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ABSTRACT: Polyamide-12 was blended with butyl rub-
ber, bromobutyl rubber, and chlorobutyl rubber with and
without a sulfur curing system. Mechanical properties for
dynamically vulcanized blends generally exceed those made
with no vulcanization. Chlorobutyl-containing blends pre-
pared by dynamic vulcanization have higher tensile strength
and elongation at break values in comparison to those made
from other butyl rubbers. For a variety of polyamide/rubber
blends made by dynamic vulcanization, there is very little
effect of rubber percentage unsaturation and Mooney vis-
cosity on the mechanical properties of the blends. In chlo-
robutyl-containing blends prepared by dynamic vulcaniza-
tion, the swelling index values attributed to the rubber por-
tion decrease as rubber content decreases, and it is likely that
the polyamide phase completely surrounds the rubber par-
ticles at compositions exceeding approximately 25% poly-

amide. Swelling index results can be correlated with elon-
gation at break values for similar blends. The results of
differential scanning calorimetry suggest that the polyamide
phase is not a neutral component in high shear mixing with
butyl rubbers with or without curing agents. Rheological
studies indicate strong non-Newtonian behavior for all
blends of polyamide-12 with butyl rubbers. Scanning elec-
tron microscopy on polyamide-12/butyl rubber blends in-
dicates compatibility for butyl rubbers in the order of chlo-
robutyl � bromobutyl � butyl rubber. © 2004 Wiley Periodi-
cals, Inc. J Appl Polym Sci 93: 1423–1435, 2004
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INTRODUCTION

It is widely known that high shear melt mixing can be
used to produce blends of thermoplastics and vulca-
nizable elastomers, resulting in thermoplastic elas-
tomer materials and other thermoplastic vulcanizates.
This mixing can be undertaken in the presence or
absence of a curing system, and blends made by either
method produce unique compositions with properties
reflective of the component elastomers and thermo-
plastics. In the absence of a curing system, the phase
morphology is determined by the relative concentra-
tions of the polymeric components, the interfacial ten-
sion between them, the conditions used to process the
mixture, and the viscosity differences between the
components.1 The addition of compatibilizing agents
can significantly reduce the dimensions of the dis-
persed phase2 in some systems.

When curing compounds are added to the blend
components after sufficient melting and mixing of
rubber and plastic, the process is called dynamic vul-

canization, and the materials produced can be
chopped, pelletized, and remelted in an injection
molding or extrusion operation to make articles. Often
these materials have superior properties to that of
block copolymer-type thermoplastic elastomers or
other blends containing uncured mixtures3–6 and can
also be readily recycled after regrinding. Substantial
work has been undertaken to determine the optimum
choices for rubber, plastic, and curing systems in
blends made by dynamic vulcanization.6–9 The effect
of morphology on the properties of some thermoplas-
tic vulcanizates is now becoming understood.7

Several publications have appeared over the years
on the dynamic vulcanization of polyamide and butyl
rubber systems.10–17 In some of these blends the butyl
rubber component is modified with carboxyl, anhy-
dride, or epoxy groups.14 Both polyamide and butyl
rubber are polymers known for their barrier charac-
teristics,18,19 and successful blending of these poly-
mers by dynamic vulcanization has produced thermo-
plastic barrier compositions for use in such applica-
tions as refrigeration hoses.10,11,14,15 Materials made by
this method consist primarily of a discontinuous
phase of the cross-linked elastomeric component (bu-
tyl rubber) in a continuous matrix of the non-cross-
linked thermoplastic component (polyamide).
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In previous studies undertaken on polyamide/bu-
tyl rubber blends in our laboratories16,17 it was shown
that these two normally incompatible systems can be
mixed in a high shear environment with and without
the presence of curing agents added. The high shear
environment seems responsible for producing an in-
teraction between the polyamide and rubber compo-
nents during processing. This was confirmed by mea-
surement of the melt viscosity and differential scan-
ning calorimetry (DSC) of these blends, along with
analysis of the extracted soluble butyl rubber compo-
nent, which supports the presence of small quantities
of block or graft polymers in the system.16

A systematic study of dynamically vulcanized poly-
amide-12/chlorobutyl rubber (PA/CIIR) mixtures in-
dicates that all blends that employ curing agents show
increased tensile properties, particularly elongation at
break, in comparison to blends containing no curing
agents. Using several different curatives (sulfur, di-
thiocarbamate/ZnO, and 4,4-methylenebiscyclohexy-
lamine/MgO), it was shown that maximum mechan-
ical properties are obtained at relatively low levels of
curing agent in all systems. Hexane extraction of the
mixtures and measurement of percentage insolubles
along with swelling index of the rubber phase confirm
that a high level of cure is likely achieved using low
levels of curing agents.17

