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Polymer blending

Preparation and Characterisation of
Crosslinked Polycaprolactone and Natural Rubber
(SMR CV60) Blends

WAN MD ZIN WAN YUNUS”, LIM CHEE SIONG™*#, MANROSHAN, S.***, MOHD ZOBIR

Polycaprolactone (PCL) and natural rubber (NR) blends were prepared using a melt blending
process, in the absence and presence of an organic peroxide crosslinking agent. The resulting
blends were then characterised for their functional groups using Fourier transform infrared
analysis (FTIR), surface morphology using scanning electron microscopy (SEM), crosslink
degree using gel content measurements, physical properties using tensile measurements and
viscoelastic properties using dynamic mechanical analysis (DMA). FTIR analysis revealed the
reduction in C=0 stretching and C—O bending of PCL due to crosslinking whereas SEM analysis
showed rougher and more irregular surfaces with holes and grooves as well as increasing PCL
concentration. Similarly, surfaces with holes after extraction with acetone were also observed
using SEM. Gel content experiments showed an increase in gel content of the blends with
crosslinking, which reduced with increasing PCL concentration. On the other hand, tensile
strength and modulus at 300% increased after crosslinking and PCL concentration. However,
the elongation at break after crosslinking showed an opposite increasing effect. DMA showed
that crosslinking resulted in a more elastic blend behaviour with an increase in the glass
transition temperature, T, for all blend ratios.
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is a convenient and available homopolymers offer

sfeskeskosk

significant

attractive route for obtaining new polymeric
materials. Compared to the development of
novel homopolymers via synthesis of new
monomers, producing blends of currently

savings in time and cost, while blend
properties may be tuned by changing the
composition'?. However, this approach is
complicated as polymer blends are generally
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thermodynamically ~ immiscible’.  Thus, In general, the main reaction that takes
achieving compatibilisation of immiscible place is a combination of macroradicals that
polymer blends has been a long-standing link macromolecules, therefore generating
academic and technological challenge®. crosslinks, branching and extension of the

chain®?'. This reaction is convenient for

Polycaprolactone (PCL) is a biodegradable improving the properties of the polymer.

polyester with a low melting point (~ 60°C) and Nevertheless, there are other competitive
glass transition temperature of approximately reactions, such as chain-scission and formation
-60°C°. 1t is therefore compatible with many of unsaturations, which affect efficiency of the
polymers such as poly(vinyl chloride), crosslinking, the molecular structure and final
chlorinated polyethylene, polycarbonate, properties of the modified polymer2,
poly(amide-6), poly(styrene-co-acrylonitrile)

and ethylene terephthalate—caprolactone In this study, PCL/NR blends were prepared
copolyester®™'. This is due to carbonyl groups and crosslinked using an organic peroxide,
of PCL forming intermolecular hydrogen namely 1,4-di(-2-(tert-butylperoxy)prop-2-
bonds with hydroxyl groups of the second yl)benzene. The functional groups resulting
polymer. However, several researchers have from the blending were characterised using
reported incompatibility of PCL with polyester Fourier transform infrared (FTIR) analysis.
due to weak interactions of polymers at the The surface morphology of blends after
interfaces, resulting in poorer mechanical and fracturing and extraction with acetone (Molau

thermal properties'*™.

test) were obtained through scanning electron
microscopy, whereas the crosslink degree was
So far, there is not much work reported on characterised using gel content measurements.
the blending of PCL with natural rubber (NR). Tensile measurement experiments were
NR contains 93% — 95% cis-1,4-polyisoprene performed to study the physical properties
and is an elastomer produced from the sap of the f the blends, whereas viscoelastic behaviour
rubber tree, Hevea brasiliensis. As a renewable %-@rgﬁ;s transition temperatures of the blends
natural resource, NR has many ex¢ = l‘)?{]%e through dynamic mechanical
properties, such as outstanding *ﬁ it ,;c_peﬂments
high strength and good processabrhty i " >
also been studied and reported;xt i i

