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ABSTRACT: Dynamic vulcanization is a mixing process
employed in the melt state of elastomers with thermoplas-
tics. This process may result in the formation of thermo-
plastic vulcanized (TPV) materials with improved
properties such as mechanical strength, Young’s modulus,
hardness, and abrasion fatigue. In this study, a vulcanized
thermoplastic was obtained by the dynamic vulcanization
of poly(vinyl chloride)/acrylonitrile butadiene rubber
(PVC/NBR) blends using a curative system based on sulfur
(S)/tetramethylthiuram disulfide (TMTD) and mercapto-
benzothiazyl disulfide (MBTS). The formation of crosslinks
was characterized by differential scanning calorimetry

(DSC) and Fourier transform infrared (FTIR) spectroscopy.
The mechanical properties were analyzed by tensile tests
and the phase morphology was investigated using atomic
force microscopy (AFM) operating in the tapping mode-
AFM. The phase images of the dynamically vulcanized
blends showed an elongated morphology, which can be
associated to the formation of crosslinks that give the mate-
rial its excellent mechanical properties. © 2010 Wiley Periodi-
cals, Inc. ] Appl Polym Sci 117: 3211-3219, 2010
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INTRODUCTION

Polymer blends have been employed to find new
miscible combinations, since miscibility is a crucial
factor in the development of the morphology of
polymer blends."” To optimize processing and prop-
erties, it is important to know the polymer’s melt
rheology and the morphology of the resulting
blend."

PVC/NBR blends can be obtained as thermoplas-
tic elastomers that look, feel and perform like vul-
canized rubber.*” As a broad generalization it may
be said that in the blend the poly(vinyl chloride)
(PVC) polymer contributes ozone, oil and fuel resist-
ance, strength (tensile and tear), and stiffness, as
well as weatherability, abrasion resistance, flame re-
sistance, and higher electrical resistivity. Thus these
properties of a nitrile rubber will be upgraded by
modification with PVC.® Among the many different
procedures to prepare PVC/NBR blends, the
dynamic vulcanization of elastomer during its mix-
ture in the molten state with a thermoplastic has
been studied by many authors.>"' These systems
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have two main advantages over conventional sys-
tems, yielding vulcanized systems with reduced re-
version and better aging characteristics.

The interaction parameter in PVC/NBR blends is
very important because acrylonitrile-butadiene rub-
ber (NBR) can act as a permanent plasticizer for
PVC. Liu et al.*® have presented extensive studies
about PVC/NBR blends. These authors state that
miscibility and interaction between phases, as well
as dispersion of the rubber phase, are very impor-
tant parameters for a better understanding of the
performance of polymer blends. The pseudo-
network morphology they obtained led to quantita-
tive improvements in impact strength.

Dynamic vulcanization is a process whereby a
thermoplastic and an elastomer are mixed in the
melt state, with simultaneous crosslinking of the
elastomer.”''? The quantity and type of crosslink-
ing between the elastomeric chains formed during
processing depend on the curative system used. Dif-
ferent curative systems give vulcanizates distinct
properties with the same level of crosslinks, and the
system to be chosen will depend on the anticipated
use of the product.

The presence of double bonds in the butadiene
unit of NBR normally facilitates its vulcanization
with sulfur, but also makes it susceptible to oxida-
tion and ozone attack. Accelerants reduce the time
of vulcanization by increasing the speed of the
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reaction between sulfur and elastomer. Elastomer
formulations may contain one or a combination of
two types of accelerant.*”'® Furthermore, Mousa
et al.'"* studied dynamically cured PVC/NBR blends
and found they exhibited improved oil resistance.

Tensile and impact properties are most commonly
used to characterize the mechanical behavior of
polymer blends. Some authors have reported that
blend morphology is also very important in deciding
about the ultimate properties of polymer blends.'>'®
In tensile measurements, stress—strain curves can
reveal information about the deformation and the
energy consumed before failure, in addition to ulti-
mate strength and elongation properties.'”'®

Many techniques have been used in the study of
polymer blend surfaces and properties.>”'*”
Among these techniques, atomic force microscopy
(AFM) is an innovative tool that can map surface
topography and phase heterogeneity simultaneously
with high resolution up to the atomic level. Phase
detection microscopy applied in experiments to
investigate the mapping of different components is
an important technique that has been used exten-
sively in research, mainly in polymer science.}?2°

Garcia et al.**™ stated that in dynamic AFM
modes, tapping mode AFM (TM-AEFM) is an impor-
tant tool since it minimizes lateral forces. They
demonstrated that phase shift measurements can be
converted into energy dissipation values, and that
energy dissipation maps provide an important
method for the imaging of a material’s properties
because they do not depend directly on tip-surface
interactions.