The objective of the present study was to examine
a variety of PA/butyl rubber blends prepared with
and without dynamic vulcanization. To observe the
effect of the rubber properties on the blend, the
butyl rubbers were varied in halogen content, halo-
gen type, percentage unsaturation, and Mooney vis-
cosity. Halogenation is known to enhance the rate of
the cross-linking reaction over that of nonhaloge-
nated butyl rubbers. For blends prepared by dy-
namic vulcanization, a vulcanizing system based on
sulfur was used, because these are generally effec-
tive on butyl rubber systems, both halogenated and
nonhalogenated. Varying levels of PA in PA/CIIR
blends were also tested. Pure rubber compounds
made from the same materials used in the blends
were prepared for comparison. Selective solvation
with hexane, DSC, and scanning electron micros-
copy (SEM) were used to examine a number of
PA/rubber blends (with and without cross-linking
agents) and pure rubber systems to determine the
effect of blending on the morphology of the rubber
component in these blends. One composition was
blended in the absence of vulcanizing agents,
cooled, and mixed with vulcanizing agents at a
temperature below the activation of vulcanization.
This blend was then compression molded and vul-
canized to provide a statically cured sample that
could be compared to those made by dynamic vul-
canization.

EXPERIMENTAL

Materials used

Polyamide-12 (PA; Grilamid L16) was obtained from
EMS-American Grilon (Sumter, SC). Butyl 068, chloro-
butyl 1066, 1068, and SB5066, and bromobutyl 2222 rub-
ber were supplied by Exxon Chemical (Sarnia, ON, Can-
ada). Butyl 100, 301, and 402, chlorobutyl 1255, and
bromobutyl X2 rubber came from Bayer Chemical (Sar-
nia). Zinc oxide was supplied by Zochem (Brampton,
ON, Canada), tetramethylthiuram disulfide (TMTD) by
H. M. Royal (Trenton, NJ), 2-mercaptobenzothiazole
(MBTS) by Uniroyal Chemical (Elmira, ON, Canada),
stearic acid (Emersol 150) by Cognis Canada (Toronto),
and Paracin 285 wax by CasChem (Bayonne, NJ).

Sulfur curing system employed in this study

A sulfur-based curing system was used for pure rub-
ber compounds and all blends.20 The proportions of
the curing components were as follows: 0–4 phr of
sulfur (on rubber), 1.8 phr TMTD (on rubber), 0.9 phr
of MBTS (on rubber), 2.4 phr of stearic acid (on rub-
ber), and 6.0 phr of untreated ZnO (on total mass of
PA and rubber).

Mixing procedure

All blends were made in a 258-cm3-capacity 5 HP
Plasticorder EPL-V5502 equipped with Prep Mixer
type R.E.E.6 and type 808-2504/PSI/DTI Rheometer
and temperature control (Brabender Instruments, Inc.,
Hackensack, NJ).

Nonvulcanized blends

PA was first added at 30 rpm mixing speed to the
Brabender mixer at a target temperature of 190°C and
allowed to melt for 2 min. Rubber was then added and
the mixing speed increased to 65 rpm. Mixing was
continued for an additional 8 min. After a total mixing
time of 10 min, the blend was removed from the mixer
and cooled.

Dynamically vulcanized blends

PA was first added at 30 rpm mixing speed to the
Brabender mixer at a target temperature of 190°C and
allowed to melt for 2 min. The rubber was then added
along with stearic acid, metal oxides, and wax, and the
mixing speed was increased to 65 rpm. Mixing was
continued for an additional 6 min. After a total mixing
time of 8 min, the active curing agent was added and
allowed to mix for 4.5 min (total mixing time of 12.5
min). The blend was then removed from the mixer and
cooled. For blends used in rheology evaluation, stearic
acid and wax were left out of the blend formulation. A
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typical torque versus mixing profile for one of these
blends is indicated in Figure 1. The rise in torque after
8 min of mixing is most likely due to cross-linking in
the rubber phase after the active curing ingredient is
added.

All dynamic vulcanized blends used for injection
molding contained 0.8 phr Paracin 285 wax (on rub-
ber).

Postcured blend

This blend was made by the same procedure that was
used for nonvulcanized blends. However, after re-
moval from the mixer the blend was rapidly cooled,
granulated, and then reintroduced to the Brabender
mixer along with a sulfur curing system at a target
mixing temperature of 60°C. The resulting mixture
was masticated for 8 min. (The melt temperature did
not rise above 109°C.) The mixture was then removed
from the Brabender, cooled, and compression molded
with static curing at 160°C for 30 min.