B, W
in tyre applications because of its erio ; EXPERIMENTAL
performance. However, NR has low@"}' ance = )

to heat and ozone but this has been'ﬁa TO _cj, Matemi‘l‘i‘,ﬁ
significantly by blending NR with a sti g &
amount of ethylene propylene diene monotierys =] uﬁﬁfﬁgél rubber (NR) of SMR CV60 grade
(EPDM)'**®, Though so, NR blends generally was supplied by the Rubber Research Institute
exhibit poor mechanical properties due to of Malaysia. Polycaprolactone (CAPA 650)
incompatibility and phase separation'® . with number-average molecular weight of
80,000 g/mol with a granule size of 5 mm was
In order to counter this problem, the use of supplied by Solvay Caprolactone, England.
organic peroxides, such as dicumyl peroxide Luperox 40F (1,4-di(-2-(tert-butylperoxy)
(DCP) and dibenzoyl peroxide have been prop-2-yl)benzene), used as the crosslinking
recommended as crosslinking agents for agent was purchased from Sigma-Aldrich
some of the polymers (elastomers) in order to Chemicals, England whereas acetone was
improve physical and mechanical properties. supplied by BDH, England.
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Preparation of Crosslinked Polycapro-
lactone/Natural Rubber (PCL/NR) Blends

20 g of NR was first melted using Thermo
Haake Polydrive internal mixer at 60°C with
a rotor speed of 50 r.p.m. for 5 minutes. This
was then followed by addition of 20 g of PCL
granules. Mixing was continued for another 5
min to form PCL/NR: 50/50 blend. Luperox
40F was added into the PCL/NR blend and
mixing was continued for another 5 minutes.
Luperox 40F, 5 p.h.r. (parts per hundred resin)
and crosslinking temperature of 120°C were
chosen, as preliminary investigation using
these conditions gave the required parameters
for the PCL/NR blends. The compounded
material was then compressed into 1 mm thick
films using a hydraulic hotpress with a pressure
of 150 kg/cm? at 120°C for 10 minutes. This
was then followed by cold pressing at 30°C
for 10 minutes. Similarly, other PCL/NR
blends having various ratios (0/100, 10/90,
30/70, 70/30, 90/10 and 100/0) were prepared
according to the procedure outlined above.

Fourier Transform Infrared

Analysis

(FTIR)

The functional groups and types of bonding
in the PCL/NR:50/50 blend before and after
crosslinking with Luperox 40F, together with
pure NR and pure PCL were determined
using a Perkin Elmer Spectrum 1000 series
Spectrophotometer equipped with attenuated
total reflectance (ATR). The infrared spectra
of the samples were recorded in the frequency
range of 600 to 4000 cm™.

Determination of Surface Morphology

A Philips XL30 Scanning Electron
Microscope operating at 20 kV was used for
this study. Micrographs were obtained for 2
sets of samples:
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(a) Tensile fractured samples: The fractured
part of samples after tensile properties
measurement was viewed.

(b) Acetone  washed  blends:  Sample
preparation was according to the Molau
test. PCL/NR:50/50 blend was dissolved
in acetone for 48 h before it was vacuum
dried for 16 h and coated with gold by
Bio-rad coating system.

Gel Content Measurement

The crosslinking degree of PCL/NR blends
was determined by gel content test. The
samples were immersed in xylene and soxhlet
extraction was performed for 24 hours. The
remaining samples were filtered and vacuum
dried to a constant weight for 16 hours. The
gel content was calculated using Equation 1.

Gel content, % =% X 100% ol

where, A is the weight of sample after extrac-
tion and B is the weight of the original sample.

Tensile Properties Measurement

The PCL/NR films were cut into a dumbbell
shape and their tensile properties were
determined using a universal testing machine,
Instron 4302 series 1X, according to ASTM
D638M-98. The experiment was performed at
room temperature using a crosshead speed of
5 mm/min and a load cell of 1 kN. The average
of five best measurements was reported.

Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis of the
PCL/NR blends with dimensions of 40 mm
X 10 mm X 1 mm was carried out using a
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Perkin Elmer Pyris Diamond DMA Analyzer.
The analysis was conducted in a three point
bending mode, subjected to an oscillating
frequency of 1 Hz at a heating rate of 5°C/min,
from -100°C to 100°C.

RESULTS AND DISCUSSION
Determination of Functional Groups

The FTIR spectra of pure NR, pure PCL and
PCL/NR:50/50 blends (absence and presence
of crosslinking) are shown in Figure 1.

Pure PCL spectrum Figure la showed
two peaks at 2940 and 2870 c¢cm™ which
indicated the presence of C-H stretching.
The peaks at 1718 and 1140 cm™" attributed
to C=0 stretching and C-O bending. On the
other hand, the spectrum of pure NR Figure
1b showed strong peaks at 1725 and 863 cm™
which corresponded to the unsaturated C=C
stretching and the vinyl out-of-plane bending

of C-H. Medium peaks were also observed at
1465 and 1375 cm™ which attributed to ~CH,
and —CH,- bending and at peaks of 2930 and
2850 cm™ which corresponded to the C-H
stretching of pure NR.

Figure Ic showed peaks at 2930 and
2850 cm™ which corresponded to the C-H
stretching of the blend (NR and PCL). It also
showed PCL characteristic peaks at 1718 and
1140 cm™ (attributed to C=0 stretching and
C-0 bending) and NR characteristic peaks at
1465 and 1375 cm™ (attributed to ~CH, and
—CH,- bending). From Figure Ic also, a strong
C=C stretching signal at 1725 ¢cm™ and low
vinyl out-of-plane bending of C-H signal at
863 cm™ was observed, possibly due to
formation of carbon-carbon bonds through
radicals of NR chains during melt blending™*.
Upon crosslinking (Figure Id), the signal
intensity of C=0 stretching and C-O bending
due to PCL reduced as a result of increase in
the crosslinked density of the PCL chains.
On the other hand, stronger peaks at 2935,
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Figure 1. FTIR spectra of (a) pure NR, (b) pure PCL, (c) PCL/NR:50/50 blend in the absence of
crosslinking agent and (d) PCL/NR:50/50 blend in the presence of crosslinking agent.
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2864 and 2840 ¢cm™ corresponded to the C-H
stretching of both NR and PCL.

Determination of Surface Morphology

Figure 2 showed the morphology of
tensile fractured surfaces of PCL/NR blends
at three different ratios, namely 30/70,
50/50 and 70/30. At low PCL concentration
(Figure 2a), the SEM micrograph showed a
smooth fractured surface. However, as the
concentration of PCL increased (Figures 2b
and c), the fractured surfaces became rough

Mag = 1.00 KX WD =12mm Signal A=SE1  Date: 27 Dec 2006
EHT =20.00 kV EMUPM Time: 11:56:42

(3 ARG R ¥ AP AR RIS 2 RAT IO MBI SERTOIAD P35 el
(a) PCL/NR:30/70

Mag = 1.00 KX

WD =12mm

EHT=20.00kv  EMUPM

and irregular with holes and grooves. This
was mainly due to the incompatibility of
PCL with NR at higher ratios which
corresponded to poor adhesion between
the two polymers'>™, unlike at low PCL
concentration (Figure 2a)*.

SEM analysis was also performed on the
surface of films after extraction with acetone
(Molau test) in order to visualise the structure
of the crosslinked blends, as acetone dissolves
the uncrosslinked PCL. The results for a PCL/
NR:50/50 blend before and after the Molau
test are shown in Figure 3.

