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ABSTRACT: Toughened unsaturated polyester resins (UPRs) were prepared using two different reactive rubbers, namely, liquid natural
rubber (LNR) and liquid epoxidized natural rubber (LENR). The effect of varying amounts of LNR and LENR on the morphology,
thermal, and mechanical properties of UPR were evaluated. Fourier Transform Infrared spectroscopy was used to investigate the prob-
able crosslinking reaction and changes in the functional groups on crosslinking. Field emission scanning electron microscopy and infi-
nite focus microscopy were used to study the morphology of fracture surfaces. Tensile test showed that both the rubber-modified
resins (1.5 wt %) improved tensile strength. The viscoelastic properties and thermal stability of the toughened polyesters were eval-
uated using dynamic mechanical thermal analysis and thermogravimetric analysis, respectively. A slight reduction in the glass transi-
tion temperature (T,) of the polyester was reported on the addition of both the rubbers. An increment in impact strength and
fracture toughness was observed at 1.5 wt % for LNR and 4.5 wt % for LENR-modified UPR. The results showed that both the liquid
rubbers improved the mechanical properties of UPR. However, LENR-modified UPR exhibited a more significant improvement in the
mechanical properties compared to LNR-modified UPR. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41292.
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INTRODUCTION

Unsaturated polyester resin (UPR) is one of the most popular
thermosets that is used as a matrix in composites owing to its
advantageous properties, such as high strength, modulus, and
water resistance, as well as room temperature cure capability
and transparency. However, UPR being brittle in nature needs
to be modified by toughening agents at room and low tempera-
ture to fulfill some industrial requirements, such as marine and
aerospace industries.

It is well known that the fracture toughness of thermoset mate-
rials can be improved using low-molecular-weight liquid rub-
bers."” In this technique, the liquid rubbers are initially
dissolved into thermoset resins followed by separation of the
rubber as a discrete particulate phase. This is due to the
decreased solubility of the rubber in the matrix as a result of
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the increase in the molecular weight of the resin on crosslink-
ing. The phase separation of rubber within the matrix toughens
the glassy matrix because the dispersion induces shear yielding
of the matrix and subsequent crack-tip blunting.>*

The majority of published studies on toughened thermosets are
based on various types of synthetic liquid rubbers, such as
carboxyl-terminated butadiene acrylonitrile (CTBN) copoly-
mer,””  hydroxyl-terminated polybutadiene (HTPB),'’ vinyl-
terminated butadiene-acrylonitrile,''> amine-terminated buta-
diene  acrylonitrile (ATBN),"? styrene-butadiene,  and
acrylonitrile-butadiene (NBR).'* However, there are not many
reports on liquid natural rubber (LNR).

LNR is depolymerized natural rubber (NR). LNR consists of
shorter polymeric chains and has molecular weights (M,,) lower
than 10° (g/mol). Material scientists have been interested in
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Scheme 1. Chemical structure of LNR.

preparing LNR, because of its strong adhesive power, excellent
crosslinking reactivity, and excellent renewability. LNR consists
of isoprene units, which is the basic structure of NR.

Epoxidized natural rubber (ENR) is a derivative from the chem-
ical modification of NR, which is derived from the partial epox-
idation of the NR molecule, resulting in a new type of
elastomer. With a part of C=C double bonds on the NR molec-
ular chains being converted into the polar epoxy groups to
obtain ENR, the free volumes of chain phases are decreased and
the density and polarity of the derivative is increased. The main
difference between NR, LNR and ENR, LENR is the presence of
terminal reactive groups in liquid rubbers. Scheme 1 illustrates
the structure of LNR and LENR.

Most of the methods for the preparation of LNR are based on
using NR latex.'” However, until date, there are not many
reports on the preparation of LNR and liquid epoxidized natu-
ral rubber (LENR) using dried NR and ENR. Our laboratory is
interested in preparing LNR and LENR from dried NR accord-
ing to the method mentioned in a patent by Abdullah.'® The
method is based on the sensitized degradation of rubber by visi-
ble light. Obtained liquid rubber contains functional groups
such as —OH, —OOH, and C=0'7 as a result of oxidation.
These groups act as active centers in the liquid rubber polyiso-
prene chain.

Previous studies showed persistence research of scientists in
generating LNR acceptable in the industry, but unfortunately
almost all methods involve toxic chemical reagents harmful to
the environment. The method used to produce LNR in this
research, has some advantages to be commercially acceptable.
For example, the reagent used did not have an adverse effect on
rubber or polyisoprene chains, the catalyst used will not be
interrupted by nonrubber components, the process is efficient
and economic, the reagents are noncarcinogenic or toxic to the
operator and the process does not leave a residue that could act
to disrupt the final products.

Table I. The Range of Molecular Weight of Resin and Rubbers

Sample M., (g/mol)

UPR 2x10%3-3x 108
NR 2x10%-9x10°
ENR 2x106-3x10°
LNR 3x10%°-6x10°
LENR 2x10%-4x10°
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LNR can be used as a raw material to improve processibility of
the rubbers used in viscosity modifiers, adhesives, pressure-
sensitive adhesives, sealing agents, caulking compounds, and
plasticizers. LNR can also be used as a compatibilizer in ther-
moplastic NR."®" For instance, LNR has been used as compati-
bilizer in a polypropylene/NR blend,”® and was found to
increase the adhesion between PP and NR owing to the pres-
ence of active groups along the polyisoprene chains. In a study
on high-density polyethylene/NR (HDPE/NR-40/60) blend with
LNR as the plasticizer, it was observed that a gradual increase in
LNR content increased the tensile strength and elongation at
break.”! Liquid rubber can be easily modified chemically
because of its low molecular weight. The presence of a reactive
group and double bond in LNR offers many possibilities for
chemical transformations. Compared to dried rubber, the use of
liquid rubber is advantageous for the production of various
products because it can be processed easily and requires less
energy.”> Moreover, LNRs have two major advantages over the
synthetic rubbers mentioned above. First, the synthetic route for
the preparation of LNR and LENR is more green and more
energy efficient than other technologies such as metathesis deg-
radation and cleavage by periodic acid and lead tetra ace-
tate > In addition, NR can be obtained from natural
resources (green route).

