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At ambient temperature, n.m.r. relaxation measurements of poly(vinyl chloride) (PVC)/styrene-butadiene rubber
(SBR) blends, compatibilized by acrylonitrile-butadiene rubber (NBR), reveal two rotating-frame spin-lattice
relaxation U’L‘,) components for the methylene protons of rubbers (SBRBR). The shorﬂ'l':, component may be
interpreted as the contribution of the rubbers in the PVC/rubbers interface. Thﬁﬂ,ougnponent is attributed to

the rubbers isolated from PVC. As sulfur concentration increases, the'ﬂﬂngecreases due to increasing
restraints imposed on the rubber chains by crosslinking, but the fraction of rubbers Witthh'mtreases,
indicating that the rubber fraction at the interface increases.

The TEM micrographs of stained and unstained samples show identical morphological information. For the
unstained samples, the PVC and SBR regions appear as dark and light areas, respectively. The
dehydrochlorination of PVC in the blends under an electron beam reduces the contrast between the dark and
light areas, producing an inversion of contrast. However, when the blends are compatibilized by NBR, the
deterioration rate of the contrast slows down significantly. As the dark PVC regions become lighter, dark
boundaries are visible between the PVC and SBR phases. In particular, the dark boundaries remain visible upon
extended exposures of electron beam irradiation. This is explained by the stabilizing effect of the higher rubber
concentration in the interfacial regions between PVC and SBR. The TEM micrographs of the unstained samples
for this system provide a unique method to show the segregation of rubbers at the interfacial regions between PVC
and SBR for the compatibilized blends. 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION polymers below their glass transition temperatures is very
complicated because proton—proton dipolar interactions can
broaden the linewidth by tens of kilohertz. Proton spin
diffusion also makes correlation of proton relaxation times
to chain motions in solid polymers difficult. ThéC
relaxation times are better correlated to chain motions than
proton relaxation timé§=2' Nevertheless,’®*C n.m.r.
studies of chain motions in solid polymer blends are7are

The effect of proton spin diffusion on protaH’ andTﬂ,
in solid polymer blends, however, gives valuable informa-
tion about the scale of miscibility between two polymer
components ~**#*-2When the domain size is larger than
500-1000 A spin diffusion will not be rapid enough to
equalize theT{' and Ty, from the two components, and so
multi-relaxation times will be observed. When the domain
size is larger than 50-500, Apin diffusion is rapid enough
to equalize th&@}' on the time-scale 6f! (typically 100 ms
up to 10 s) but not rapid enough to equaﬂz}b on the time-
scale ofTﬂ, (typically 1-100 ms). Experimentally, a single
effective T will be observed but more than offg, wil| be
observed. When the domain size is between 10 and 860 A
smaller, spin diffusion is rapid enough to equalize both
and Tﬂ from the two components, and so single effective
relaxation timesT' andT}! will be observed.

Wide-line proton n.m.r. have been used to measijte
and T} in vulcanized PVC/NBR binary blen#$ Single
*To whom correspondence should be addressed exponentialT!! decay_ was _observed I_Jecause_z spin diffusion
+ To whom NMR questions should be addressed. averaged out the spin-lattice relaxation at different regions

Solid-state nuclear magnetic resonance (n.m.r.) spectro-
scopy allows easy sample preparations and direct measure
ments of magnetization signals in solid samples without the
complication of solvent as in solution-state n.m.r.. Sophis-
ticated instrumentation techniques, such as magic angle
spinning (MAS), high power dipolar-decoupling (DD),
cross polarization (CP) and multiple-pulse sequences, that
can eliminate specific Hamiltonian interactions selectively,
make n.m.r. a powerful tool for the analysis of complex
polymer blend§™®. The magnetization transfer and relaxa-
tion of nuclear spins in solid polymer blends are widely
utilized as sensitive probes to investigate the spatial
heterogeneities and the local constituent composifidris

