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ABSTRACT: Blends of acrylonitrile butadiene rubber (NBR) and poly(ethylene-co-vinyl
acetate) (EVA), with varying proportions of the components, were vulcanized using
different crosslinking systems, namely, sulfur (S), dicumyl peroxide (DCP), and a mixed
system (S + DCP). Mechanical properties, such as stress—strain behavior, tensile
strength, elongation at break, Young’s modulus, tensile set, and tear strength, were
studied. The mixed system exhibited better mechanical performance than other sys-
tems. The tensile and tear fracture surfaces were analyzed under the scanning electron
microscope in order to understand the failure mechanism. The variation in properties
was correlated with the morphology of the system. The effect of high-abrasion furnace
black (HAF), semireinforcing furnace black (SRF), silica, and clay on the mechanical
properties and failure mechanism of 50/50 blend of NBR-EVA (N;,P) has also been
studied. The Kraus equation has been applied to analyze the extent of polymer—filler
interaction. Applicability of various theoretical models has been investigated to predict
the properties of the blend systems. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 71:
2335-2364, 1999

INTRODUCTION

The objective of polymer blending is to achieve
commercially viable products having unique
properties or low cost." Commercial products
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have been based on miscible,>* as well as immis-
cible, blends.>® For blends of immiscible poly-
mers, the mechanical response reflects molecular
relaxation processes characteristic of each con-
stituent and is also profoundly influenced by
blend composition, morphology, and new or mod-
ified relaxation processes characteristic of the
blend. The morphological arrangement may con-
sist of one phase dispersed in a matrix of the other
polymer.
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Table I Details of Materials Used

Materials

Characteristics

Source

Nitrile rubber—(Aparene N553 NS)

Volatile matter (%)

Antioxidant (%)

Organic acid (%)

Soap (%)

Mooney viscosity (ML, ,; 100°C)

0.130

1.400
0.250
0.004
40.000

Gujarat Apar Polymers,
Ltd., Mumbai

Bound acrylonitrile (%)
Intrinsic viscosity (dL, g)
Melt flow index (g/10 min)

Poly(ethylene-co-vinyl acetate)—
Pilene 1802
Density (g, cc)

Vicat softening point (°C)
Vinyl acetate (%)
Intrinsic viscosity (dL, g)

34.00

1.527

2.000 Polyolefins Industries
Ltd., Chennai

0.937

59.000

18.000

0.170

Homogeneity of mixing and cure compatibility
are the most pertinent polymeric properties re-
lated to polymer blends. Homogeneity at a micro-
scopic level is necessary for optimum perfor-
mance, but some degree of microheterogeneity is
usually desirable to preserve the individual prop-
erties of the respective polymer components.
Even if true miscibility may not be required, ad-
hesion between polymer phases is necessary for

Table II Compounding Recipe

good properties. Shershnev’ has summarized the
importance of and requirements for covulcaniza-
tion of the components of elastomer blends. Co-
vulcanization is defined in terms of a single net-
work structure with crosslinked macromolecules
of both polymers. Vulcanizates with components
having similar curative reactivity generally give
better properties than those whose components
have large differences in this regard. To select a

Peroxide Sulfur Mixed
Ingredients System System  System
(phr?) P) S) (M) 10S 10C 10BS 20BS 30BS 10BH 20BH 30BH
Polymer 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Zinc oxide — 5.0 5.0 — — — — — — — —
Stearic acid — 1.5 1.5 — — — — — — — —
MBTSP — 15 1.5 — — — — — — — —
Sulfur — 1.5 1.5 — — — — — — — —
DCP° 4.0 — 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
Silica — — — 10.0 — — — — — — —
Clay — — — — 10.0 — — — — — —
SRF? — — — — — 10.0 20.0 30.0 — — —
HAF® — — — — — — — — 10.0 20.0 30.0

2 Parts per hundred rubber by weight.
® Mercaptobenzo thiazyl disulphide.

¢ Dicumyl peroxide (40% active).