The present study evaluates and compares the use of LNRand
LENR as an impact modifier for UPR. We also investigate the
effects of both liquid rubbers on the thermal and morphological
properties of UPR.

EXPERIMENTAL

Materials

The materials used in this study were standard Malaysian
rubber-latex (SMR-L) grade NR (NR) and epoxidized NR
(ENR-50) purchased from the Malaysian Rubber Board. SMR-L
is abbreviation of Standard Malaysian Rubber-Latex, with the
plasticity retention index of 60 and Wallace rapid plasticity (P,)
of 35. The UPR used was an orthophthalic UPR containing
30% styrene supplied by Revertex (M) Sdn. Bhd. Methyl ethyl
ketone peroxide was used as the initiator. Other components
such as methylene blue, toluene, rose Bengal, and methanol
were purchased from Sigma-Aldrich. LNR and LENR were gen-
erated in our laboratory by photosensitized degradation of NR
and ENR, respectively.'”*°

Dried NR (1 kg of NR or ENR) was cut into small pieces and
soaked in toluene overnight followed by the addition of a mixture
of methylene blue (0.10 g) and rose Bengal (0.15 g) in methanol.
The solution was stirred frequently using a mechanical stirrer in
the presence of visible light (fluorescent lamp, 40 watt) with the
storage temperature of 80°C, for almost 2 weeks until the rubber
mixture transformed into a golden-yellow viscous liquid. Good-
quality LNR usually has a yellowish appearance and honey-like
viscosity.'”* Purification of LNR and LENR was carried out by
centrifugation for 4 min at 3000 rpm. This process removed and
separated the NR or ENR gel, which floats on the surface of the
tube, from the liquid rubber. The molecular weights (M,,) of the
ensuing LNRs were measured by gel permeation chromatography
(GPC), Model PL- GPC 50 plus. The range of molecular weight
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Figure 1. ATR-FTIR spectra of: (a) NR, LNR, UPR, and the LNR-UPR blend; (b) ENR, LENR, UPR, and the LENR-UPR blend.

of resin and both rubbers, before and after photochemical degra-
dation, are listed in Table I.

Preparation of UPR-Liquid Rubber Blends

Different amounts (1.5-6.0 wt %) of LNR or LENR were added
to the polyester resin and mixed using a mechanical stirrer for
approximately 3 h, followed by the addition of the initiator (1.5
wt %). The mixture was stirred for a further 2 min, poured
into the mold, and cured at room temperature for 24 h.

Analysis and Testing

Infrared Spectroscopy. Attenuated total reflectance-Fourier trans-
form infrared (ATR-FTIR) spectroscopy (Perkin Elmer) was used
to examine any change in the functional groups that may have
been induced by the crosslinking process. The samples were ana-

lyzed in transmittance mode within the range 4000-600 cm ™"

Morphology Analysis. The fracture surface of neat and modi-
fied resins after impact test, were investigated using field emis-
sion scanning electron microscopy (FESEM, Zeiss Supra 55VP
model). The samples were sputter-coated with gold to avoid
charging. Image analyzer was used to measure the dimensions
of the rubber particles.

Optical three-dimensional (3D) surface metrology was per-
formed using an Alicona Infinite Focus Microscope (IFM) at 10
X Magnification. For these experiments, the rubber phase was
preferentially extracted using toluene for 24 h at room tempera-
ture and then dried in the oven overnight.

The number- (D,), weight- (D,), volume- (D,), and area-
average diameter (D,), polydispersity index (PDI), volume frac-
tion of dispersed phase (@) per unit volume, and the interfacial
area per unit volume were calculated from the following
equations.

27
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Figure 2. Photograph of neat and modified UPRs (a) LNR-UPR and (b) LENR-UPR. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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Figure 3. FESEM images of the fractured surface. (a) Neat UPR and (b—e) LNR-based blends with 1.5, 3, 4.5, and 6 wt % of LNR, respectively.

D.,
PDI= =Y (5)
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. . 30
Interfacial area per unit volume =— (7)
r

where A is the area of micrograph region under analysis, D
is the diameter of domains, r is the radius of the domains,
and @ is the volume fraction of the dispersed phase per unit
volume.

Mechanical Measurements. Tensile testing of specimens was
carried out using an Instron Universal Testing Machine (model
5567) with a crosshead speed of 5 mm/min according to ASTM
D-638-91 Standard Test Methods for tensile properties of unsat-
urated polyester. The specimens were cut to dimensions of 160
X 13 X 3 mm’ from cured sheets. These values were the aver-
age of 10 specimens.
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The impact strength of un-notched specimens was measured
according to ASTM D4812 Impact Resistance of Plastic. Tests were
run on a RAY-RAN digital Universal pendulum impact tester at
room temperature, and the results were averaged over eight samples.