TM-AFM is an operational AFM mode which
allows a second image—the phase image, also called
phase contrast image—to be produced by using
changes in the phase angle between the excitation and
the oscillating tip of the AFM cantilever probe. Phase
mapping takes place in response to the oscillation of
the cantilever during the tapping mode scan. Phase
imaging goes beyond simple topographical mapping
to detect variations in composition, adhesion, viscoe-
lasticity, and possibly other properties.”>**3*

Pickering and Vancso™ studied polystyrene (PS)
phase separates in cylinders contained within an
amorphous polyisoprene (PI) matrix to determine
the mole percentage of PS. Based on the fact that PS
and PI have very different intrinsic properties, the
authors used TM-AFM to study the contrast in
the material’s properties. The authors observed that
the PS regions showed lower adhesion, which, in
heterogeneous systems with components of different
compliances and adhesion, could result in the
observed changes and reversals in contrast images.

Magonov and Reneker®® studied the application of
state-of-the-art AFM methods to elucidate the sur-
face and near-surface structure of polyethylene (PE)
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microlayers. The authors concluded that the stiff-
ness-related contrast of the phase images offers new
possibilities for imaging multicomponent polymer
samples. This is confirmed by the phase images of
several polymer systems.>®

One of the purposes of this study was to produce
dynamically vulcanized PVC/NBR blends and to
investigate the influence of dynamic vulcanization
on the mechanical properties and morphology,
comparing them with the behavior of conventional
noncrosslinked PVC/NBR blends, used in the auto-
motive hose manufacture. Another goal was to
develop the application and use of the tapping
mode technique (TM-AFM) to obtain contrast forma-
tion in polymer phase imaging.

EXPERIMENTAL
Materials

The PVC used here was a suspension grade PVC
resin (Norvic SP 1300HP, supplied by Braskem, Bra-
zil) characterized by a K value of 71 *+ 1. The plasti-
cizer added to the system was an industrial grade
dioctylphtalate (DOP) and the thermal stabilizer was
an industrial grade barium and zinc base stabilizer.
A commercial grade, partially crosslinked acryloni-
trile-butadiene rubber (NBR) (Thoran NP-3351 C),
containing 32.5 wt % of acrylonitrile supplied by
Petroflex, Brazil, was used. Tetramethylthiuram di-
sulfide (TMTD), mercaptobenzothiazyl disulfide
(MBTS) and sulfur (S) were used as the accelerator-
sulfur curative system, while a combination of zinc
oxide (ZnO) and stearic acid was used as the activa-
tor system for the vulcanization of NBR.

Preparation of PVC and NBR compound

The compounding procedure was carried out as fol-
lows: The PVC was dry blended in an intensive
mixer at 120°C with 60 parts per hundred of rubber
(phr) of DOP and 3 phr of stabilizer, following the
usual procedures. The NBR compound was also pre-
pared in an intensive mixer at 90-100°C to prevent
precuring during mixing. The formulation used in
the preparation of the NBR compound was NBR =
100 phr, zinc oxide = 5 phr, stearic acid = 0.5 phr,
TMTD = 1 phr, MBTS = 2 phr, and sulfur = 2 phr.
First the NBR was mixed for 2 min, after which the
other curing agents were added at 2-min intervals.