4 Semireinforcing furnace black.

¢ High-abrasion furnace black.
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blend ratio and a crosslinking system suitable for
a particular application, a clear understanding of
the change in properties with blend ratio and
crosslinking systems is essential.

Usually, reinforcement in rubber compounds
is achieved by the use of carbon black as well
as noncarbon black fillers. Fillers are used to
modify the processing characteristics and me-
chanical properties and also to reduce the cost.
They are important to reduce the shrinkage and
to increase the modulus and hardness. The re-
inforcement activity of the filler in blends de-
pends on the affinity of the filler towards the
blend components and also on the distribution
and dispersion of filler in each phase of the
blend. The filler interphase distribution in elas-
tomer blends has been reported by several re-
searchers.®~1!

In the selection of a polymer or a polymer
blend for practical applications, one has to con-
sider how the material can resist failure or
crack growth under the use conditions. In order
to have an insight into the resistance of the
material to failure or crack growth, it is essen-
tial to carry out the mechanical property mea-
surements. The mode of failure of a material
can be investigated using a scanning electron
microscope, and the failure pattern can be re-
lated to the strength of the material.

Acrylonitrile butadiene rubbers (NBRs) have
excellent oil resistance and abrasion resistance
but poor ozone resistance. Poly(ethylene-co-vi-
nyl acetate) (EVA) offers excellent ozone re-
sistance, weather resistance and mechanical
properties.'? The morphology, mechanical prop-
erties and viscoelastic behavior,!? tearing char-
acteristics and recyclability,'* and the rheologi-
cal behavior'® of NBR-EVA blends have been
studied earlier by our research group. The ob-
jective of the present work is to study the effect
of various crosslinking systems, namely, sulfur,
dicumyl peroxide, and a mixed system compris-
ing both sulfur and dicumyl peroxide, the blend
ratio, and various fillers on the mechanical
properties and failure mechanism of NBR-EVA
blends. Dicumyl peroxide has been used for the
crosslinking of both NBR and EVA, but sulfur
can crosslink only NBR phase and not EVA due
to its saturated backbone structure. Hence, a
mixed system, containing both peroxide and
sulfur, was also selected for the effective curing
of both the phases in the blend.

(c)

Figurel Scanning electron micrographs showing the
morphology of (a) N,, (b) N5, and (c) N,.
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(c) (d)

Figure 2 Optical micrographs showing the morphology of (a) Ny, (b) N4, (¢) N, (d)
Nego, and (e) Ng,.
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5 T T Table III Cure Characteristics of NBR-EVA
; Systems
c
DISPERSED o . Cure Scorch Maximum
NBR PHASE é Sample Time Time Torque
4r o Code (min) (min) (dNm) CRI
N
Id

£ /T NoP 24.0 2.0 80.2 45
i N N, P 20.0 3.0 70.1 5.8
N v NP 18.4 2.5 49.9 6.3
» 3f- N NP 17.2 2.2 35.1 6.7
g s N1ooP 16.5 2.1 39.2 6.9
E va NS 32.0 20.0 61.9 8.3
< M NS 19.0 13.0 51.9 16.7
w NBR NS 19.4 11.0 38.1 11.9
g 2r . N100S 14.4 7.2 19.2 13.9
o H N, M 40.0 18.0 66.4 4.5
z A N, M 34.0 9.4 71.4 4.1
M N M 27.0 5.8 52.9 4.7
,L : s DISPERSED N,,M 17.8 5.0 43.5 7.8
: : N, ooM 18.8 3.6 22.1 6.6
108 18.6 2.1 82.5 6.1
10C 18.7 1.9 83.1 5.9
: : 10BS 19.1 2.4 83.5 5.9
o | 1 i n ! 20BS 19.0 2.2 89.8 5.9
0 20 40 80 80 100 30BS 19.2 2.2 93.2 5.8
10BH 19.4 2.3 84.7 5.8
WEIGHT % OF NBR 20BH 19.2 2.1 90.5 5.8
Figure 3 Variation in the average particle size as a 30BH 19.3 2.0 94.9 5.8

function of blend composition.