The fracture toughness was measured in terms of critical stress
intensity, Kjc. Fracture toughness values have been determined
using single-edge-notched specimens in three-point bending
with a span of 40 mm. The test were performed at room tem-
perature (25°C) in Charpy mode using an Instron Dynatup
9210 Falling Weight Impact Tester with a V-shaped impactor tip
and a crosshead speed of 5 m/s. The length, breadth, thickness,
and notch length of the specimens were 60, 10, 3, and 2 mm,
respectively. Kjc was determined according to ASTM D5054-99
using the following relationship:
. Fmax 1/2 a

K= () ®
where F., is the maximum force from the load-elongation
trace, B is the thickness of the specimen, W is the width of the
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Figure 4. FESEM images of the fractured surface of LENR-based blends with (a) 1.5 wt %, (b) 3 wt %, (c) 4.5 wt %, and (d) 6 wt % LENR; (e) blend

with 1.5 wt % LENR (at higher magnification).

specimen, and a is the total notch length. f (&) is the corre-
sponding geometry correction factor and is expressed as
described previously®®:

f(%) =1.93-3.07 (%) +14.53 (%)2—25.11 (%)3 +25.80 (%)4
9)

Critical strain energy release rate (fracture energy) Gic was
computed using the expression,

2
Gio= (%) (10)

where E is the elastic modulus.

A dynamic mechanical thermal analyzer (Q800 DMTA, TA instru-
ments) was used to measure the loss of rigidity at high tempera-
tures for neat and all rubber-modified UPRs according to
ASTD4065. The temperature dependence of the storage modulus
(E), loss modulus (E”), and the loss factor (tan ) were studied.
Measurements were carried out from —100 to 150°C at a heating
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rate of 5°C min~ ', with a fixed frequency of 1 Hz. Single cantile-

ver mode was used for the sample of size 35 X 13 X 3 mm’.

Thermogravimetric Analysis. Thermogravimetric analysis (TGA)
was performed with a Mettler Toledo SDTA 851e thermal ana-
lyzer to investigate the thermal stability of the cured samples of
both neat and rubber-modified UPR. About 10 mg of sample
was heated in a platinum crucible from room temperature to
600°C at a heating rate of 10°C/min under a nitrogen
atmosphere.

RESULTS AND DISCUSSIONS

Infrared Spectroscopy

ATR-IR spectroscopy was used to analyze the occurrence of any
chemical interactions between UPR and LNR or LENR. The
ATR spectra of the neat components and rubber-modified
blends are shown in Figure 1. The spectrum of neat UPR shows
a strong signal at 1720 cm™' and two signals at 1599 and
1577 cm™'. These can be assigned to the C=O stretch of
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Table II. Range of Rubber Particle Size in UPR Matrix

Diameter (um)

Rubber solid content (%) LNR LENR
1.5 6-25 1-5
3 8-40 1-7
4.5 8-50 1-7
6 12-65 1-5

carboxylic acids and the C=C stretch absorption of the ring
skeleton in styrene and UPR, respectively. The signals at 908
and 1629 cm™ ' are attributed to C=C stretching in styrene.
Other signals at 979 and 1645 cm™ ' are attributed to C=C
stretching of the UPR chains (Figure 1).

Figure 1(a) shows the ATR spectra of NR and LNR. On com-
paring the spectra for LNR and NR, we observe some apparent
changes in the LNR spectrum around 3200—3500 and
1718 cm™ . These were assigned to the OH stretching of OOH
and alcohol groups and the C=O stretching, respectively. These
two prominent signals are characteristic of the oxidation prod-
ucts formed from the photochemical degradation of the polyi-
soprene chain.'”

The FTIR spectrum of LENR is similar to the spectrum of ENR
and shows two signals attributable to the epoxy ring at 1250 and
872 cm™'. The broad signal around 3400 cm ™" is due to the OH
stretching. The signal at 1663 cm ™' is assigned to C=C stretching
in rubber. Two other strong signals at 1447 and 1375 cm ™' are
attributed to the —CH; and —CH, absorption, respectively. Inter-
estingly, the spectrum of LENR also shows a signal at 1722 cm ™!,
that could be assigned to a C=O stretch, which formed after the

photochemical degradation of ENR? [Figure 1(b)].

Several of these signals change as a result of chemical interac-
tions within the blend. It can be clearly observed from Figure
1(a,b) that the consumption of the styrene monomer in the
cured blends caused the signals at 908 and 1629 cm™ ' to disap-
pear, whereas the consumption of the C=C bond in the unsatu-
rated polyesters caused the signals at 1645 and 979 cm™' to
disappear. The disappearance of these signals from the spectrum
for both the blends, indicated full participation of the func-
tional groups (C=C) in crosslinking. The signals observed in
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Figure 5. Schematic illustrating the (a) crack deflection and (b) crack-

pinning mechanisms. The spherical shapes denote elastomeric particles. The
lines and arrows represent crack propagation energy and energy, respectively.

the spectra for both the blends in the range 2800—3100 cm ™' is
related to the CH stretching of CH, and CHj. These signals
became sharper compared to the signals observed in neat UPR.
However, the intensity of these signals was lower than the signal
intensities observed for the rubber-modified UPRs [Figure
1(a,b)]. This result is indicative of the crosslinking process as all
the C=C bonds were converted to C—C bonds. Furthermore,
the increment in the intensity of the two signals (attributable to
the —CH bending) at 1452 and 1378 cm™' in the spectrum of
both the blends is further evidence for the crosslinking.

