indicates a general lowering of surface hard-
ness on addition of all types of EPNs. This can prob-
ably be attributed to higher degree of flexibility. This
effect is maximum for EPN-IV and minimum for EPN-
III.

There is a decrease in abrasion loss with an increase
in EPN concentration for all EPNs (Fig. 8). This may be
due to the better compatibility between the resin and
EPN and greater cohesion leading to a relatively ho-
mogeneous material structure. The abrasion loss of
EPN-III is the lowest.

Water absorption

Water absorption of various EPN-modified resins in-
creases steadily, as shown in Figure 9. Increase in
water absorption is least in the case of EPN-III. This
can be due to a greater extent of chain extension or
network formation.

Table I summarizes the effect of adding varying
amounts of different EPNs to UPR. The maximum
improvement acquired in each property and the cor-

TABLE III
Thermal Properties

Resin
Onset

temperature (°C)
Temperature of

maximum rate (°C)
Temperature of

half loss (°C) Residue (%)

UPR 296.88 412.53 408.98 0.3327
5 %EPN-III/UPR 356.58 414.12 411.32 7.633
5 % DGEBA/UPR 277.19 403.33 396.15 5.707

Figure 11 DSC thermograms of (a) UPR, (b) 5% EPN-III/UPR, and (c) 10% EPN-III/UPR.
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responding EPN concentrations are tabulated. It is
evident that EPN-III enjoys clear superiority over
other EPNs.

Soxhlet extraction and swelling studies

The Soxhlet extraction data (Table II) showed that very
little soluble matter could be extracted from epoxy-mod-
ified UPR compared with unmodified UPR. This sug-
gests that in this case epoxy compounds form HPNs. The
compatibility of epoxy compounds with UPR primarily
arises from their polarities. The hydroxyl and carboxyl
end groups in the UPR catalyzes the curing reactions of
epoxy compounds resulting in interlinking of UPR
chains. At 10 wt % EPN, some EPN molecules remain
unopened and the extractible matter is slightly higher.
The high Vp of modified samples at 5 wt % EPN con-
centration suggests greater crosslinking. At still higher
percentages (10 wt %) Vp shows a marginal decrease
because most of the hydroxyl and carboxyl ends of poly-
ester are already used up by the EPN molecules. The
unopened epoxy groups create free volumes and en-
hance the swelling behavior.

Thermal studies

The TGA curves of UPR and its blends with epoxy
compounds (5 wt %) are shown in Figure 10. UPR/

Figure 12 DMA-tan � curves of (a) UPR and (b) 5% EPN-
III/UPR.

Figure 13 FTIR spectra of (a) UPR and (b)EPN-III/UPR.
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EPN has marginally better thermal stability as shown
in Table III.

The DSC curves of UPR and blends with EPN-III
are shown in Figure 11. UPR has a Tg of 93°C.
Reactive blending with 5% EPN results in a homo-
geneous HPN with a single Tg (85°C). Addition of
10% EPN exihibits heterogeneity with two Tg’s at 61
and 102°C. Hence it is possible that at higher per-
centages of EPN, part of the EPN remains unat-
tached to the polyester chain.

Tg values obtained from DMA tan � curves (Fig.
12) for UPR (92°C) and UPR/5% EPN (83°C) are in
good agreement with Tg values obtained from DSC
curves. The tan � values at 92°C for these polymers
are 0.5421 and 0.4495, respectively. The marginal
lowering indicates enhanced flexibility.

Spectral studies

Comparing the FTIR spectra of UPR and EPN-III/UPR
(Fig. 13), additional peaks at 1243 cm�1 correspond to
ether linkages formed during epoxide ring opening.

Morphological studies

Scanning electron micrographs of unmodified and
modified UPR fractured at low deformation rate are
shown in Figure 14. Referring to the micrograph (a),
the fracture path for unmodified resin (UPR) is narrow
and continuous indicating rapid crack propagation
along the axis of crack growth. The fracture surface is
smooth with low ridges and shallow grooves. All the
fracture surfaces of the blends are characterized by a
morphology in which crazing plays an important part.

Figure 14 Scanning electron micrographs of fracture surfaces: (a) UPR, (b) EPN-I/UPR, (c) EPN-II/UPR, (d) EPN-III/UPR,
and (e) EPN-IV/UPR.
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EPN-I-modified resin fracture pattern is shown in mi-
crograph (b). This is a low deformation level fracture.
Separate ductile deformed films and fibrils are seen.
The micrograph of EPN-II-modified resin (c) shows
crazes, which represent the initial stage of ductile
force fracture. Referring to that of EPN-III modified
resin (d), the fracture paths have a feathery texture
with large breadth. They are also discontinuous and
convoluted. A few peaks and parallel fibril structures
in pulled up wavy crest point to the stretching that
takes place prior to fracture. Extensive stress whiten-
ing is also observed. High toughness and load bearing
characteristics are indicated. Micrograph of EPN-IV-
modified resin (e) shows fracture paths narrower than
those for EPN-III. The ductile fracture pattern is
largely retained. DGEBA-modified resin fracture pat-
tern is shown in micrograph (f). Peak structures and
fibrils characteristic of ductile fracture is seen. EPN-III
shows a clear superiority from the viewpoint of en-
ergy absorption, as evidenced by SEM.

CONCLUSIONS

Unlike rubbers, EPNs are highly miscible with UPR.
EPN-III, the epoxy novolac prepared using a phenol:
formaldehyde stochiometry of 1 : 0.8 is far superior to
all other EPNs considered in this investigation for
modifying the properties of UPR. Toughness and ten-
sile properties show maximum improvement at about
5 wt % EPN concentration. In the case of EPN-III, the
tensile strength of the cured UPR has been found to
increase by as much as 32% simultaneously improving
the toughness by about 238%. The improvement in
toughness and impact resistance has been achieved
without seriously affecting other properties. Consid-
ering the low percentages of EPN required and the
stability of the mixtures, this method of modification
has considerable practical significance.
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