The proton spin-lattice relaxation time in the laboratory
frame (T}) is sensitive to molecular motions at hundreds of
megahertz near the Larmor frequeh@yThe proton spin-
lattice relaxation time in the rotating framé’ﬂ) and the
spin—spin relaxation timeT}') are sensitive to chain
motions at tens of kilohertzT;' has been shown to be
well correlated to crosslinking density in rubber, in other
words it is sensitive to constraints on long-range cooperative
chain motion$®*”. However, interpretation of proton
relaxation times in terms of chain motions for solid
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to have one observablg'. Fitting the free induction decay
(FID) signal by the sum of one Gaussian and two
exponential functions, thrég' components were measured.
The shortesfT}' derived from the Gaussian function was
ascribed to the rigid PVC regions. The mid and longest
were ascribed to rubber regions of different chain mobility.
The mid T4 component was attributed to crosslinked
regions.

Ti' and T;, measurements of unvulcanized PVC/NBR

SBR (50/10/40). The curing system contains sulfur as a
primary crosslinking agent, 2-mercaptobenzothiazole
(MBT) as an accelerator and zinc oxide as an activator.
Barium and zinc stearates are the thermal stabilizers for
PVC. PVC (K value 67), SBR (Nipol 1502, Zeon
Chemicals, Inc. USA), and NBR (Nipol 1053 and 1041
containing 29.5 and 40 wt% acrylonitrile, respectively,
Zeon Chemicals, Inc., USA) were used. The mixtures
were melt-blended in a Haake mixer 600 at a control

blends with pulse sequences the same as those used in theemperature of 15€. Either NBR-29 (acrylonitrile content

present study also found single observabié caused by
spin diffusion averaging. However, two-componenTﬂ,
relaxations in both PVC and NBR domains were observed.
When the subdomains within the PVC or the NBR domain
were large so that spin diffusion rate was small relative to
the difference in thel} relaxation rates, each subdomain
would relax independentf§. The shortTal component of
PVC was assigned to the microcrystalline subdomains.
The shortTal component of NBR was assigned to the
subdomains of NBR isolated from the PVC domains. The
Iong—componenﬂ'ﬂ, values of both PVC and NBR were
identical within experimental error, indicative of a region

where NBR chains were penetrated into the PVC domains,

and where spin diffusion effectively equalized tﬁ'é*p
values. This present work differs from the above works

of 29.5 wt%) or NBR-40 (acrylonitrile content of 40 wt%)
was used each time. The Banbury rotors were operated at
30 rpm. A built-in thermocouple inside the mixer chamber
showed a higher measured melt temperature of 159°€162
due to viscous heating.

Proton spin-lattice relaxation times in the laboratory
(T1) and rotating Tﬂ,) frame were measured by a method
of *H-'C cross polarization at ambient temperature
using a 9-T JEOL EX-400 n.m.r. spectrometer. This
method permits the determination of the proton relaxa-
tion at different carbon sites. In all the experiments,
samples were spun at 4-5KkHz in a 6 mm rotor. There
were no spinning sidebands. THE spectrum was acquired
after a'H-"3C cross polarization contact for 1.0 ms. The
predelay times fol'{' andT;) measurements were 9 and 7 s,

because both unvulcanized and vulcanized ternary blends ofrespectively. The 90 pulsewidth for 'H was 5.0us.

PVC/NBR/SBR are also studied besides PVC/NBR binary

Adamantane was used as an external reference; it has two

blends. Solid-state n.m.r. studies of ternary blends are rarepeaks at the dispersal spectrum: 29.5 and 38.6 ppm relative

in the literature.

Transmission electron microscopy (TEM) is a powerful
tool to study the morphology of multiphase polymers with
the staining technique. However, most polymers will

to tetramethylsilane. Sixty four scans and one dummy scan
were used.