Preparation of blends

Two different types of PVC/NBR blends were pre-
pared. The first system, called dynamically vulcan-
ized blend (DB), was prepared using the PVC and
NBR compound, while the second system, called
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conventional blend (CB), was prepared with PVC
and NBR compounds without the curing agents. The
dynamically vulcanized PVC/NBR blends in ratios
of 90/10, 80/20, and 70/30 wt % were produced by
melt blending using a internal mixer (Haake, model
Rheomix 600 rheometer) operating at 160°C with
cam rotors running at 60 rpm for different mixing
times. Samples were removed at 30-s intervals dur-
ing mixing and immersed in liquid nitrogen to inter-
rupt the reaction. The conventional blends of PVC/
NBR (90/10, 80/20, and 70/30 wt %) were melt-
mixed using the Haake Rheomix 600 at 160°C and a
cam rotor speed of 60 rpm for 5 min. The blends
used in this work were given the following acro-
nyms: CB = conventional blend, DB = dynamically
vulcanized blend, while the numbers indicate the
weight percentage of NBR in the blend. NBR u and
NBR c indicate NBR uncrosslinked and crosslinked,
respectively.

Crosslink formation

Fourier transform infrared (FTIR) spectroscopy anal-
yses were performed using a Nicolet 4700 spectro-
photometer (Thermo Electron Corp.) on 2 mm thick
samples on a KBr disc. The degree of cure was cal-
culated using differential scanning calorimetry at
different mixing times. The heat of reaction was
measured with a QS 100 thermal analyzer (TA
Instruments) at a heating rate of 20°C/min from
room temperature to 300°C. The total amount of
heat used in the thermal crosslinking reaction can be
related to the exothermic peak areas of the DSC
curves. The degrees of cure were calculated based
on the residual heat from the thermal crosslinking of
the crosslinked samples. The reference heat value for
the completely crosslinked sample was considered
as the heat of the thermal crosslinking of the uncros-
slinked formulation. The degree of cure was calcu-
lated from eq. (1).

AH, residual cure

x 100 (1
AHtotal cure ( )

Degree of cure(%) = |1 —

where AHiptal cure corresponds to the value of
residual heat from thermal crosslinking of partially
cured samples, and AH,esidual cure cOrresponds to
the residual heat of the completely cured sample.
The procedure used to determined AHiotal cure and
AH,esidual cure Was described by Ruiz.*” The crosslink
densities of the samples were measured by a swel-
ling method, as follows. First the PVC was removed
by Soxhlet extraction with acetone (C3HzO) for 20 h;
then the samples were soaked in methyl ethyl
ketone (MEK) for 22 h, the weight of the swollen
samples was measured and the crosslink density cal-
culated. The solubility parameter of MEK and NBR
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are 9.27 and 9.25 (cal/cm®)"?, respectively. An y
(interaction parameter between the rubber network
and the swelling agent) of 0.44, a bulk density of
rubber of 1.01 g/ cm3, and a molar volume of MEK
of 89.7 cm® mol ' were employed.

Mechanical testing

For each compound under study, a sheet about 2.0
mm thick was prepared by compression molding at
160°C for 4 min, after which samples were cut into
different geometries, according to the standard
required for each analysis, using a pneumatic die
cutter (Ceast). The main mechanical tests were car-
ried out as follows: (i) “Tensile Tests” were carried
out on a MTS Universal Testing Machine (Alliance
RT/5) according to the ASTM D 638 standard. The
cross-head speed was 500 mm/min. Five specimens
were used and the median value was taken in each
case. (ii) “Tear Tests” were carried out according to
the ASTM D 1004 standard on a MTS Universal
Testing Machine (model Alliance RT/5) at a cross-
head speed of 51 mm/min. Five specimens were
used and the average value was calculated.

AFM experiments

Samples of the blends were cryogenically cracked in
liquid nitrogen to prevent possible phase deforma-
tion. Simultaneously, tapping mode topography and
phase images were viewed side-by-side in real time
at a scan speed of 0.8 Hz. In phase imaging, the
phase lag of the cantilever oscillation, relative to the
signal sent to the cantilever’s piezodriver, is simulta-
neously monitored by the Quadrex Module and
recorded by the Nanoscope Illa SPM controller
(Digital Instruments/Veeco Metrology, Santa Bar-
bara, CA). The sample’s free surface was imaged
using an NSC15 (MikroMasch) tip, radius <10 nm.
The average force constant was 45 N/m and a reso-
nance frequency between 265 and 400 kHz was used
for imaging in TM-AFM. Imaging was carried out at
room temperature. Before the tip engaged the sam-
ple, the phase of the free cantilever oscillation was
adjusted. The tip-to-sample force can be varied by
changing the driving amplitude (Da) and the set-
point amplitude (Asp). The tip-to-sample force
parameters used in this study were: a typical free
amplitude (Ao) of 2.0 V and a set-point amplitude of
2.0 V after tuning. The set-point amplitude can be
altered from 1.0 to 1.8 V during scanning. The typi-
cal driving amplitude of the NSC15 tip was 50 mV.
The same tip was used for imaging in all the TM-
AFM analyses. Imaging was carried out at room
temperature.