Rubber

Both halogenated and nonhalogenated butyl rubber
were masticated at 25 rpm and a target temperature
of 60°C for 3 min, after which stearic acid, zinc

oxide, and antioxidant were added and mixing was
continued for an additional 2 min. MBTS and THTD
were then added and mixing was continued for 3
min. Sulfur was then added and mixing was com-
plete after an additional 2 min. The total mixing
time was 10 min. The curing levels (based on rub-
ber) were identical to those used in the dynamic
vulcanization experiments. After blending was com-
plete, the compound was compression molded at
160°C for 30 min.

Testing and characterization

Mechanical properties

For the statically cured blend the test specimens were
cut from compression molded sheets. In all other
blends, the mechanical properties were tested on spec-
imens prepared directly by injection molding, with all
zones adjusted to 180°C. A computerized Instron 4400
Universal Testing Machine was used to determine
stress/strain characteristics on injection-molded sam-
ples according to the American Society for Testing and
Materials Procedure D638 (ASTM D638). Hardness
values (Shore A and D) were determined by ASTM
D2240.

Figure 1 Torque measurement during extended mixing of 40PA/60IIR blend with sulfur curing system.
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Percentage insolubles and swelling index.

For selective solvation on PA/rubber blends, a 0.250-g
sample of the blend in the form of small cut pieces (�1
mm) was suspended in reagent-grade hexane
(Anachemia, Montreal, PQ, Canada) and shaken for
48 h. This procedure was followed by centrifugation of
the insoluble material and determination of the per-
centage insolubles. Swelling index was determined on
molded or pressed samples, �1 cm square and 1.5 mm
thick, that were immersed in hexane for 4 days to
obtain equilibrium. The swelling index of a blend
sample was determined by comparison of the weight
of the swollen sample to its weight after drying to
constant weight.

To determine the effect of exposure over time on the
swelling index of blended samples, the swelling index
versus time was determined for several 40PA/60CIIR
blends with differing thickness of test specimen. Fig-
ure 2 indicates that equilibrium is established in less
than 1 day for all samples, and the final swelling index
is only marginally higher in samples with the greatest
thickness. Thus, for all of the results reported in this
study, the sample thickness was standardized at 1.5
mm to achieve the highest reliability in the results.

The swelling index of the rubber component in a
PA/butyl rubber blend was calculated on the basis
that hexane solvent, for practical purposes, neither
dissolves nor swells the PA component in the blend.
The swelling index (rubber component) is thus

S.I. (rubber component) �

(mass of rubber in sample �
mass of solvent after swelling)

mass of rubber in sample .

The mass of rubber in the sample is proportional to the
percentage rubber used to prepare the blend, and the
mass of solvent in the sample after swelling is equal to
the difference between the swollen and dry mass of
the blend. By substitution, it is determined that

S.I. (rubber component)

�
S.I. (blend)

proportion of rubber in blend

�
proportion of PA in blend

proportion of rubber in blend.

Calculated values of S.I. (rubber component), repre-
senting normalized swelling indices for each compo-
sition, can be compared between blends of differing
rubber proportions to determine the effect of increas-
ing PA content on the swelling characteristics of the
rubber component in blends.

Differential sanning calorimetry

For DSC, all PA/butyl rubber blends (with and with-
out curing agent) were prepared at 190°C, followed by
analysis on a Perkin–Elmer DSC-7 instrument (Per-
kin–Elmer Cetus Instruments, Norwalk, CT) accord-
ing to ASTM D 3417. The melting temperature and the
enthalpy of fusion for the PA phase were recorded for
each sample. If multiple peaks occurred, the melting
temperature refers to the highest (second) peak. For
PA/CIIR blends, repetitive results in our laboratories
indicate values of melting temperature and enthalpy
of fusion that are within experimental error of each

Figure 2 Effect of sample thickness on attainment of equilibrium swelling index.
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other for injection molded samples and granulated
pellets.

Rheology

The rheological properties of the blends were evalu-
ated according to ASTM D5422/C.W. Brabender pro-
cedure. This procedure allows for measurement of
melt viscosity at various shear rates. The Brabender
Plasticorder (see mixing procedure) was attached to
an extruder with a 19.05-mm-diameter screw (L/D
25/1, compression ratio 3:1), and capillary dies D
(L/D 10) and E (L/D 15) for evaluation at extruder
speeds of 10, 20, and 30 rpm. Melt temperature at the
capillary was maintained at 205°C.

Scanning electron microscopy

SEM was conducted using a variable-pressure LEO
1455VP microscope (Meridian Scientific Services,
Stittsville, ON, Canada). Specimens were prepared by
cutting with a sharp blade. The blends were mounted
on aluminum stubs with carbon paint and examined

without coating at low pressure using a Robinson
backscatter detector.

RESULTS AND DISCUSSION

Mechanical and solution properties of blends

Several 40 PA/60 butyl rubber blends were prepared
using various grades of butyl rubber, with and with-
out cross-linking agents, and the results are summa-
rized in Table I. A comparison was conducted among
butyl (IIR), bromobutyl (BIIR), and CIIR rubbers, and
the halogen level was varied from 0 to 2%. Unsatura-
tion in the butyl rubber phase was varied from 0 to
2.25%, and Mooney viscosity varied from 33 to 50.