The TEM samples were prepared by a ultracryomicro-
tome (Ultracut R, Leica) at-12C°C. The nominal advance

undergo chain scission or crosslinking under electron after trimming was set at 80 nm. The sections at the knife
beam irradiatioA’ 3% PVC is not stable under an electron edge were moved to the base clearings of the knife using a
beam and the major degradation mechanism is dehydro-hair-probe and collected on copper grids by a loop of

chlorinatiorf®3° Attempts to observe directly the morphol-
ogy of the PVC blends are few due to the drifting images,

which are caused by dehydrochlorination. The decomposi-

tion mechanism under electron beam irradiation is different
from that due to thermal degradation. A stabilizer, which
helps to minimize thermal degradation, has little effect on
the dehydrochlorination caused by electron beam irradia-
tion. However, the environment of the PVC and the
availability of hydrogen will affect the dehydrochlorination
rate or mechanism significantly. It is known that the
radiation stability can be improved via blendiig The
effect is particularly noticeable if the polymers are miscible.

sucrose solution. The sections on copper grids were stained
by OsQ, vapour for 40 min, and coated with a 40 nm layer
of carbon.

RESULTS AND DISCUSSION

n.m.r. relaxation measurements

Four resonant peaks were obtained in i@ CP-MAS
spectra of PVC/NBR, PVC/SBR and PVC/NBR/SBR
blends: 130, 57, 46 and 33 ppm relative to TMS. They are
broad overlapping peaks from the various conformational

For example, a marked decrease in the rate of scission ofand configurational environments of the blend components.

poly(methyl methacrylate) (PMMA) was observed in the
blend of PMMA and styrene-acrylonitrile copolym&ts
Based on the fact that the dehydrochlorination rate of PVC
can be reduced by the presence of NBR or SBR or#pth

Figure 1shows two*C spectra for the PVC/NBR-29/SBR
(50/10/40) and PVC/NBR-40/SBR (50/10/40) blends
vulcanized by S/MBT/ZnG=2.0/0.5/4.0 phr. The two

spectra are quite similar in spite of the different com-

we have recently developed a novel method to detect thepatibilizers used. The peaks at 130 and 33 ppm are
enhanced rubber concentration at the interface between theassigned to the CHmethine) and CH(methylene) groups
PVC and SBR phases. In the present study, the interfacialin the rubber, respectively. The contribution of methine

properties and morphology of PVC/NBR, PVC/SBR and
PVC/NBR/SBR blends were characterized by solid-state
n.m.r. and TEM.

EXPERIMENTAL

Blends containing poly(vinyl chloride) (PVC) and styrene-
butadiene rubber (SBR) with and without acrylonitrile-
butadiene rubber (NBR) as the compatibilizer were
prepared. The blend containing 50 wt% of PVC, 40 wt%
of SBR and 10 wt% of NBR is designated as PVC/NBR/
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signals in the rubber comes from the phenyl ring carbon
in the styrene residue, the double bonds in the butadiene
and the &N substituted carbon. Signals from SBR and
NBR are overlapped and cannot be resolved by the
present methods. The peaks at 57 and 46 ppm are
assigned to the CHCI (chloromethylene) and Qifoups

in the PVC. All the peak assignments are similar to those in
the literaturé®—*° considering the different experimental
conditions. The proton relaxations at different carbon sites
can be resolved to yield detailed information on the blend
components.



Interfacial characterization of compatibilized PVC/SBR blends: S.-H. Zhu et al.

NBR-29
F
Nj L\ ﬁ'\w[ /,W\ L\m\
h |
! \ Jr NBR-40
jl\ |
W ‘f\’\,"l"h N‘f v il /’\
\ j/
150 100 50 0
ppm

Figure 1 C NMR spectra of the PVC/NBR/SBR (50/10/40) blends
vulcanized by S/IMBT/ZnG= 2.0/0.5/4.0 phr. (a) NBR-29 and (b) NBR-40
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Figure 2 Semilog plots of the protonated carbon magnetization after CP
as a function of delay time iy’ measurement for the unvulcanized binary
PVCI/NBR (50/50) blends: (a) NBR-40 (for clarity, the lower three lines
have been shifted downward by 1.0, 1.5 and 2.0, respectively); (b) NBR-29
(for clarity, the lower three lines have been shifted downward by 0.5, 1.0
and 1.5, respectively)
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Figure 3 Semilog plots of the protonated carbon magnetization after CP
as a function of delay time ifi;’ measurement for the unvulcanized ternary
PVC/NBR-29/SBR (50/10/40) blends (for clarity, the lower three lines have
been shifted downward 1.0, 1.5 and 2.0, respectively)