The spectrum of the LENR-UPR blend shows that the absorption
band corresponding to the epoxy ring at 872 cm™ ' disappeared
after the crosslinking. This observation indicates that in addition
to the physical interaction between UPR and the terminal active
groups, the epoxy ring contributed to the crosslinking by chemi-
cally bonding with C=C of UPR. However, no evidence of a simi-
lar chemical interaction was found in the spectrum of LNR-UPR.
We believe that LNR, unlike LENR, possibly only interacted
physically with UPR via its terminal active groups. However, in
the case of LENR, epoxy group has potential to have chemical
interaction with C=C of UPR Morphological observations in the
following section support this statement.

Table III. Number-, Area-, Weight-, and Volume-Average Diameter of Domains Dispersed in the Polyester Matrix

Rubber content Dn” (um) D’ (um) D.° (um) Du° (um) PDI @ se/
1.5% LNR 16.0 17.7 4.9 19.5 1.18 12.4 3.6
3.0% LNR 16.6 18.1 5.0 19.8 1.19 19.3 5
4.5% LNR 17.3 19.8 9.7 22.6 1.30 30.3 6.9
6.0% LNR 26.4 30.4 37.9 351 1.32 33.8 7
1.5% LENR 2.75 2.88 0.045 2.87 1.04 26.27 51.5
3.0% LENR 2.86 3.08 0.063 3.33 1.16 41.20 73.2
4.5% LENR 3.32 3.61 0.078 3.93 1.18 49.95 99.9
6.0% LENR 3.35 3.88 0.080 3.95 117 97.65 177
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Figure 6. Optical 2D and 3D images of the rubber-modified UPRs. (a, ¢) 2D images of 1.5 wt % LNR- and LENR-modified UPR, respectively. (b, d) 3D images
of 1.5 wt % LNR- and LENR-modified UPR, respectively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Morphology of Rubber-Modified Unsaturated Polyester

Figure 2 shows the appearance of the various samples. It can be
seen that while the neat UPR was transparent, the opacity of
the material increased with the LNR or LENR content. This loss
in the transparency is suggestive of the heterogeneous morphol-
ogy of the blends.

The fractured surface of the neat and rubber-modified UPR
samples was examined using FESEM (Figures 3 and 4). The
fractured surface of all the modified UPR samples clearly
showed two distinct phases: a continuous matrix and a dis-
persed rubber phase. This result was also in accordance with the
visual inspection of the blends. The neat UPR sample [Figure
3(a)] displayed a smooth and glassy fractured surface with rip-
ples. The ripples are due to the brittle fracture of the network,
which accounts for its poor impact strength as there is no
energy dissipation mechanism operating in this case.® However,
the fractured surfaces of all the modified UPR samples, unlike
neat UPR, were rougher, indicative of ductile fracture.

It can be seen in Figures 3 and 4 that the size of the precipi-
tated rubber domains in the LENR-modified resin is smaller

M%B WWW.MATERIALSVIEWS.COM
1

41292 (7 of 15)

than the size of the rubber domains in the LNR-UPR blends.
The rubber domains in the LNR blend exhibited a broad size
distribution from 6 to 64 pum, whereas the size of the rubber
domains for the LENR-modified resin was in the range of 1 to
7 um (Table II). Moreover, it was observed that the size of the
precipitated rubber domains in LNR-UPR increased with the
elastomer content, probably due to coalescence of the rubber
particles (Figure 3). In contrast, LENR showed prodigious
behavior with no increase in the size of rubber particles with
increasing rubber content up to 4.5 wt % (Figure 3). On
increasing the LENR content in the blend up to 6 wt %, we
observed a decrease in the particle size. This may due to the
higher compatibility and miscibility of LENR as a result of the
chemical interactions with the UPR matrix. At 6 wt %, some
LENR may dissolve in the matrix instead of forming phase-
separated particles.

The average diameter and distribution of the precipitated rubber
domains along with other related data are listed in Table III. The
results agree well with the qualitative microscopic observations,
that is, higher number- and area-average domain diameters for

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41292
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Scheme 2. Schematic illustrating the crosslinked network and energy transfer through the rubber particles in the LENR-UPR system. The spherical

shapes denote elastomeric particles adhered to the UPR matrix. The arrows represent the crack propagation energy. The energy dissipation is represented

by the decrease in the size and transparency of the solid arrow.

LNR-based blends. The values of the number- and area-average
domain diameters increased continuously with the rubber con-
tent for LNR-based blends. The results obtained for LNR-
modified UPR agrees with data reported in the literature for
other rubber-modified thermosets.® The increase in the domain
size of the LNR phase is associated with coalescence of the dis-
persed rubber particles. This phenomenon was more prominent
at higher concentrations of the LNR phase. In stark contrast,
increasing the rubber content did not induce any significant
change in the domain size of the LENR phase. The PDI of the
rubber domain size was significantly higher for LNR-based blends
compared to that for LENR-based blends (Table III).

The compatibility and interaction of rubber with the UPR matrix
can be determined by computing the volume fraction (®) and
interfacial area of the dispersed rubbery phase. The interaction of
the rubber domains with the UPR matrix increases with the
interfacial area.” The interfacial area per unit volume between the
dispersed and continuous phases was much higher for LENR-
modified UPR compared to that for LNR-based blends. This was
a consequence of the smaller particle size of the dispersed phase
in LENR-modified UPR (Table III). This was also further proof
for stronger interactions present between LENR and UPR when
compared to interactions present between LNR and UPR.