It can be observed that percentage unsaturation and
Mooney viscosity values have little effect on the me-
chanical properties in IIR-containing blends. Percent-
age isoprene and Mooney viscosity also have rela-
tively little effect on the properties of BIIR- and CIIR-
containing blends. The principal effect on properties
in these blends is the presence and type of halogen in
the rubber phase.

TABLE I
Effects of Rubber Type on Properties of 40 PA/60 Butyl Rubber Blendsa,b

Rubber grade
Unsaturation

(%)

Mooney
viscosity

(@
125°C)

Halogen
content

(%)

Ultimate
strength
(MPa)c

Elongation
at break

%d
Hardness
Shore D

%
Insolubles

in
hexanee

Swelling
index —

blend
(hexane)f

Swelling
index —
rubber
phase

(hexane)g

(a) Blends made by dynamic vulcanization
Butyl 068 0.8 47 9.1 93 47 97.2 1.29 1.48
Butyl 100 0.9 35 9.1 117 45 95.1 1.33 1.55
Butyl 301 1.91 49 9.1 117 48 94.0 1.30 1.52
Butyl 402 2.25 33 8.8 113 45 95.1 1.34 1.57
Chlorobutyl 1066 2% isoprene 38 1.26 13.3 281 50 97.1 1.23 1.38
Chlorobutyl 1068 2% isoprene 50 1.27 13.9 341 49 98.7 1.29 1.48
Chlorobutyl SB 5066 2% isoprene 40 1.50 13.4 266 50 96.9 1.25 1.42
Chlorobutyl 1255 1.8%

isoprene
50 1.25 13.6 294 52 100.6 1.24 1.40

Bromobutyl X2 1.6%
isoprene

50 2 12.2 140 51 99.5 1.30 1.50

Bromobutyl 2222 2% isoprene 37 2 12.4 141 49 98.9 1.27 1.45

(b) Blends made with no vulcanizing agents
Butyl 402 2.25 33 10.0 81 41 42.3
Chlorobutyl 1068 2% isoprene 50 1.27 9.4 90 42 44.9
Bromobutyl X2 1.6%

isoprene
50 2 10.7 99 45 48.3

a All properties were measured at room temperature.
b All blends were mixed for 12.5 min, followed by injection molding at 180°C.
c Standard deviation of �10%.
d Standard deviation of �15%.
e Based on samples tested in triplicate. Standard deviation of �2%.
f Based on samples tested in triplicate. Standard deviation of �1%.
g Swelling index of the rubber phase calculated on the basis that the polyamide component does not swell. Solvent

associates exclusively with the rubber component:

S.I. (rubber component) �
S.I. (blend)

proportion of rubber in blend �
proportion of polyamide in blend

proportion of rubber in blend .
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For blends prepared by dynamic vulcanization, the
ultimate strength values are approximately 9, 12.3,
and 13.5 Mpa for IIR-, BIIR-, and CIIR-containing
blends, respectively. Percentage elongation values are
approximately 110, 140, and 300%, respectively. Hard-
ness values are generally higher in blends containing
halogenated rubbers. All samples are more than 95%
insoluble in hexane, with the majority in the range of
98–100%. Swelling index values range from 1.23 to
1.34 for these blends. The curing reaction in these
samples appears to be virtually complete, which has
generally been observed in our laboratories when the
sulfur content in the formulation is greater than 2.0
phr. (In a few cases the percentage of insolubles is
greater than 100%; this is attributed to tenacious en-
trapment of traces of solvent in the blend.)

Blends made with no added vulcanizing agents ex-
hibit lower tensile strength and percentage elongation
values, especially in halogenated rubber-containing
blends. As expected, the percentage of insolubles is
much lower in nonvulcanized blends, but still exceeds
the proportion of PA in these blends (particularly for
halogenated rubbers). This may be due to phase en-
trapment or cross-linking in the rubber phase and is
consistent with our earlier report16 that the reactivity
of the rubber component in blends produced by high
shear most likely leads to some block and/or graft
rubber formation between the two otherwise incom-
patible materials.

Table II provides a further comparison of dynamic
vulcanization to nonvulcanization for 30PA/70 CIIR
blends, showing a significant decrease in ultimate
strength, elongation at break, and hardness in the
absence of curing agents. Also listed in Table II are the
results of a 30PA/70 CIIR blend prepared by static
(postcure) vulcanization. Although the main interest

in this blend is the comparison of swelling index, it is
seen that the ultimate strength of the statically cured
blend is less than that of the nonvulcanized blend.