T measurement

In a conventionalH n.m.r. spectrum, only the average
relaxation time will be obtained. For the present CPMAS
13C spectra, the protons are resolved according to the atomic
environment. The®*C magnetization decay after CP as a
function of delay time is a reflection of the attached proton
magnetic relaxatiott~>3> As exponential decay is usually
expected, the relaxation time was determined from the slope
of a semilog plot of the magnetization decay as a function of
delay time.Table 1lists theT!' of the pure components in
specific carbon groups before mixing.

The semilog plots of the magnetization decay as a
function of delay time for the various protons attached to
different sites in the PVC/NBR (50/50) blends are shown in
Figure 2a-b. For the PVC/NBR-40 (50/50) blendrigure
24), all the protons, either in the PVC or in the NBR-40 relax
at the same rate, as one can tell from the parallel lines in the
plots. The spin diffusion in the blend is so effective as to
completely average out the relaxation rate differences at
different protonated carbon sites. TA§ results indicate
that the PVC/NBR-40 is homogeneous throughout and that
the different protonated sites of the NBR-40 and the PVC
are indistinguishable — the phase boundaries of NBR-40
and PVC disappear in the!' scale. The values fof!' of
CHCl and CH groups of PVC in the blends are smaller than
those of the pure PVC because of the averaging by the
efficient proton spin diffusion. Due to the same reason, the
values forT} of the rubber increases due to the presence of
the rigid PVC. In the case of the unvulcanized PVC/NBR-29
(50/50) blends, slightly different slopes were found in the
semilog plot Figure 2 for the protons of the PVC and the
NBR-29. The size of the microheterogeneity in the blend
cannot be completely spanned by the proton spin diffusion
in the T} timescale. Thus the protons of the PVC and the
NBR-29 relax at different rates, as shownTiable 1 In the
case of the PVC/SBR (50/50) blends, ffig for the CHCI
and CH of the PVC and the CH group of SBR are very
similar to those measured for the pure components.
However, T of the CH, group in SBR is significantly
longer than that of the pure component.
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Table 2 Effect of curing agent concentration on thE (s) of PVC/NBR-29/SBR (50/10/40) blends

Proton site assignments TH (s)
(chemical shifts: ppm relative
to TMS)
S 0.0, S 0.5, S 1.0, S 2.0,
MBT 0.0, MBT 0.5, MBT 1.0, MBT 0.5,
Zn0O 0.0 phr ZnO 1.0 phr Zn0O, 2.0 phr Zn0O 4.0 phr
PVC
CHCI (57 = 1) 2.33+ 0.09 2.36+ 0.15 2.27+ 0.07 2.29+ 0.12
CH, (46 + 1) 2.39+ 0.09 2.32+ 0.18 2.24+ 0.05 2.09+ 0.12
Rubber
CH (130+ 1) 0.75+ 0.05 0.80+ 0.01 0.80+ 0.02 0.93+ 0.07
CH,(33+ 1) 1.46+ 0.03 1.27+ 0.01 1.37+ 0.02 1.37+ 0.02
(a) 50) blend, is accompanied by a decrease inTtHeof the
0.0 i CHCI and CH groups in the PVCTable 1. This is due to
the averaging effect of proton spin diffusion across the
05 interface of the blends.
- Table 2lists the T} for protonated carbons of ternary
2 40 PVC/NBR-29/SBR (50/10/40) blends with four different
% _ sulfur concentrations. THE}' of PVC, especially that of the
T sk CH, in PVC CH, group, decreases with increasing concentration of
' g CH,in rubber sulfur. It is possible that covulcanization between NBR and
P L \ SBR reduces the SBR domain size, which in turn increases
o 4 6 8 10 12 14 the degree of interpenetration and coupling between PVC
. and SBR at the mterfamal regions. However, this is
(b) Delay time, ms inconclusive based onT{' measurements alone. The
1
0.0 proton spins of the CH and CHin the rubbers relax
- exponentially, but theil! values are not equal (cEigure
_ 05 3). The rubberT!' values do not show a significantly clear
s’ trend with the increase in sulfur concentration.
s -1.0
£ s CH, in PVC T} measurements
L O CH,in rubber Comparing with theTy, of pure PVC, theT, values of
2.0 b— o L the PVC in the blends are slightly longer. Before blending,
0 4 6 8 10 12 14 the glassy PVC has a glass transition temperature above the
© Delay time, ms ambient temperature and a slower relaxation rate than SBR
and NBR, which have glass transition temperatures below
0.0 the amb|ent temperature. The methine groups have only one
- O CH,inPVC proton attached to the carbon, and théi—'*C cross
05 CH, in rubber polarization efficiency is lower than the methylene group.
= The cross polarization condition is optimized with respect to
g -1.0 the methylene groups in the rubbers.
= Figure 4shows semilog plots of th‘élp decay of the CH
-1.5 group of the PVC and of the rubbers of one unvulcanized
and two vulcanized PVC/NBR-29/SBR blends (S/MBT/
20 ; : ; é é 1'0 1'2 " ZnO = 0.5/0.5/1.0 and 2.0/0.5/4.0 phr). All the lines in