Journal of Applied Polymer Science DOI 10.1002/app
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RESULTS AND DISCUSSION
Rheometric torque curves

Figure 1 shows the rheometric torque curves of vul-
canized blends. The first peak corresponds to the
addition of the compounds. The torque increased
with increasing mixing time in response to the for-
mation of crosslinks in the elastomeric phase. PVC/
NBR blends with high NBR content showed vulcani-
zation reaction in shorter mixing times due to the
difference in viscosity between the PVC matrix and
the elastomeric phase. The NBR had a higher viscos-
ity than the PVC matrix. Therefore, the increase in
elastomer content in the blend increased the friction
between the PVC and NBR particles during mixing,
causing the temperature of the material to rise and
offering ideal conditions for NBR crosslinking. The
values of maximum torque are usually proportional
to the density crosslinks of formed by the volume of
elastomer. In our system, the larger amount of accel-
erant than of sulfur generated an efficient system,
whose main feature was the formation of mono- and
polysulfides bound together in large quantities, as
described in the literature."

Crosslink formation

The formation of crosslinks was analyzed by FTIR
and by measurements of the degree of cure during
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Figure 1 Variation of torque and temperature during
mixing of dynamic vulcanized blends of PVC/NBR.
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Figure 2 Infrared spectra of the compounds.

mixing of the blends. Figure 2 shows the infrared
spectra of the PVC compound, crosslinked and
uncrosslinked NBR, and the PVC/NBR blends. In
Figure 2(a), the band at 1723 cm ™' is assigned to the
C=0O stretching vibration and corresponds to a
small quantity of double bond structures of DOP,
while the bands at about 1600, 1580, 1462 and
1435 cm ™" are assigned to the aromatic C=C stretch-
ing vibration and the band at about 743 cm™' is
assigned to the ortho di-substituted ring deforma-
tion, also characteristic of DOP. The bands at 1124
and 1073 cm™' correspond to the C—C stretching
vibration of PVC. The characteristic bands at
1274 cm ™" and 960 cm ™! are assigned to the CH,—Cl
stretching vibration and the C—Cl stretching vibra-
tion of PVC, respectively. The band at about
690 cm ' corresponds to the C—H deformation of
PVC.*®

The chemical structure of NBR can be represented
by three possible isomeric structures for the butadi-
ene segments. The band at 2237 cm ™' is assigned to
the —CN stretching vibration, which is characteristic
of NBR. The characteristic band at 1720 cm™' is
assigned to the C=C deformation vibration of NBR.
The bands at about 1465 cm ™' and 1450 cm ™' corre-
spond to the CHj stretching vibration and C—H ali-
phatic vibration, respectively, while the band at
968 cm ! is assigned to the cis-1,4-butadiene angular
deformation, which is characteristic of NBR. The
main difference between the crosslinked and uncros-
slinked NBR is the band at 720 cm ™' assigned to the
C—S stretching vibration, which was a result of
crosslink formation.

The acrylonitrile-butadiene rubber was vulcanized
using an activation system followed by the addition
of sulfur. Sulfur vulcanization occurs through radical



DYNAMICALLY VULCANIZED PVC/NBR BLENDS

100
90 - @
80 - <
70 - v
60 - v

50 -

30—

Degree of Cure (%)

20 -

104 o

T T T T T T T T T T T T T
0 100 200 300 400 500 600 700
Mixing Time (s)

Figure 3 Degree of cure (%) versus mixing time (s): DB
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substitution in the form of polysulfide bridges and
sulfur via intracyclization with the polymer
molecules.