The mechanical and solution properties for a num-
ber of selected rubber and PA samples used in the
PA/rubber blends are shown in Table III. To facilitate
comparisons, the same curing system was used as for
the dynamic vulcanization of blends reported in Ta-
bles I and II (sulfur level 2.4 phr). For rubber samples,
the tensile strength and elongation values follow in
the order of BIIR � CIIR � IIR. The hardness values
for halogenated butyl rubbers are generally lower
than for nonhalogenated butyl rubber, in contrast to
comparable hardness values for PA/butyl rubber
blends (Table I). The percentage of insolubles in all
rubber samples exceeds 92%, and swelling index val-
ues in hexane for the halogenated samples reach val-
ues of 3.13 and 3.38 for BIIR and CIIR, respectively.

As noted earlier, the mechanical properties of CIIR-
containing blends with PA exceed those of similar
BIIR-containing blends. This is an unexpected result,
given the fact that the mechanical properties in tested
rubber samples strongly favor BIIR (Table III). This
apparent anomaly may be explained by the kinetics
and reactivity of the rubber components (including
grafting and chemical interaction with the PA compo-
nent) in blends. Rubber curing kinetics seem to have
more impact on the mechanical properties of the
blends than do the mechanical properties of the rub-
ber components themselves.

Effect of rubber content on the properties of PA/
CIIR blends

CIIR has been blended with increasing proportions of
PA, and the mechanical properties are listed in Table

TABLE II
Effect of Method of Preparation on Properties of 30 PA/70 CIIRa Blends

Method

Ultimate
strength
(MPA)d

Elong. @
break (%)e

Hardness
(Shore D)

% Insolubles in
hexanef

Swelling index
—blend

(hexane)g

Swelling index
—rubber phase

(hexane)h

No vulcanizationb 6.2 120 31 30.7
Dynamic vulcanizationc 9.4 233 40 87.7 1.44 1.63
Postcureb 2.1 412 21 98.3 2.05i 2.52

a Based on CIIR 1068.
b Test specimens prepared by compression molding.
c Test specimens prepared by injection molding.
d Standard deviation of �10%.
e Standard deviation of �15%.
f Based on samples tested in triplicate. Standard deviation of �2%.
g Based on samples tested in triplicate. Standard deviation of �1%.
h Swelling index of the rubber phase calculated on the basis that the polyamide component does not swell. Solvent

associates exclusively with the rubber component:

S.I. (rubber component) �
S.I. (blend)

proportion of rubber in blend �
proportion of polyamide in blend

proportion of rubber in blend .
i Absolute value (mass of swollen sample measured in closed vessel).
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IV, along with the results of exposure of these samples
to hexane solvent. As expected, in dynamically vulca-
nized PA/CIIR blends, the ultimate tensile strength
and hardness values increase with the addition of PA
to the blend. However, the percentage elongation de-
creases in the range of 0–20% PA with increasing PA,
but increases in the range of 20–40% PA. In all of these
blends the rubber phase shows extensive curing, with
percentage insolubles above 96% for all blends.

Experimental values of swelling index for the
blends, calculated values of swelling index (based on
a physical mixture of the components), and elongation
at break values versus percent PA are plotted in Fig-
ure 3. As shown, for all proportions of PA the swelling
indices of blends under dynamic vulcanization are
substantially less than the theoretical values. It should

also be observed that the swelling index curve under-
goes a change in slope at approximately 20–25% PA,
which corresponds to the composition where the elon-
gation at break curve also reaches a minimum point.
The change in slope of the swelling index curve may
indicate the composition where the volume of the PA
phase is sufficiently large to surround the rubber par-
ticles formed during dynamic vulcanization. Using
this model, the elongation at break values should dra-
matically decrease in the early stages as PA is intro-
duced into the blends. At a composition where PA
becomes the continuous phase, the elongation at break
will reach a minimum. Further increases in PA beyond
this composition will not only change the rate of de-
crease in swelling index, but also enhance elongation
at break values.

TABLE III
Properties of Polyamide and Sulfur Cured Butyl Rubber Samplesa

Polymer

Ultimate
strength
(MPA)b

Elongation at
break (%)c

Hardness
(Shore A)

Hardness
(Shore D)

% Insolubles in
hexaned

Swelling index
(hexane)e,f

Polyamide-12 43.9 355 100.0 1.00
Butyl 301 1.7 336 42 95.7 2.80
Bromobutyl X-2 8.3 824 37 7 94.8 3.13
Chlorobutyl 1068 2.0 496 36 7 92.8 3.38

a Rubber test specimens prepared by compression molding.
b Standard deviation of �10%.
c Standard deviation of �15%.
d Based on samples tested in triplicate. Standard deviation of �2%.
e Based on samples tested in triplicate. Standard deviation of �1%.
f Absolute values (mass of swollen samples measured in closed vessels).