Figure 4 Semilog plots of the protonated carbon magnetization after CP
as a function of delay time milp measurements for the PVC/NBR-29/SBR
(50/10/40) blends: (a) unvulcanized; (b) vulcanized by S/IMBT/ZnO (0.5/
0.5/1.0 phr); and (c) vulcanized by S/MBT/ZnO (2.0/0.5/4.0 phr) (for
clarity, the lower three lines have been shifted downward by 1.0, 1.5 and

2.0, respectively)

Delay time, ms

Figure 4a-c show that the decay for the Glgroup of PVC

is linear, indicating a single relaxation time. However, the
decay of the CH group of rubbers is bimodal, reflecting a
distribution of motional heterogeneities. The decay curve
may be fitted to two-component decay as follows:

M(t) = Mo[®@sexp( — t/T3s) + Bexp( —t/Ti)] (1)

whereM(t) is the magnetization at decay tirn@ndMis the
magnetization at zero spin-lock time or the thermal equili-

Figure 3 shows a magnetization decay for the unvulca- brium value (o) and<I>| are rubber fractions associated with
nized PVC/NBR-29/SBR (50/10/40) blend, which is a shortTlpS and Ionngp| relaxation times, respectwely The
ternary blend. A large difference in the relaxation times of sum of®;and®, equals 1. At large > 5Tlps, the contribu-
the PVC and the rubbers can be observed from the differenttion from the first term on the right-hand side of equation (1)

slopes. In the ternary blend, the increase infflef the CH

is negI|g|bIe Having calculated the Iomﬂ, contribution,

group in the rubbers, relative to that in the PVC/SBR (50/ the shortTlpS contribution is found by subtracting the long
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concentration irFigure 5 The value ofbsincreases as the  Figure 6 Tensile strength and elongation-at-break of PVC/NBR/SBR
sulfur concentration increases. T#egvalue determined by  (50/10/40) blends as a function of sulfur concentration

this method may not be the actual volume fraction of the

rubbers withT{,s because the two rubber subdomains may

have different cross polarization efficiencies and proton spin quantitative comparisons between thgvalues of NBR-29
diffusion rates. Generally, cross polarization is more and NBR-40 blends difficult.