DOMAINS, %

DOMAIN DIAMETER, um

Figure 4 Particle size distribution curve of NBR-EVA blends.
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Figure 5 Rheographs of NBR-EVA blends.

Table IV Mechanical Properties of Crosslinked and Filled NBR-EVA

Blends
Sample Young’s Tensile Set (%) Crosslink Density

Reference Modulus (MPa) (After Failure) (X 10*) gmol cc™?!
NP 14.8 3.50 3.69
N,M 24.1 4.40 2.88
NS 12.7 1.40 2.62
N, P 9.9 2.05 3.02
N,; M 13.9 1.45 3.11
Ng,S 7.3 0.95 2.27
NP 6.6 0.75 2.18
N; M 8.2 0.85 2.31
N,oS 4.8 0.70 1.67
NP 3.1 1.05 1.44
N, M 4.6 0.55 1.89
Nio0S 14 0.10 0.77
NP 1.9 0.05 1.68
N;ooM 1.5 0.05 0.94
10S 9.4 0.55 5.54
10C 8.1 0.40 5.23
10BS 7.9 0.35 5.59
20BS 8.9 0.30 6.73
30BS 9.5 0.20 7.86
10BH 8.3 0.45 6.44
20BH 8.5 0.25 7.52

30BH 9.7 0.20 8.57
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Figure 6 Effect of blend ratio on the stress—strain curves of peroxide-cured NBR—

EVA blends.

EXPERIMENTAL

Materials

NBR (Aparene N-553 NS) having 34% bound ac-
rylonitrile content was supplied gratis by Gujarat
Apar Polymers Ltd., Mumbai. EVA (Pilene-1802)
having 18% vinyl acetate content was procured
from Polyolefins Industries Ltd, Chennai. The ba-
sic characteristics of NBR and EVA are given in
Table I. The rubber chemicals, such as dicumyl
peroxide, zinc oxide, stearic acid, mercapto ben-
zothiazyl disulphide (MBTS), sulfur, and fillers
such as HAF and SRF, were of commercial grade.

Blend Preparation

The blends of NBR-EVA with different crosslink-
ing systems and blend ratios were prepared on a

two-roll mixing mill having a friction ratio of 1 :
1.4. The compounding recipes of the blends are
given in Table II. The different crosslinking sys-
tems used, namely, peroxide system (DCP), sulfur
system (S), and mixed system (DCP + S) are
indicated using P, S, and M, respectively. The
compounds containing a mixed cure system are
designated as NyM (pure EVA), N;,M (30/70
NBR-EVA), N;,M (50/50 NBR-EVA), and so on.
The subscripts indicate the weight percentage of
NBR in the blend. The peroxide-cured 50/50
NBR-EVA blend (N;,P) was selected for investi-
gating the effect of fillers. The different fillers
used, such as high-abrasion furnace black (HAF),
semireinforcing furnace black (SRF), silica and
clay are designated as BH, BS, S, and C, respec-
tively. The loading is indicated by prefixing num-
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Figure 7 Effect of different crosslinking systems on the stress—strain behavior of

50/50 NBR-EVA blend.

bers. Thus, 10BH indicates the 10-phr HAF-
loaded system, 20BH indicates the 20-phr HAF-
loaded system, and so on. The compounded blends
were then compression-molded at 160°C for the
optimum cure. The samples for tensile and tear
tests were punched along the mill grain direction
from the molded sheet.

Mechanical Properties

The tensile testing of the samples was done ac-
cording to the ASTM D412-87 test method using
dumbbell-shaped test pieces at a crosshead speed
of 500 mm/min using an Instron Universal Test-
ing Machine (Model 1121). The tear test was also
done on the Instron UTM according to ASTM

D624-81 using unnicked 90°-angle test pieces at a
crosshead speed of 500 mm, min. The hardness of
the samples was measured as per ASTM D
2240-86 and expressed in shore A units.