TABLE IV
Effect of Rubber Level on Properties of PA/CIIR Blendsa,b,c

Blend

Ultimate
strength
(MPA)d

Elongation
@ break

(%)e
Hardness
(Shore D)

% Insolubles
in hexanef

Swelling index
—blend

(hexane)g

Swelling index
—rubber phase

(hexane)h

0PA/100CIIRi 2.0 496 7 92.8 3.38j 3.38
15PA/85 CIIR 2.9 188 18 81.1 2.20 2.43
20PA/80 CIIR 5.6 154 25 84.1 1.77 1.97
25PA/75 CIIR 7.7 180 36 86.8 1.55 1.74
30PA/70 CIIR 9.4 233 40 87.7 1.44 1.63
40PA/60 CIIR 13.9 341 49 98.7 1.29 1.48

a All properties measured at room temperature.
b All blends except for pure rubber are mixed for 12.5 min, followed by injection molding at 180°C.
c Based on CIIR 1068.
d Standard deviation of �10%.
e Standard deviation of �15%.
f Based on samples tested in triplicate. Standard deviation of �2%.
g Based on samples tested in triplicate. Standard deviation of �1%.
h Swelling index of the rubber phase calculated on the basis that the polyamide component does not swell. Solvent

associates exclusively with the rubber component:

S.I. (rubber component) �
S.I. (blend)

proportion of rubber in blend �
proportion of polyamide in blend

proportion of rubber in blend .
i Compression molded sample.
j Swelling index determined from swollen mass weighed in closed vessel.
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To demonstrate the effect of blending on the swell-
ing index of the rubber phase itself, the normalized
swelling index results (based on the rubber compo-
nent in the blends) were plotted versus percentage PA

in Figure 4. As shown, the swelling index of the rubber
phase is markedly reduced as PA is added to the
blend. This reduction is likely explained by a “caging
effect” on the rubber phase, in which increased PA has

Figure 3 Swelling index and elongation at break of dynamically vulcanized blends.

Figure 4 Swelling index of the rubber phase in PA/CIIR blends.
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the effect of increasing the protective sheath around
the discontinuous rubber phase, restricting its volume
expansion in the presence of solvents compatible with
the rubber phase. Although the swelling pressure of
the rubber phase becomes very high, as expected in
cross-linked rubber systems,21 the rubber phase is not
able to overcome the counterpressure exerted by the
continuous PA phase. A result of this nature might be
expected for dynamic vulcanization. An alternative
explanation may be that the continuous PA phase
reduces the extent to which the solvent can enter the
rubber phase to cause swelling, although this effect is
presumed to be much less significant since equilib-
rium values of swelling index are achieved relatively
quickly (see Figure 2). A further possibility is that PA
may catalyze the cross-linking reaction in the rubber
phase to increase the density of the polymer network,
which would result in lower values of swelling index
with increasing proportions of PA.

A useful comparison of swelling index can be seen
in Table II for two 30PA/70CIIR samples—one by
dynamic vulcanization and the other by static vulca-
nization (postcuring). The rubber phase in the post-
cured sample has interacted with PA during the in-
tense mixing cycle; however, the rubber phase in this
sample is not affected as much by the caging effect,

since curing of the rubber phase takes place after the
mixing cycle is complete, leaving rubber the mostly
continuous phase of the blend and a lower residual
swelling pressure. As a result, the swelling index of
the rubber phase has a higher value (2.52) than in the
dynamically prepared blend (1.63). (The comparison is
also seen in Figure 4).

Effect of the sulfur curing system on the properties
of PA/butyl rubber blends

The results of a series of dynamic vulcanization exper-
iments in which sulfur levels are adjusted from 0 to 4.0
phr (on rubber), with other components in the curing
system retained at standard levels, are given in Table
V. In IIR-containing blends the swelling index values
decrease with increasing sulfur level up to �0.8 phr
sulfur. Ultimate tensile strength and percentage elon-
gation values increase with small additions of sulfur.
The optimum cure is likely at 0.8 phr sulfur, but
higher levels of sulfur have relatively little effect on
the properties. In CIIR-containing blends, dynamic
vulcanization can be achieved without the addition of
sulfur to the formulation. However, maximum values
of percentage elongation are achieved when sulfur

TABLE V
Effect of Sulfur Level on Properties of 40 PA/60 Butyl Rubber Blendsa,b,c

Sulfur level (phr)

Ultimate
strength
(MPA)d

Elongation at
break (%)e

Hardness
(Shore D)