efficient and spin diffusion more rapid in less mobile In spite of these concernds seems to be a good index of
domains. The rubber domains are large on the n.m.r. scale the rubber concentration at the interfacial regions between
as confirmed by TEM. When the spin diffusion rate is small the PVC and SBR phases. Tensile strength and elongation-
relative to the difference between thejls and Ti, at-break measurements of the ternary blends show similar
relaxation rates, the two rubber subdomains relax indepen-trends asb versussulfur concentration (c.figure €). The
dently**23 Hence, fitting equation (1) with two exponential increase in tensile strength and elongation-at-break is
decay functions should give an estimate on the distribution attributed to the covulcanization of NBR and SBR.
of the two rubber subdomains. However, the difference in Covulcanization reduces the rubber domain size, and
$ between the blends containing NBR-29 and NBR-40, as promotes a higher concentration of the rubbers and a
shown inFigure 5 may not necessarily mean that the NBR- higher degree of interpenetration between PVC and SBR at
40 blend has a higher concentration of rubbers in close the interfacial regions.

contact with PVC than the NBR-29 blend. The differences  Tables 3 and summarize theTal values of PVC and

in cross polarization efficiency and spin diffusion rate make rubbers in the PVC/NBR/SBR (50/10/40) blends as a

Table 3 Effect of curing agent concentration on the prol’ijb (ms) of PVC/NBR-29/SBR (50/10/40) blends

Proton site assignments S 0.0, S 0.5, S 1.0, S 2.0, Pure component

(chemical shifts: ppm MBT 0.0, MBT 0.5, MBT 1.0, MBT 0.5,

relative to TMS) ZnO 0.0 phr ZnO 1.0 phr ZnO 2.0 phr ZnO 4.0 phr

PVC

CHCI (57 1) 7.92+ 0.08 8.12+ 0.10 8.02+ 0.10 7.72+ 0.05 7.22+ 0.07

CH, (46 = 1) 8.80+ 0.13 8.59+ 0.02 8.11*+ 0.05 7.88= 0.06 7.86*+ 0.13

Rubber

CH (130 1) 8.80* 0.95 7.76x 0.41 5.38+ 0.20 3.26= 0.04 SBR 6.31+ 0.54

NBR-29 2,74+ 0.17

CH,(33x 1)
Tﬂ,l 221+ 0.8 18.3+ 0.1 185+ 0.4 18.1+ 0.3 SBR 4.96+ 0.18
Tﬂ)s 218+ 0.11 1.67+ 0.13 1.48+ 0.12 1.89+ 0.16 NBR-29 2.11+ 0.08
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Table 4 Effect of curing agent concentration on ﬂﬁE, (ms) of PVC/NBR-40/SBR (50/10/40) blends

Proton site assignments S 0.0, S 0.5, S 1.0, S 2.0, Pure component

(chemical shifts: ppm MBT 0.0, MBT 0.5, MBT 1.0, MBT 0.5,

relative to TMS) ZnO 0.0 phr ZnO 1.0 phr ZnO 2.0 phr ZnO 4.0 phr

PVC

CHCI (57 £ 1) 8.52+ 0.01 8.49+ 0.07 7.84+ 0.12 7.47+ 0.01 7.22+ 0.07

CH, (46 = 1) 8.75+ 0.05 8.86+ 0.22 8.48+ 0.15 7.95+ 0.05 7.86+ 0.13

Rubber

CH (130* 1) 7.05* 0.89 5.32+ 0.17 4.78+ 0.17 3.81*+ 0.20 SBR 6.31+ 0.54

NBR-40 1.24+ 0.15

CH,(33+ 1)
T{,',| 289+ 15 23.4*x 0.8 242+ 0.9 174+ 0.1 SBR 4.96+ 0.18
Tﬂ,s 1.16+ 0.17 2.23+0.23 2.29*+ 0.10 1.80* 0.09 NBR-40 1.01+ 0.02