Signal A=SE1  Date: 22 Jan 2008
Time: 9:33:19

Mag = 1.00 KX WD =8mm
EHT =20.00 kV EMUPM

(b) PCL/NR:50:50

SignalA=SE1  Date: 27 Dec 2006
Time: 11:42:24

(¢c) PCL/NR:70/30

Figure 2. SEM micrographs of tensile fractured surfaces of PCL/NR blends after crosslinking.
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Figure 3. (a) SEM micrographs of PCL/NR:50/50 blend before the Molau test and
(b) after the Molau test (Magnification: 100 X)

As evident from Figure 3b, a large number
of evenly distributed micro pores were present
on the surface of the film after extraction
with acetone, indicating the removal of
uncrosslinked PCL. This also supports the fact
that PCL and NR formed an immiscible blend
resulting from a weak interface, as found by
other researchers®™’.

Gel Content Study

Figure 4 shows gel content results of PCL/
NR blends in the absence and presence of
crosslinking.

In the absence of crosslinking, all PCL/
NR blend ratios showed a gel content of 0%
as xylene dissolved both polymers. However,
upon crosslinking, an increase in the gel
content was observed, depending on the ratio
of the polymers. In the absence of PCL (PCL/
NR:0/100), the crosslinking was highest as
network formation occurred between chains in
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the rubber, restricting its dissolution. Blending
with PCL reduced gel content and when only
PCL was available, the gel content was 0% as
PCL was uncrosslinked. From the results in
Figure 4, it is evident that PCL hindered the
crosslinking of NR.

Mechanical Properties

Figure 5 shows tensile properties of the
PCL/NR blends, in the absence and presence
of crosslinking. It can be observed that tensile
strength (TS) (Figure 5a) and the modulus at
300% (M300) (Figure 5b) were higher after
crosslinking.

In the absence of crosslinking, the tensile
strength (Figure 5a) and M300 (Figure 5b)
increased with increasing concentration of
PCL, reaching a maximum at PCL/NR:100/0.
Upon crosslinking, a similar trend was
observed with higher tensile strength and
M300. The increase in these properties was
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Figure 4. Gel content of PCL/NR blends in the absence and presence of crosslinking.

mainly due to natural stiffness of PCL, which
enhanced stress crack resistance and adhesion
properties of the blends™.

Increase in tensile strength upon
crosslinking was highest from PCL/NR ratio
of 0/100 to PCL/NR ratio 30/70, resulting
mainly from the free radical crosslinking of
the NR chains. Above this ratio, tensile
strength and M300 reduced due to the reduction
in the ratio of NR in the blend. Though so,
the tensile strength and M300 were still
higher after crosslinking, as compared to
before crosslinking, probably due to alignment
and folding of the crystalline regions of
PCL which increased with increasing PCL
loadings®®.

A different trend was observed for
the elongation at break (EB) as shown in
Figure 5c. In the absence of crosslinking and
PCL, the EB was low mainly as the rubber
chains were broken due to the mastication
process in the internal mixer. The increase in
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EB with PCL addition could have been due
to contribution of high flexibility of the PCL
chains.

The opposite was observed in the presence
of crosslinking. From Figure 5c, it can be seen
that the EB increased in the absence of PCL
(PCL/NR:0/100), mainly due to contribution
of the crosslinking agent which formed
networks of rubber chains through free radical
reaction enabling the blend to be stretched
further. Addition of PCL however reduced
EB of the blend, as PCL caused reduction of
crosslinkable material.

Dynamic Mechanical Analysis

Figure 6 shows viscoelastic properties of
PCL/NR blends, in the absence and presence
of crosslinking. Experiments were performed
at 30°C at an oscillating frequency of 1 Hz.
Both results (Figures 6a and b) showed that
storage modulus, G' was higher than the loss
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Figure 5. (a) Tensile strength, (b) Modulus at 300% elongation and (c) Elongation at break of various PCL/
NR blend ratios in the absence and presence of crosslinking.
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Figure 6. Viscoelastic behaviour of various PCL/NR blends, in the

(a) absence of crosslinking and (b) presence of crosslinking.
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modulus, G" for all blend ratios indicating a
predominantly elastic behaviour. Furthermore,
above PCL/NR ratios of 10/90, continuous
increase in both G' and G" was also observed
with increasing PCL concentration. The
increase in modulus values could be attributed
to the crystalline structure of PCL.