%
Insolubles
in hexanef

Swelling
index of the

blend
(hexane)g

Swelling index—
rubber phase (hexane)h

(a) Blends containing butyl rubber (IIR 301)
0 9.2 87 46 99.6 1.46 1.79
0.8 9.6 118 46 107.1 1.34 1.57
1.6 9.4 119 48 106.8 1.32 1.53
2.4 9.1 117 48 94.0 1.30 1.50
3.1 9.0 105 46 96.8 1.30 1.50
4.0 8.6 103 44 94.9 1.30 1.50

(b) Blends containing chlorobutyl rubber (CIIR 1068)
0 13.2 250 49 97.8 1.26 1.43
0.4 13.4 260 52 100.0 1.26 1.43
0.8 14.4 330 49 98.6 1.27 1.45
1.6 14.1 333 49 100.7 1.29 1.48
2.4 13.9 341 49 98.7 1.29 1.48
3.2 14.1 352 48 99.0 1.29 1.48
4.0 13.7 344 48 98.4 1.29 1.48

a All samples contain 1.8 phr TMTD, 0.9 phr MBTS, and 2.4 phr stearic acid, based on the rubber content, and 6.0 phr ZnO
based on the overall blend.

b All properties measured at room temperature.
c All blends are mixed for 12.5 min, followed by injection molding at 180°C.
d Standard deviation of �10%.
e Standard deviation of �15%.
f Based on samples tested in triplicate. Standard deviation of �2%.
g Based on samples tested in triplicate. Standard deviation of �1%.
h Swelling index of the rubber phase calculated on the basis that the polyamide component does not swell. Solvent

associates exclusively with the rubber component: S.I. (rubber component) � S.I. (blend)/(proportion of rubber in blend) �
(proportion of polyamide in blend)/(proportion of rubber in blend).
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level is at or above 2.4 phr. The sulfur level has rela-
tively little effect on the tensile strength and hardness.

Overall, the results in Table V indicate that the
accelerators and moderators normally present in a
sulfur curing system (MBTS, TMTD, and ZnO) have
the capability to promote dynamic vulcanization, with
and without the presence of added sulfur. However,
the properties of the system are generally improved
with additions of sulfur to the formulation; thus, most
of the blended materials produced in this study have
been made with 2.4 phr sulfur in the curing system.

Results of DSC experiments undertaken on blends
of PA and butyl rubber with and without dynamic
vulcanization

The results of DSC experiments for a number of
blends of PA with IIR, BIIR, and CIIR are shown in
Table VI. With all three of the rubber samples the
melting temperature of the PA phase is reduced dur-
ing intensive mixing of the polymers. However, the
melting temperature is further reduced when mixing
is undertaken in the presence of curing agents (dy-
namic vulcanization). The enthalpy of fusion values of
the PA phase remain fairly similar to those of virgin
polyamide-12 in nonvulcanized mixtures with rubber.
However, a substantial reduction in this property is
noted in the presence of curing agents.

The results show that reductions in peak tempera-
ture of up to 2.5°C can be observed in simple mixtures
of rubber and PA. These results exceed the results of
previous tests on PA/BIIR16 and PA/CIIR17 blends.
Reduced values of melting temperature in the PA
phase indicate that this phase is not a neutral compo-
nent during the blending process, but likely under-
goes chemical and/or physical interaction with the
rubber phase during the mixing and curing processes.
There also may be chain scission and molecular
weight reduction in the PA phase. Further reductions
in the PA melting temperature and enthalpy of fusion
under dynamic vulcanization indicate even greater

changes in the crystalline PA phase when curing
agents are present.

Rheology of PA/butyl rubber blends

The Brabender rheological procedure used in this
study allows one to obtain apparent melt viscosity
values at various shear rates, in contrast to a standard
melt flow index that is determined at a very low shear
rate. Rheological properties were measured for PA,
three nonvulcanized 40PA/60 butyl rubber blends,
and three dynamically vulcanized butyl rubber
blends, cured with a sulfur curing system. The results
of the experiments are shown in Figure 5.

The addition of rubber (IIR, BIIR, or CIIR) to PA
causes an increase in the viscosity of the mixture, but
all three blends show a similar dependence of viscos-
ity on shear rate. Further increases in viscosity are
observed as curing agents are added to these blends.
In blends containing curing agents there are substan-
tial differences in the viscosity versus shear rate de-
pendencies for the different butyl rubbers. The highest
viscosity is observed for blends containing CIIR, fol-
lowed by BIIR and IIR. All of the plots of viscosity
versus shear rate for PA/rubber blends show a sub-
stantial reduction in viscosity with shear rate, both
vulcanized and nonvulcanized. Thus, there is a high
degree of non-Newtonian behavior in both nonvulca-
nized and dynamically vulcanized blends.