. . . . Figure 8 TEM micrographs of the unstained sections of the PVC/NBR-
Figure 7 TEM micrographs of the Osgstained sections of the PVC/ 59/SBR plends: (a) unvulcanized; (b) vulcanized by SIMBT/Za®.5/
NBR-29/SBR blends: (a) unvulcanized; (b) vulcanized by SIMBT/Za0 0.5/1.0 phr; (c) vulcanized by S/MBT/Zn@ 1.0/1.0/2.0 phr: and (d)
0.5/0.5/1.0 phr; (c) vulcanized by S/IMBT/Zn© 1.0/1.0/2.0 phr; and (d) vulcanized by SIMBT/ZnG= 2.0/0.5/4.0 phr
vulcanized by S/IMBT/ZnG= 2.0/0.5/4.0 phr

function of the sulfur concentration. As the sulfur content TEM study

increases, the CHi, and the CH T3}, values of the rubbers Morphology of the blend. The morphology of the
both decrease. The increasing constraints brought about byblends was studied by TEMrigure 7a-d show the TEM
crosslinking may be responsible for the decrease inTﬁIbe micrographs for the PVC/NBR-29/SBR (50/10/40) blends
values. Since onIyaSingllEﬂ is found for the CHCl and CH with different sulfur concentrations. These samples were
protons in the PVC, an enrichment of the rubbers Wit} at stained with an Os@vapour. Since both SBR and NBR
the interface is necessary to enwrap and isolate the PVC fromhave double bonds, which can react with Qsée dark
the SBR withTy),. The existence of such a PVC/rubber areas are either SBR or NBRigure 7ashows the morphol-
interface is further discussed below in our TEM study. ogy of the unvulcanized blend, indicating that SBR is the
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Figure 9 TEM micrographs of an unstained section of an unvulcanized
PVC/SBR (50/50) blend taken after (a) 0.5 and (b) 1.0 min of exposure to
the electron beam irradiation

continuous phase while PVC is the discrete phase. As the
sulfur concentration increases, the patrticle sizes did not change
much, but a phase inversion occurred — SBR changed from
being the continuous phase to being the discrete phase. The
phase inversion was caused by an increase in the viscosity of
SBR as a result of crosslinkingigure 8a-d shows the TEM
micrographs for the same samples, which were not stained. In
these micrographs the dark areas are the PVC phase because
PVC contains Cl, which is the heaviest element in the blend.
Figures 7 and 8 provide complementary information. The
detailed description of the development of the morphology
with different sulfur concentrations and processing condi- Figure 10 TEM micrographs of an unstained section of the PVC/SBR
tions will be presented in a forthcoming paper. (50/50) blend vulcanized by S/IMBT/Zn@ 0.5/0.5/1.0 phr taken after (a)

0.5, (b) 1.0 and (c) 2.5 min of exposure to electron irradiation

Interface of the blends. It is well known that polymers
are sensitive to electron beam irradiation. Depending upon
the molecular structure, a polymer will undergo either cross- section of the unvulcanized PVC/SBR (50/50) blend as a
linking or chain scission, depending on the C—H or C-C function of irradiation time, in whicka andb are taken at
bond energy of the molecules. Double bonds of rubber different electron bombardment timésgures 9a-b are the
under electron beam irradiation will form free radicals and micrographs obtained after 0.5 and 1.5 min of irradiation,
crosslink§*~3’ Upon electron beam irradiation, PVC will  respectively. Before dehydrochlorination, the PVC phase is
decompose by dehydrochlorination, resulting in a signifi- represented by the dark areas, as showfigure 9a The
cant mass loss (up to 58 wt% based on the repeating unitloss of HCI slowly reverses the contrast. After 1.5 min of
of the molecule). In TEM, the mass thickness will contribute irradiation the PVC and SBR phases are the light and dark
to the overall contrast observed. For unstained sections ofareas, respectively. For the PVC/SBR (50/50) blend
the blends, the dark areas represent PVC because the atomigulcanized by S/MBT/ZnO= 0.5/0.5/1.0 phr, the TEM
mass of Cl is high enough to cause the contrast. The contrasinicrographs taken after different irradiation times are
of the samples will slowly diminish if the concentration of shown in Figure 10a-c. Similar observations are made
the Cl in the blends decreases. with the vulcanized blend.