The bands observed in the infrared spectra of the
blends correspond to the PVC phase and the NBR
phases. In the dynamically vulcanized blends (DB),
the presence of a band at 720 cm ™', which is
assigned to the C—S stretching vibration, resulted
from crosslinking during the reactive process. This
band was not observed in the conventional blends.

The degree of cure was measured based on eq. (1).
The AHiotal cure Values of the blends were 2.18, 2.58,
and 2.56 ] g~ for the dynamically vulcanized blends
DB 10, DB 20, and DB 30, respectively. The samples
collected at 30-second intervals during mixing were
subjected to DSC analyses of AH,egidual cure- Figure 3
shows the degree of cure versus mixing time of the
dynamically vulcanized blends.

Increasing the mixing time promoted dynamic
vulcanization of the acrylonitrile-butadiene rubber in
all the systems. Long mixing times increased the
degree of cure because there was sufficient time for
the formation of crosslinks. It has long been known
that prolonging the processing time of rubber com-
pounds can heighten the degree of vulcanization
and simultaneously increase crosslinking. The effec-
tiveness of the curing agent also depends on the
temperature reached during the mixing process and,
as the temperature rises in response to increasing
friction, the increasing rubber content in the system
increases the crosslinking reactions due to the higher
temperature during mixing.

Further evidence of crosslinking in the systems
was provided by the results of the swelling studies.
The curative system used in this study was designed
to promote crosslinking only of the NBR phase;
thus, no reaction occurred between PVC and NBR.
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The extraction process in acetone allowed for the
extraction of 85% of the PVC phase. Swelling studies
were done in methyl ethyl ketone (MEK), which is
able to dissolve and swell only the NBR phase. The
crosslink density values obtained for NBRc, DB 10,
DB 20, and DB 30 were 4.1 x 10~* mol/cm® 1.2 x
10~* mol/cm®, 1.3 x 107* mol/cm® and 1.9 x 107*
mol/cm?, respectively. The results were normalized
according to the amount of residual PVC in the
blends. The PVC remaining after extraction can limit
the swelling of NBR, decreasing the blends” crosslink
densities. Increasing the rubber content in the
dynamically vulcanized blends augmented the cross-
link density. Thus, crosslinking in the blends was
indicated by the increase in the degree of cure and
the crosslink density values.

Mechanical properties

The mechanical strength of the PVC compound,
NBR, conventional PVC/NBR blends, and dynami-
cally vulcanized PVC/NBR blends with different
NBR contents was evaluated by tensile and tear
strength tests.

Tensile tests

Table I lists the results of the tensile tests, i.e., tensile
strength (c,), elongation at break (g,) and Young's
modulus (E).

The tensile test results indicated that the pure
NBRu had a low tensile strain and that the vulcani-
zation process (NBRc) augmented the tensile strain
and mechanical strength of NBR.* The change in
NBR content in the conventional blends led to an
increase of tensile strain when compared with that
of NBRu. Note that the tensile strain decreased as
the NBRu content increased. All the dynamically
vulcanized blends showed higher tensile strength
values than those of the conventional blends. The
vulcanization process stiffened the NBR phase,

TABLE I
Tensile Strength (c,), Elongation at Break (¢,), and
Young’s Modulus (E) of PVC Compound, NBR, and
PVC/NBR Blends

Sample o, (MPa) g (%) E (MPa)
PVC compound 152 = 0.2 411.6 = 11.6 10.5 = 0.2
NBR u 04 =01 605.8 = 24.3 14 £0.1
NBR ¢ 31 %03 2009 *= 9.5 21+ 0.1
CB 10 10.7 £ 04 406.3 = 1.7 6.9 = 0.2
DB 10 133 £ 0.3 287.8 = 9.1 7.7 £ 0.1
CB 20 7.6 0.1 595.4 = 11.8 1.6 £ 0.1
DB 20 13.8 £ 0.2 408.5 *+ 6.1 51+ 0.1
CB 30 7.7 =02 3473 =49 45 *+0.1
DB 30 14.8 £ 0.2 348.1 = 6.1 6.3 £ 0.1
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Contributin§ to increase the mechanical strength of
the blends."

The formation of crosslinks reduces elongation at
break due to the presence of reticulated rubber par-
ticles that act to diminish the elasticity of blends,
thereby increasing the stiffness of the elastomeric
phase. Thus, the dynamically vulcanized blends
showed lower values of elongation at break due to
the formation of reticulates in the elastomer lattices.