The above results were further interpreted
using tan 9. The tan d gives an indication of the
type of sample behaviour, and the calculation
is shown in Equation 2.

"

Tanf\):Gi, 2

where G" is the loss modulus and G' is
the storage modulus. Results obtained for
the various PCL/NR blends, in the absence
and presence of crosslinking are shown in
Figure 7.

From the results, it can be clearly seen that

in the absence of crosslinking and PCL (PCL/

0.25 1

020 F ~~<

0.15

Tan 6

0.10

0.05

NR:0/100), the blends showed a predominantly
viscous behaviour. The tan 8 however reduced
with increasing concentration of PCL
indicating a more elastic behaviour of the
blend which could probably be contributed
by the stiffness of PCL. However, at PCL/NR
ratios of 70/30 and above, tan & was almost
independent with further addition of PCL.
Similar observations were also obtained
upon crosslinking. However, for PCL/NR
blend ratios below 70/30 in the presence of
crosslinking, a reduction in tan 8 was observed,
indicating a more elastic sample.

Apart from G' and G", the glass transition
temperature (T,) values can also be obtained
from tan d results. Tan & results as a function
of temperature for PCL/NR blends in the
absence and presence of crosslinking agent are
shown in Figure 8.

From the results, the peak in tan d represents
T, of the blends. The corresponding T, for all
blends are shown in (7able 1).
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—e— Presence of crosslinking

0.00 : ‘
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Figure 7. Tan & versus PCL/NR blend ratios.
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Figure 8. Tan d results for the PCL/NR blends in the (a) absence and (b) presence of crosslinking.
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TABLE 1. T, RESULTS FOR THE PCL/NR BLENDS IN THE ABSENCE AND
PRESENCE OF CROSSLINKING AGENT

Blend Ratio (PCL/NR) Absence of crosslinks Presence of crosslinks
0/100 -57.5 -55.0
30/70 -58.3 -55.1
50/50 -60.0 -54.0
70/30 -57.8 -53.8
100/0 -53.0 -47.0

Generally, the T, of a polymer depends
on mobility of the macromolecule chain
segment. This correlates well with the results
in Table I which show that pure PCL (PCL/
NR:100/0) has a lower T, than pure NR (PCL/
NR:0/100) because PCL with a longer carbon
chain is more flexible than NR, as NR has an
unsaturated double bond and a branched —CHj,
in its molecule structure causing restriction to
its mobility.

As both materials produce immiscible
blends when mixed, T, values should
theoretically be evident from DMA results.
However, this was not the case with current
results, probably because T, values of both
blended materials were very close to each
other*®. From Tuable 1, it can be observed
that T, of blends with crosslinks was much
higher compared to blends in the absence of
crosslinking. This was mainly due to restriction
in the polymer chain mobility, resulting from
introduction of crosslinks between the chains,
unlike in the absence of crosslinking where
chains were more flexible** ™.

CONCLUSIONS

PCL/NR crosslinked blends were successfully
prepared through a melt blending method.
Fourier transform infrared (FTIR) analysis
showed that crosslinking reduced the intensity
of C=0 stretching and C—O bending due to
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PCL. Though so, the blends were incompatible
with each other, resulting in poor adhesion
between the two polymers as observed
from the scanning electron microscopy
(SEM) analysis. This was also confirmed
by the Molau test, where a large number of
micropores were evident on the surface of the
blend films after extracting with acetone. Gel
content experiments revealed that crosslinking
increased the gel content. However, this was
dependent on the ratio between NR and PCL.
NR was crosslinked by organic peroxide
whereas blending with PCL hindered the
crosslinking of NR. Even so, it was evident from
the mechanical properties that tensile strength
and modulus at 300% elongation increased
with crosslinking and PCL concentration. The
elongation at break however reduced after
crosslinking. Further evidence of crosslinking
was provided by dynamic mechanical analysis,
which showed that elastic behaviour of blends
increased with crosslinking. As a result, higher
glass transition temperature, T, was observed
for the blends.
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