The fracture mechanism can also be explained via morphologi-
cal investigation. The main fracture mechanisms observed in
both the modified polyesters were particle cavitation, shear
yielding, crack pinning, and crack path deflection. In addition,
both LNR and LENR-modified polyesters exhibited a stress-
whitened zone on the fracture surface. This zone formed during
the loading sequence, and its size was proportional to the
increase in toughness. Therefore, examining the size of this

a
=0 O
ROk

=

6:_:

zone was necessary for the elucidation of the toughening mech-
anism.”® Stress whitening is due to the scattering of visible light
from the voids (scattering center) formed in the matrix as a
result of the cavitation of rubber particles.”’ Compared to the
LNR-modified polyester, the LENR-modified polyester showed a
wider stress-whitened zone indicating greater cavitation of the
rubber particles. Thus, the LNR-modified polyester exhibited
higher toughness (Figures 3 and 4).

It is well known that a homogenous distribution of small par-
ticles induced yielding of the matrix. In fact, uniformly distrib-
uted rubber particles act as stress concentrators, and therefore,
rubber-modified UPRs exhibit higher impact strength than
unmodified UPR.

The micrographs of LENR-UPR displayed a homogenous disper-
sion of smaller rubber particles even at high rubber content [Fig-
ure 4(a—d)]. In contrast, the micrograph of LNR-UPR [Figure
3(b)] showed uniformly distributed small and spherical elastomer
particles only with 1.5 wt % of LNR, whereas an inhomogeneous
distribution of phase-separated rubber domains was observed at
higher weight content of LNR [Figure 3(c—e)]. Therefore, higher
impact properties were expected for the LENR-UPR blend.

Crack pinning, another toughening mechanism, was the more
dominant mechanism in both the modified polyester systems.
According to this mechanism, the proposed role of the rubber
particles is to behave as impenetrable objects that cause the
crack to bow out. This consumes extra energy. The difference in
the toughness between the brittle polyester and the ductile rub-
ber phase is large enough for these particles to be considered
relatively impenetrable. Indirect evidence for the crack pinning
mechanism comes from the occurrence “tails” near the particles
on the fracture surface* (Figure 5).

0. (0,000,
OOO o_(O.
.00 0 0.

Scheme 3. Schematic illustrating the crosslinked network and energy transfer through the rubber particles in the LNR-UPR system. The spherical shapes

denote elastomeric particles adhered to the UPR matrix. The arrows represent the crack propagation energy. The energy dissipation is represented by the

decrease in the size and transparency of the solid arrow.

M WWW MATERIALSVIEWS.COM
\'nﬂ"'§

41292 (8 of 15)

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41292


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

- ARTICLE WILEYONLINELIBRARY.COM/APP Applied Polymer -

SCIENCE

60 14
a b

50 12

w 10
a —
= 40 g
5 c

i
) 2]
& 30 I
r K

3 g 6
o [

= 20
4
10
2
0 0
0 15 3 45 6 0 15 3 45 6
Rubber content (%) Rubber content (%)
1000 10
c d

800 8
—
- £
a 2
= x

o 600 -.g) 6
3 5
= =
3 7]
= 3
@ @
= Q

g 400 £ 4
= o
8

200 2

0 0

0 15 3 45 6 0 15 3 45 6
Rubber content (%) Rubber content (%)
I UPR-LNR Blend [ UPR-LENR Blend J

Figure 7. Tensile and impact properties of UPR-LNR and UPR-LENR blends. (a) Tensile strength, (b) Tensile strain, (c) Tensile modulus, and (d) Izod
impact strength.

According to the crack-path deflection mechanism, the pro- would also reduce the opening of the crack on both sides,

posed role of the rubber particles is to cause the crack to devi-  thereby increasing the energy required to propagate such a

ate from its main plane resulting in increased surface area. It  crack. Figure 5 shows a schematic illustrating of crack pinning
and crack path deflection mechanisms.

The FESEM micrographs of LENR-modified polyester show that
the rubber particles were partly fractured and that less rubber
was pulled out [Figure 4(e)]. It indicates that the crack devel-

Table IV. Tensile and Impact Properties of Neat UPR, LNR-UPR, and
LENR-UPR Blends

Tfnsnih Tensil Modl Impact oped through the rubber particles as a result of the interaction
streng ensile odulus  energy bet th ticl d th trix. Thus, th )
Sample (MPa) strain (%) (MPa) (i) etween the particle an e matrix us, these samples

showed high impact properties. In contrast, the micrographs of
UPR 40+3.4% 61+x11 82150 25x04 the LNR-modified polyester [Figure 3(b)] show that the rubber
1.5%INR 46+52 79+12 752+16 35+05 particles were pulled out from the matrix instead of being frac-
30% INR 43+29 79+09 738+45 27+05 tured. This indicates that energy dissipation occurred through
45%LNR 37+65 69+18 727+14 26+10 the matrix resulting from the poor interaction between the par-

60%LNR 35:67 67%23 59645 23x04 Udesandthe matrix
15%LENR 49+15 112+09 624+28 40+05 Optical two dimensional (2D) and 3D surface images of modi-
30%LENR 39+05 112+07 531+12 54+06 fied polyester systems with 1.5 wt % LNR and LENR rubber are

45%LENR 35+15 109+15 445+24 64+06 shown in Figure 6. The 2D images are similar in appearance,

o except for the smooth matrix surface, to the images obtained
6.0%LENR 29=05 105=08 403=40 5905 using FESEM. The empty spaces left behind by rubber particles
2The values in the table are mentioned as mean + s.d. removed by toluene leaching appear as the dark face in the 3D
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Figure 8. (a) Fracture toughness and (b) fracture energy as a function of

rubber content.

images [Figure 6(b,d)]. It can be seen from Figure 6(b) that
almost 75% of the rubber was removed in the case of LNR-
UPR. In contrast, only 33% of rubber was removed after tolu-
ene leaching in the case of LENR-UPR, leaving more rubber
remaining in the hole. This could be further evidence for the
higher compatibility and interfacial adhesion in LENR-UPR.