Scanning electron microscopy on PA/butyl rubber
blends

During the SEM process on blends of PA with butyl
rubbers, the rubber component of the blend is etched,
exposing the PA portion of the sample. Figure 6 con-
tains the SEM micrographs of dynamically vulcanized
blends of PA with IIR, BIIR, and CIIR. Evidence of
orientation is visible in the micrographs of the samples

TABLE VI
DSC Results for Polyamide/Butyl Rubber Blendsa

Sample
%

Polyamide

No Curing Agents Dynamic vulcanization

Melting temp.
(°C)b

Enthalpy of fusion
(J/g of

polyamide)c
Melting temp.

(°C)b

Enthalpy of fusion
(J/g of

polyamide)c

PA 100 178.7 58.8 180.1 59.2
PA/IIR 402 40 177.8 61.6 176.0 54.4
PA/BIIR X2 40 173.8 58.6 174.0 50.3
PA/CIIR 1068 40 176.5 59.6 174.6 48.1
PA/CIIR 1068 30 175.9 56.2 172.4 49.9

a Based on samples tested in duplicate.
b Expected error �0.15°C.
c Enthalpy calculated based on weight of polyamide present in blend; expected error �1%.
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containing BIIR and CIIR and is likely the result of the
material mixing pattern prior to cooling.

As shown in Figure 6, the blends containing halo-
genated rubbers show good dispersion, with an aver-
age rubber phase particle size in the range of 2–4 �m.
In contrast, the average particle size of IIR-containing
blends is 4–8 �m. The smaller particle size of the
rubber phase in halogenated rubber-containing blends
may explain the improved mechanical properties of
these materials in comparison to blends with IIR.
Blends containing smaller rubber particles will, on
average, allow for greater surface contact between the
rubber particles in the blend, thus enhancing the in-
teraction of the dispersed rubber phase in the blend.
This also explains why equilibrium is rapidly estab-
lished during exposure to solvent during the swelling
index test.

CONCLUSION

In PA/butyl rubber blends produced by dynamic vul-
canization the greatest effect on tensile properties is
the presence or absence of halogenation in the rubber.
Both ultimate strength and percentage elongation de-
crease in the order of CIIR � BIIR � IIR in blends
containing 40% PA. This is an unexpected trend, be-
cause BIIR in pure rubber compounds has a much
higher tensile strength than either CIIR or IIR.

Percentage unsaturation and Mooney viscosity val-
ues seem to have little effect on the mechanical prop-

erties in any of the blends made with CIIR, BIIR, or
IIR.

Tensile strength and percentage elongation values
for nonvulcanized blends are lower than for similar
dynamically vulcanized blends, especially for those
containing halogenated butyl rubbers.

In CIIR-containing blends the ultimate tensile
strength and hardness values generally increase as PA
is increased, within the range covered by the experi-
ments.

When accelerators are present in a sulfur-based cur-
ing system, the mechanical properties of PA/butyl
rubber blends are relatively insensitive to the amount
of elemental sulfur used in the formulation.

Swelling index values of the rubber component in
these blends indicate that the rubber phase is cross-
linked in blends prepared by dynamic vulcanization,
even at very low levels of elemental sulfur. This may
be partly due to the inclusion of ZnO in the formula,
a common vulcanizing agent in halogenated butyl
rubber systems.

The normalized swelling index (rubber phase only)
in PA/CIIR blends decreases with increasing propor-
tion of PA in the blends. The reduction in swelling
index is rapid and close to linear from 0 to 20% PA,
followed by a second almost linear region with lower
slope from 20 to 40% PA.

Elongation at break values reach a minimum in
PA/CIIR blends at �20% PA, which corresponds to
the composition where the swelling index versus per-

Figure 5 Rheological properties of 40PA/60 butyl rubber blends at 205°C.
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Figure 6 SEM of etched specimens of dynamically vulcanized blends of PA with (a) IIR,(b) BIIR, and (c) CIIR.
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centage PA curve undergoes a change in slope. This
may indicate the composition where the phase volume
of the PA phase is large enough to completely encase
the rubber phase.

The swelling index for a statically vulcanized spec-
imen is significantly higher than for a blend of iden-
tical composition prepared by dynamic vulcanization.
This is likely due to a large caging effect on the rubber
phase in dynamically vulcanized materials.

DSC experiments reveal a reduction of up to 2.5°C
in melting temperature of the PA phase for PA/butyl
rubber blends, indicating that some interaction with
the rubber occurs during blending.

Nonvulcanized blends of all three butyl rubbers with
PA show similar increases in viscosity with respect to PA
and significant non-Newtonian behavior. The viscosity
is further increased with dynamic vulcanization for the
same compositions, and these blends also display similar
non-Newtonian behavior. Blend viscosities for three bu-
tyl types are in the order of CIIR � BIIR � IIR (similar
order for most mechanical properties).

Etched surface micrographs of PA/butyl rubber
blends by SEM show lower particle size for haloge-
nated rubber specimens, indicating greater compati-
bility in blends with these rubbers.
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