An attempt to study the interface of the blends by Figure 1la-c shows the TEM micrographs of an
exposing the unstained samples under electron beamunstained section of the unvulcanized PVC/NBR-29/SBR
irradiation in a transmission electron microscope has been(50/10/40) blends at several irradiation times. As the PVC
made. As discussed above, the contrast caused by thelecomposes under the electron beam, the contrast between
presence of Cl in PVC will slowly diminish as the the components decreases; however, in this case dark rings
concentration of Cl decreases as a result of dehydrochlor-are observed between the PVC and SBR phases and they are
ination. However, both NBR and SBR react more strongly still visible even after 2.5 min of irradiation. The enrichment
with the electron beam than PVC. Hence, the presence ofof rubbers at the interface effectively reduces the decom-
NBR, SBR or both rubbers in the PVC phase will help to position rate of PV&*. The dark rings are not observed for
slow down the dehydrochlorination process. By observing either the unvulcanized or vulcanized PVC/SBR (without
the change in the contrast of the sample under electron beanNBR as the compatibilizer) samples. The presence of the
irradiation, it is possible to obtain some information about dark rings in this unvulcanized PVC/NBR-29/SBR blend
the distribution of the rubbers in the blends. confirms that the rubber enrichment at the interface is a

Figures 9a-b are the TEM micrographs of an unstained result of the compatibilization effect of NBRigure 12a-c
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—— 2.5um

Figure 11 TEM micrographs of an unstained section of an unvulcanized Figure 12 TEM micrographs of an unstained section of a PVC/NBR-29/
PVC/NBR-29/SBR (50/10/40) blend taken after (a) 0.5, (b) 1.0 and (c) SBR (50/10/40) blend vulcanized by S/IMBT/ZnO (1.0/1.0/2.0) taken after
2.5 min of exposure to the electron beam irradiation (a) 0.5, (b) 1.0 and (c) 2.5 min of exposure to the electron beam irradiation

are the TEM micrographs of an unstained section of the methylene of the ternary PVC/NBR/SBR (50/10/40)

vulcanized (S/IMBT/ZnO= 1.0/1.0/2.0 phr) PVC/NBR-29/
SBR (50/10/40) blendFigure 12ashows that SBR is the

discrete phase with a much finer particle size as compared

with that of PVC shown irFigure 11a In this sample, SBR

blends. The shorflj, component is associated with

the rubbers in the proximity of the PVC. As the sulfur
concentration increases, the fraction of rubbers with
short Ty, increases.

is the dispersed phase because of the increase in th€3) TEM micrographs for the samples stained by @QsO
viscosity of SBR as a result of vulcanization. The dark rings show that a phase inversion occurs for the PVC/NBR-
between the SBR and PVC phases are observed even after 29/SBR blends as the sulfur concentration increases.
2.5 min of irradiation. Although it is difficult to quantify the  (4) TEM micrographs for the unstained samples show iden-
amount of rubbers at the interface regions, the results shown tical morphological patterns to the stained ones. Their
in Figures 11and12 confirm that the rubber concentrations contrasts are unstable and fade away under electron
at the interfacial regions are higher, thus stabilizing the beam bombardment. The uncompatibilized blends
decomposition of PVC. The TEM micrographs of the show contrast inversion after only 2 min of electron
unstained samples for this blend system provide a unique  beam bombardment due to rapid dehydrochlorination.
method to show the segregation of the rubbers at the However, in the compatibilized blends, the rubber in
interfacial regions between PVC and SBR for the com- close proximity of the PVC can stabilize the PVC and
patibilized blends. reduce the rate of dehydrochlorination. The enhanced
rubber concentration at the interface between the PVC
and SBR phases of the compatibilized blends is demon-
CONCLUSIONS strated by the observation of dark rings at the interface.
(1) The spin-lattice relaxation times both in laboratory and (5) Both n.m.r. and TEM results show an enhanced concen-
rotating frames were used to analyze the morphology of tration of rubber(s) at the interface between PVC and
the blends. Exponentidll’ decay was found for all the SBR.
pLotons in unvulcanized PVC/NBR-40 blends, while the
T, values for the rubber and the PVC are slightly
different for the PVC/NBR-29 blends. ACKNOWLEDGEMENTS
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