Mechanical Properties

Tensile Properties. The tensile properties of LNR and LENR-
modified blends are shown in Figure 7 (panels a, b and ¢), and
the corresponding data are listed in Table IV.

The tensile strength for LNR and LENR-toughened UPR is
shown in Figure 7(a). The tensile strength of both the systems
increased on inclusion of 1.5 wt % of rubber but decreased
with the incorporation of more elastomer. This could be due to
the better interaction, adhesion, and compatibility of the elasto-
mer with the resin matrix, which is manifested in Figure 7(b,d).
The rubber phase was actually formed with microvoids due to
resin shrinkage during the curing process. Therefore, the small
size of rubber particles resulted in a smaller cracking zone.
Moreover, the finer dispersion of the rubber phase in the matrix
resin, caused by lower interfacial energy between the compo-
nents, was attributed to a good adhesion at phase boundaries
for 1.5 wt % rubber content. This also improved the stress
transfer within the materials.
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It is widely accepted that rubber particle size, surface area of
contact, the intrinsic strength of the rubber phase, and its com-
patibility with the thermoset matrix, affect the tensile properties
of rubber-toughened resins."> Thus, LENR particles with a
smaller size and more contact surface area compared to LNR
particles at the optimal percentage [Figures 3(b) and 4(a)] dis-
played higher tensile strength.

Conversely, above the optimum rubber content, the natural fact
of increasing of rubber content becomes dominant [Figure 3(c—
e)]. The presence of large particles in the blend led to zones
through which cracks could pass through easily, thereby reduc-
ing the value of the tensile strength.” However, we did not
observe much increase in the size of the elastomer domains in
LENR-modified systems. The reason for the slight reduction in
the tensile strength in LENR-UPR systems is attributed to the
flexibilization of the matrix (probably to a lesser extent) along
with toughening behavior.

It is also worth noting that most of the previous research on
toughening thermosets using synthetic liquid rubber, such as
CTBN,’* ATBN,"” HTPB,” and so forth, had observed a signifi-
cant reduction in the tensile strength. In contrast, 1.5 wt % of
LNR and LENR improved the tensile strength by 15 and 22%,
respectively (Table IV).

Figure 7(b) shows that the tensile strain increased with the rub-
ber content for both blend systems. In particular, LENR-UPR
displayed a dramatic increase in tensile strain values. The reac-
tion was evidenced from IR spectroscopic analysis and explained
by the fact that both rubbers hide the effect of the UPR. Since
LENR contains a commendable number of epoxide groups,
compared to LNR, which contains a small amount of reactive
groups resulting from the photo degradation, it is reasonable to
expect that its rubber particles are more compatible with the
UPR matrix. Thus, the LENR-UPR system showed excellent ten-
sile strain values (Table IV).

33637 the tensile modulus of

In agreement with many studies,
both systems decreased gradually with increasing rubber content
[Figure 7(c) and Table IV]. It is attributed to the effect of the
soft segment structure of LNR and LENR as well as to the
intrinsically low modulus of liquid rubbers compared with neat
UPR.®® Tt is interesting to note that the tensile modulus of
LENR-UPR blend showed more reduction in contrast with
LNR-UPR blend. The reason was due to the better interaction
of LENR and UPR that emphasized the rubbery properties of
blend more than LNR-UPR blend. In fact, the better interaction
and the resultant tensile properties were caused by the homoge-
neous distribution of the comparatively smaller particles in
LENR-modified blends.

Impact Properties. Figure 7(d) depicts the Izod impact strength
of the un-notched neat, LNR-, and LENR-modified UPR. The
corresponding values are listed in Table IV. Both the modified
blends showed higher impact resistance compared to the neat
resin. However, LENR-toughened UPR showed a higher incre-
ment in impact strength compared to that shown by LNR-
modified UPR. In rubber-modified UPR, the improvement in
impact strength can be correlated to the enhancement in the

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41292
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Figure 9. DMA results for LNR-UPR and LENR-UPR. (a, b) Temperature dependence of the storage modulus; (¢, d) temperature dependence of the loss

factor (tan 0); (e, f): temperature dependence of the loss modulus.

toughness. The LENR-UPR blend, which contains 4.5 wt %
rubber, has a maximum impact strength value of 6.36 kJ/m?,
which is about 154% larger than the value obtained for neat
UPR (2.5 kJ/m?). In contrast, the maximum impact strength
value of 1.5 wt % rubber LNR-modified UPR shows only a
40% improvement over the impact strength for neat UPR. The
epoxidized rubber being more reactive and compatible with the
resin matrix resulted in higher rubber inclusion, which
enhanced the toughness compared to LNR, which interacted
less with the resin matrix. Thomas et al.’® reported only a 47%
improvement in impact strength on using a HTBN-modified
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epoxy matrix. Ratna’® reported a 60% improvement for a
carboxyl-terminated poly (2-ethyl hexyl acrylate) liquid rubber-
modified epoxy system.