Reactive processing increases the stiffness of the
elastomeric phase, so an increase in Young’'s modu-
lus is expected. Increasing the NBR content in the
conventional blends caused their Young modulus to
decrease in comparison with that of the PVC com-
pound and of the dynamically vulcanized blends.
Crosslinking increased the Young modulus of the
vulcanized blends because of the greater degree of
reticulation, which in turn increased the stiffness of
the elastomeric phase. The curative system based on
the mixture of accelerants and sulfur improved the
mechanical performance of the vulcanized blends
when compared with that of the conventional
blends. For example, DB10 showed an increase of
205% in the value of Young’s modulus compared
with that of CB10.

Tear tests

Figure 4 shows the results of tear strength tests of
the PVC compound, acrylonitrile-butadiene rubber,
conventional and vulcanized blends. The results
indicate that the increase in NBR content reduced
the tear strength of the blends. This reduced tear
strength is due to the low cohesion between the elas-
tomeric chains in uncrosslinked NBR. Thus, the tear
fracture of the NBRu is governed by cohesive con-
trol.*> The conventional blends showed low tear
strength when compared to that of the PVC com-
pound. Increasing the NBR content in the conven-
tional blends reduced the values of tear strength due
to low interactions in the uncrosslinked NBR, and
consequently, low cohesive force. On the other hand,
the vulcanization process increased the tear strength
due to the formation of reticulates in the rubber
chains. Furthermore, the crosslinking reactions that
occur during reactive processing lead to the forma-
tion of rigid segments which are responsible for
increasing the cohesion of elastomeric chains.* This
fact was confirmed especially in the composition
with higher NBRc content, which showed a 370%
increase in DB30 compared with CB30. This finding
is coherent with the fact that the greater tear
strength of vulcanized blends is directly related to
their crosslink density. The samples with high cross-
link density showed an increase in tear strength;
however, the size and distribution of the dispersed
phases formed during processing must also be taken

Journal of Applied Polymer Science DOI 10.1002/app

GHENO, PASSADOR, AND PESSAN

o
o
J

1R 0B

40 t77Z) CB
2 EX] PVC compound
£ 35 E3
E
> 304
£ 25
o
c
o 20
n
= 15
©
L
~ 10

04 da T

0 30 90 100
% NBR

Figure 4 Tear strength of the samples.

into account. All these factors are responsible for the
mechanical performance of polymers blends.

Atomic force microscopy

AFM surface and phase imaging were used to char-
acterize the conventional and wvulcanized blends
(Figs. 5 and 6). The images show dark and bright
regions corresponding to the valleys and hills of the
surface. The morphology depicted in these images is
important to identify the phase-separated regions
and understand the phase contrast between these
regions. Phase imaging was performed simultane-
ously with tapping mode scan to detect variations in
viscoelasticity and elasticity.

Figure 5 shows AFM images of the CB PVC/NBR
series. The surface images of CB 10, CB 20, and CB
30 obtained in tapping mode are presented in Figure
5(a), (c), and (e), respectively. The phase images led
to the identification and mapping of different com-
ponents in CB PVC/NBR samples through differen-
ces in contrast. Figure 5(b), (d), and (f) show a two-
phase structure of the polymer blend clearly defined
by the high resolution of the phase imaging: the
highlighted portions of the images show the NBR
phase, while the dark contrast in the image corre-
sponds to low elasticity, i.e., the PVC phase.

The morphology of CB PVC/NBR [Fig. 5 (b,d,f)]
shows spherical elastomer particles dispersed in the
PVC matrix. It was observed that increasing the
NBR content in the blends augmented the particle
size, possibly as a result of the particle coalescence
phenomenon.

The shape and size of particles obtained by con-
trast in the phase images is governed by many fac-
tors that affect tip-sample interactions including the
mechanical properties and elastic inhomogeneity.
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Figure 5 Tapping mode images of CB PVC/NBR (10 um
x10 um). CB 10: topographic (a) and phase shift (b); CB
20: topographic (c) and phase shift (d), and CB 30: topo-
graphic (e) and phase shift (f).