Polysulfidic Estimation

Vulcanizate samples, each weighing approxi-
mately 0.2 g, were treated with a solution of
propane-2-thiol (0.4M) in n-heptane for 2 h at
room temperature under nitrogen, then the
samples were washed with petroleum ether (bp
40-60°C) and dried. The polysulfidic crosslinks
were then obtained by the difference from the
values of total crosslink concentration (mea-
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Figure 8 Variation in tensile strength with the weight percentage of EVA.

sured by volume swelling method) before and
after the treatment.

Scanning Electron Microscopic Studies

The NBR-EVA blends were cryogenically frac-
tured under liquid nitrogen, and the morphology
was studied using a scanning electron micro-
scope. The tensile and tear failure surfaces of the
crosslinked and filled systems were also observed
by the scanning electron microscope to follow the
failure mechanism.

RESULTS AND DISCUSSION

Morphology

The polymer blend properties are strongly influ-
enced by the morphology of the system, and sev-

eral researchers'®~'? have related the variations
in properties with the blend morphology. The
morphology of uncrosslinked NBR-EVA blends is
shown in Figure 1. In N3, (30/70 NBR-EVA) and
N, (70/30 NBR-EVA), the minor phase is dis-
persed in the major continuous phase. The Nj,
(50/560 NBR-EVA) shows a co-continuous mor-
phology, where both the phases are continuous. A
few optical micrographs of NBR-EVA blends are
given in Figure 2. It can be seen that below 40 wt
% of NBR, NBR is the dispersed phase, and at the
other extreme, below 40 wt % EVA, EVA is the
dispersed phase. Between 40 to 60 wt % of NBR,
both NBR and EVA exist as continuous phases.
The average particle size versus blend composi-
tions is shown in Figure 3. In the EVA-rich
blends, NBR is the dispersed phase, and the av-
erage particle size of the dispersed domains in-
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Figure 9 Variation in elongation at break with the weight percentage of EVA.

creases with the increase in NBR content. In
NBR-rich blends, the average particle size of the
dispersed EVA domains increase with the in-
crease in EVA content. The increase in domain
size of NBR or EVA with an increasing proportion
of that component is associated with the coales-
cence of the domains. The particle size distribu-
tion curve (Fig. 4) is drawn by measuring 100
particles from the optical micrographs. The blend
Ny, exhibits a broader distribution curve than
N, due to the clustering of EVA particles.

Cure Characteristics

The cure characteristics of the crosslinked and
filled NBR-EVA blends are given in Table III.
The mixed cure system exhibits longest cure time,

and the peroxide cure system, in which the cure
reaction occurs by free radical mechanism, exhib-
its the shortest cure time. In all the cure systems,
the cure time decreases with the increase in NBR
content. The scorch safety is highest for the sulfur
cure system and the lowest for the peroxide cure
system. Maximum torque, which is a measure of
crosslink density, is also given in the table. The
maximum torque is higher for EVA (N,) and
EVA-rich blends than the other blend composi-
tions. The filled systems exhibit slightly longer
cure times than the unfilled ones (Ng,P). This is
probably due to the adsorption of the curatives on
the surface of the fillers. From the table, it is
observed that there is not much change in the
scorch time compared to the unfilled one. How-
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Figure 10 Variation in hardness with the blend ratio and crosslinking systems of

NBR-EVA blends.

ever, fillers are found to increase the maximum
torque, which is dependent on the level of loading.
This is attributed to the increased modulus of the
filled vulcanizates. The rheographs of a few mix-
tures are given in Figure 5, and it can be seen that
no compound shows any tendency for reversion.

The cure rate index (CRI) is calculated using
the following equation:

where tq4, is the cure time, and ¢, is the scorch
time. The CRI values are given in Table III. In all
the crosslinking systems, the cure rate index in-
creases with the increase in NBR content. Thus,
NBR is the cure-activating component in this sys-
tem. A high CRI value indicates a higher vulca-

nization rate. All the filled systems exhibit nearly
the same CRI values.