As mentioned above, LNR-modified UPR exhibited uniformly
distributed rubber particles within the matrix only for 1.5 wt %
of rubber [Figure 3(b)], and the highest impact strength for
LNR-modified UPR (3.5 kJ/m?) was observed at the same
weight percent of rubber. However, this value is still lower than
that for the same percentage of LENR-modified UPR (4 kJ/m?).
This can be attributed to the comparatively bigger size and
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nonhomogeneous distribution of rubber domains in the LNR-
modified matrix compared to the rubber domains in LENR-
UPR. The decrease in the impact strength above the optimal
LNR content (1.5 wt %) is also ascribed to the lower compati-

Table V. DMA Values for Neat UPR and LNR/LENR-Modified UPR

Storage modulus

Sample (MPa) at —100°C Tq CCP°
UPR 4562 94
1.5% LNR 4691 90
3.0% LNR 4528 88
4.5% LNR 4618 88
6.0% LNR 4500 89
1.5% LENR 4819 90
3.0% LENR 4754 90
4.5% LENR 4619 89
6.0% LENR 4450 89

2Ty was taken from the main peak of the tan & versus temperature
curves.
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bility of the rubber with the matrix, and the aggregation of rub-
ber particles with increasing rubber concentration. In fact, large
elastomeric domains act as deflection sites and lead to cata-
strophic failure of the matrix. Similar behavior has also been
reported for rubber-modified epoxy systems.”>***

Good bonding at the rubber-resin interface along with excellent
dispersion of the rubber particles in the UPR matrix is neces-
sary for improving impact resistance. The increase in impact
strength up to an optimal rubber concentration is attributed to
the effective stress concentration behavior of the phase-
separated rubber particles that amplify the plastic deformation
of the highly brittle matrix to a certain extent. According to
Bucknall,"" the rubber particles are considered to bridge the
crack as it propagates through the material. Thus, the rubber
particles are able to prevent the crack from growing to a cata-
strophic size. Therefore, matrix ductility attained by the incor-
poration of rubber is the reason for the improvement in the
impact strength of the modified blend over that of neat UPR.

The increase in toughness was also due to the amount of elastic
energy stored in the rubber particles during stretching. Thus, the
deformation of the rubber particles in the matrix seemed to be

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41292
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responsible for the enhanced stress transfer and the consequent
increase in impact resistance. Shear yielding of the matrix was
another possible mechanism that could be operating in these sys-
tems. According to this mechanism, the principle function of the
rubber particles is to produce sufficient triaxial tension in the
matrix to increase the local free volume, thereby enabling extensive
shear yielding of the matrix. Thus, crack propagation through the
rubber particles along with shear yielding was the main toughening
mechanism resulting in enhanced impact behavior.**?

To explain the correlation between the morphology and the
resultant toughening characteristics, a model has been proposed
by Thomas et al.”® The primary factors that affected the mor-
phological evolution of the cured systems are the dissimilarity
in crosslinking density and size of the rubber domains. Scheme
2(a) represents the dispersion of smaller LENR elastomer
domains in the midst of a crosslinked thermoset network. The
homogeneous distribution of elastomer particles in the modi-
fied polyester system is responsible for the enhanced damping
nature of the sample. The particles in such systems act as stress
concentrators and on application of a force, energy transfer
takes place through these particles and dissipate in due course.
Thus, the matrix is protected from catastrophic failure. This
energy transfer is schematically represented in Scheme 2(b).
The spherical shapes denote elastomeric particles adhered to
the UPR matrix. The arrows represent the crack propagation
energy from the crack initiation site. The crack propagation
energy gradually reduces as it passes through the elastomeric
particles (dotted arrows). The energy dissipation is represented
by the decrease in the size and transparency of the solid arrow.

Scheme 3(a) illustrates the inhomogeneous distribution of elas-
tomer domains having lower interfacial adhesion to the matrix,
which is addressed to a modified UPR with higher weight con-
tent of LNR elastomer.

Scheme 3(b) represents the energy propagation mechanism in
LNR-modified systems. The energy propagation occurs through
the interface of the elastomer domains and the polyester matrix.
Proper energy dispersion does not take place through the elasto-
mer domains in these samples. Therefore, there is no reduction
in the intensity of the crack propagation energy (denoted by the
same style of arrows) as it is not propagated through elasto-
mers. This creates interfacial separation, which ultimately leads
to the failure of the matrix.”

Fracture Properties. Figure 8 illustrates the effect of rubber
content on the fracture toughness (Kjc) and fracture energy
(Gic), for LNR- and LENR-modified UPR. In the case of LNR-
UPR, fracture toughness increased by about 41% with 1.5 wt %
of rubber. Meanwhile, LENR-UPR showed the maximum frac-
ture toughness (increase of 66%) at 4.5 wt % of rubber. For
both the rubber-modified systems, a further increase above the
optimal rubber content resulted in the reduction of Kjc. A simi-
lar trend is also observed in the case of fracture energy, Gic,
with a 47 and 70% increment at the optimum LNR and LENR
content, respectively.

It seems that the smaller size of the rubber particles and their
homogenous dispersion is responsible for the higher fracture
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toughness of LENR-UPR. In addition, LENR exhibits desirable
chemical bonding with UPR, thereby improving toughness as a
result of increasing miscibility of the rubber into the UPR
matrix. Hence, some rubber dissolves in the UPR matrix and
acts as a plasticizer. In contrast, LNR has no appreciable misci-
bility with the UPR and only a flexibilizing effect operates in
LNR-UPR. This phenomenon also could be another reason for
the lower Kjc value observed with LNR-modified UPR. None-
theless, both these effects increased the ability of the matrix to
deform under shear.”