May be the higher friction can be responsible for the
variation in particle size of the elastomeric phase
and for the good dispersion of particles in the ther-
moplastic matrix.

Figure 6 shows AFM images of DB PVC/NBR
series. Figure 6(a), (c), and (e) show the tapping
mode images of DB 10, DB 20, and DB 30, respec-
tively. The images show a two-phase structure of
the polymer blend clearly defined by the high reso-
lution of the phase imaging: the highlighted parts
of the images represent the NBR phase, while the
dark contrasts indicate low elasticity, i.e., the PVC
phase.

The results presented in Figures 5 and 6 indicate
that the elasticity of the conventional and vulcanized
blends was higher than that of the PVC matrix in
which they were embedded. The contrast obtained
in the phase images is governed by many factors
that affect tip-sample interactions, including the
material’s mechanical properties and elastic inhomo-
geneity. Phase imaging provided strong contrast,
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revealing both CB and DB in great detail in the PVC
matrix. The size and shape of the phases varied with
the CB and DB content in the sample.

The dynamic vulcanization process increased the
stiffness of the elastomeric phase, leading to the dif-
ferences in morphology of the two systems under
study. The phase images of the dynamically vulcan-
ized blends showed a morphology of well dispersed
and elongated elastomeric particles in the PVC
matrix. The formation of crosslinks during reactive
processing reduced the particle size of the NBR
phase due to the greater friction between the par-
ticles, causing the elastomeric particles to break up.
Phase morphology with small particle sizes and a
well dispersed elastomeric phase improves the me-
chanical properties. The increase of elastomeric
phase in DB PVC/NBR blends has been attributed
to the greater degree of cure and, hence, higher
crosslink density.

The literature contains reports of several studies
using the AFM technique, which can be used to

Figure 6 Tapping mode images of DB PVC/NBR (10 um
%10 um). DB 10: topographic (a) and phase shift (b); DB
20: topographic (c) and phase shift (d), and DB 30: topo-
graphic (e) and phase shift (f).

Journal of Applied Polymer Science DOI 10.1002/app
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uantif the roperties  of olymer  sys-
?ems.Z’lZ’lg’zo’”'“_‘lf T}Ife phase imagei 1}171 Figuresy 5
and 6 provide the best contrast of morphological fea-
tures due to the high sensitivity of the TM-AFM
technique. The results obtained in this work are sup-
ported by studies conducted by Efimov et al.,*
Magonov and Reneker,*® Pickering and Vancso,>®
and Jang Liu.*’

The mapping of different components by phase
detection microscopy is a very useful technique that
has been used extensively in research, especially in
polymer science. The image analysis based on phase
imaging yielded information on particle size and
size distribution and has become an alternative ana-
lytical method to the traditional TEM characteriza-
tion of materials with different phases and polymer
blends.*® A study reported by Jiang Liu®*® showed
that in the presence of weak forces of interaction,
the contrast is influenced by differences in adhesion
force, as shown in Figures 5 and 6 for the PVC
matrix, and the CB PVC/NBR and DB PVC/NBR
samples. Phase images are related directly to the
material’s density and elastic modulus, and the
stiffness-related contrast of the phase images offers
new possibilities for imaging multicomponent poly-
mer samples.*®

CONCLUSIONS

Dynamically vulcanized PVC/NBR blends were
obtained through reactive processing, using a cura-
tive system based on sulfur and a mixture of acceler-
ants. The phenomenon of crosslinking is crucial in
the improvement of these materials’ mechanical
properties. The dynamically vulcanized blends
showed higher tensile strength and Young’s modu-
lus than the conventional blends. The vulcanization
process increased the stiffness of the elastomeric
phase, contributing to increase the mechanical
strength of the blends. Curing also affected the tear
strength values. The phase morphology of the
blends, which was analyzed using a powerful tool
for mapping variations in a sample’s properties at
very high resolution, was strongly affected by the
processing system. Phase images revealed a two-
phase structure in the polymer blend, which was
clearly defined by the high resolution of the phase
imaging, indicating that the elasticity of the conven-
tional and vulcanized blends was greater than that
of the PVC matrix in which they were embedded.
Phase detection microscopy proved to be a very use-
ful tool to obtain contrasts in polymer phase
imaging.
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