Dynamic Mechanical Thermal Analysis

The evolution of the storage modulus with different contents of
LNR and LENR for both neat and modified UPR is depicted in
Figure 9(a,b). All samples showed behavior typical of rubber-
modified polyester.>** Neat UPR has a storage modulus around
4562 MPa at —100°C and displayed a behavior characteristic of
amorphous polymer. At low temperatures, the polymer is in the
glassy state, and the modulus remained roughly constant with
temperature. At around 50°C, the modulus started to drop
sharply. This drop in the modulus corresponds to the main relax-
ation of the polyester. However, the modified samples displayed a
two-step drop in the modulus [Figure 9(a,b)]. The low-
temperature modulus drop, whose magnitude increased with the
rubber content, is associated with the glass transition temperature
(T) of the rubber phase. Results showed that the storage modu-
lus for both the rubber-modified systems increased up to 1.5 wt
% rubber and reduced with the incorporation of more rubber.
The reduction in storage modulus is attributed to the lowering of
the crosslinking density and plasticization of the UPR matrix on
addition of the liquid rubber.****

The loss factor (tan ) versus temperature curves for both
LNR-UPR and LENR-UPR are presented in Figure 10(c,d),
respectively. The neat UPR displayed a single well-defined
relaxation peak around 94°C, which is its glass transition tem-
perature. On elastomer addition, a slight shift of the relaxation
peak toward lower temperatures was observed. Since LENR is
partially miscible in the resin system, the lowering of T, is
mainly owing to the low modulus of the elastomer. Further-
more, the better adhesion and interaction of LENR with the
resin matrix were substantiated from IR spectroscopy, FESEM,
and impact strength measurements. Conversely, the significantly
lower interaction and miscibility of LNR in the polyester
matrix could be seen from the morphology and mechanical
performance tests, including impact resistance. The reduction
in crosslinking density in the modified systems plays a major
role in the shifting of T,. Phase-separated elastomer domains,
formed during the curing of UPR, occupies the space in
between the reaction sites, thereby impairing the crosslinking
reaction at that particular site. This causes the crosslinking
density of cured systems to reduce. Thus, the overall crosslink-
ing density reduces on the incorporation of more rubber.***
This shift of the main relaxation process of the matrix toward
lower temperatures could also at least be partially explained by
a mechanical coupling effect. Indeed, the lower modulus drop
at T, of the UPR matrix on adding elastomer could induce this
shift. An ill-defined relaxation peak corresponding to T, of the
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elastomeric phase was also observed around 0°C for the LENR-
modified resin.

Figure 9(e,f) show the temperature dependence of the loss mod-
ulus for neat UPR and for all the UPRs modified with various
percentages of LNR and LENR. Neat UPR showed an unre-
solved shoulder centered around 44°C, which is attributed to
the secondary relaxation of the styrene units bridging the poly-
ester chains and/or to the relaxation of short-chain segments in
the vicinity of the residual fumaric unsaturation.*®*” The relax-
ation associated with the T, of the rubber phase for all the
modified UPRs can be clearly seen from the loss modulus
curves. It can be seen from [Figures 9(e) and 10(f)] that the T,
of LNR and LENR is around —50 and 3°C, respectively. In this
case too, the addition of rubber in both systems caused the
main peak to shift to lower temperatures. This is attributed to
the partial dissolution of rubber into the UPR network, forming
a homogenous UPR-rich phase. It could also be due to the
decrease in the crosslinking density of UPR on the incorpora-
tion of rubber. The distribution of relaxation times of the UPR
matrix becomes broader with the inclusion of more rubber. The
obtained values from DMA are furnished in Table V.

Thermal Analysis

Thermal stability and degradation behavior of the neat UPR and
modified UPRs, with different LNR and LENR contents, were
determined from TGA measurements and the results are presented
in Figure 10. Thermographs for both the modified systems dis-
played a single-step decomposition behavior [Figure 10(a,c)]. It is
interesting to note that, the thermal stability of rubber-modified
UPR was lower than neat UPR regardless the nature of the rubber
phase with unsaturated structure which is not contributes in cross-
linking. The initial degradation temperature of all samples was
around 180°C, and the DTG peak occurred around 380°C [Figure
10(b,d)]. However, from the TGA curves it could be seen that the
weight loss started at lower temperatures for samples with higher
rubber content. This phenomenon was more marked for LNR-
modified UPR blends. The higher thermal stability of LENR-UPR
blends is ascribed to the higher compatibility of LENR with UPR,
which made it difficult to degrade LENR-UPR blends.

CONCLUDING REMARKS

UPRs have been modified with two types of reactive NR, namely,
LNR and LENR, which were prepared by photochemical degrada-
tion of NR and ENR, respectively. Modification with both the
LNRs significantly improved the mechanical properties of the
unsaturated polyester. Morphological studies reveal that the size
of the LNR particles increased with increasing rubber content.
However, the size of LENR particles was independent of rubber
concentration, a behavior unique to LENR. Although the addi-
tion of only 1.5 wt % rubber resulted in high tensile strength for
both LENR- and LNR-modified UPR, LENR-modified UPR
showed higher values for the tensile strength, which could be due
to the good compatibility of LENR with the matrix owing to
chemical bonding. Impact strength increased about by 154% on
increasing the LENR content to 4.5 wt %. However, LNR-
modified UPR did not show any significant improvement in the
tensile strength. The maximum fracture toughness and fracture
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energy were observed at 1.5 and 4.5% of LNR and LENR, respec-
tively. Dynamic mechanical analysis of the blends showed two Tgs
corresponding to the modified polyester and the rubber phase.
The T, values of both the modified polyesters shifted to lower
temperatures on incorporation of the rubber owing to the lower
crosslinking density of the blends. The storage modulus of the
modified polyesters showed the highest values at 1.5 wt % of rub-
ber. Finally, the LENR-modified polyester showed a better

mechanical performance compared to the LNR-modified
polyester.
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