Effect of Blend Ratio and Curing Systems on the
Mechanical Properties

The stress—strain curves of the peroxide cross-
linked systems as a function of blend ratio are
shown in Figure 6. The deformation characteris-
tics of these blends under an applied stress is
clear from the curves. There is an increase in the
initial modulus with an increase in the EVA con-
tent of the blend. Thus, NBR (N;4,P) shows the
lowest modulus and fails at fairly low stress. As
the EVA content in the blend increases, there is
an increase in the stress with increasing strain.
This is due to the orientation of the crystalline
regions of EVA in the direction of stress. The



2346 VARGHESE, BHAGAWAN, AND THOMAS

TEAR STRENGTH (N/mm)

(»-DCP_#Sulphur ¢ Mixed)

0 20 40

60 80 100

Wt % OF EVA

Figure 11 Variation in tear strength with the weight percentage of EVA.

effect of different crosslinking systems, namely,
sulphur (S), dicumyl peroxide (P), and the mixed
(M) systems on the stress—strain behavior of
NBR-EVA blends are given in Figure 7. All the
systems show a very similar stress—strain behav-
ior. Also, initial modulus values lie close to each
other. However, the peroxide cured system takes
the lowest position. This can be explained on the
basis of the nature of the crosslinks. The bond
lengths for C—C, C—S, and S—S linkages are
1.54, 1.81, and 1.88 A°, respectively; that is, the
C—-C linkages are short and rigid. Under an ap-
plied stress, the rigid C—C linkages break easily
compared to the flexible C—S and S—S linkages.
The highly flexible and labile linkages are capable
of withstanding a higher stress. The polysulfidic
estimation was carried out in the case of N5,S and

NsoM, and it was found that the polysulfidic
crosslinks are 55 and 45%, respectively.

Figure 8 shows the variation in tensile
strength with the weight percentage of EVA. In
the case of peroxide and mixed systems, the
tensile strength increases with the increase in
EVA content. But in the case of sulfur cured
system, there is a drop in tensile strength be-
yond 50% of EVA content. This is due to the
phase inversion in morphology of the system, as
observed in Figure 1. Beyond 50% of EVA con-
tent, EVA is the continuous phase, which can-
not be crosslinked by sulfur. That is, in EVA-
rich blends, the continuous phase remains un-
crosslinked when sulfur is the curing agent,
hence the drop in tensile strength beyond 50%
of EVA content.
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Figure 12 Effect of blend ratio on the load—displacement curves of peroxide-cured

NBR-EVA blends.

The crosslink density of the samples was cal-
culated from the tensile measurements using the
following equation:

F
" 24, p,RT (a — 1/a%)

(2)

v

where F' is the load, A is the cross-sectional area
of the sample, p, is the density of the polymer, R
is the gas constant, T is the absolute tempera-
ture, and « is the extension ratio.

The values of Young’s modulus, crosslink den-
sity, and tensile set are given in Table IV. It is
seen that the peroxide-cured systems show com-
paratively lower Young’s modulus compared to
other curing systems. It is also seen that the
Young’s modulus values increase with the in-

creasing EVA content in the blend. The peroxide-
cured systems of the pure components, that is,
NyP and N;(,P, show a higher crosslink density;
but in the case of blends, the mixed cured system
shows slightly higher crosslink density. The sam-
ples with a high crosslink density exhibit lower
tensile sets. The set value decreases with increas-
ing NBR content. A low set value is technologi-
cally advantageous. The dependency of elongation
at break on the weight percentage of EVA is pre-
sented in Figure 9. The elongation at break also
increases with the increase in EVA content. Fig-
ure 10 shows the effect of blend ratio and
crosslinking systems on the hardness of NBR-
EVA blends. Like other mechanical properties,
hardness also increases with the weight percent-
age of EVA in the blend.
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Figure 13 Effect of various crosslinking systems on the load—displacement curves of

NBR-EVA blends.

The tear strength is plotted as a function of
the weight percentage of EVA in Figure 11.
Again, the tear strength increases with increas-
ing EVA content for all the cure systems. The
tear curves (load versus displacement) of the
crosslinked NBR-EVA blends are given in Fig-
ures 12 and 13. The effect of blend ratio on the
tear curves is shown in Figure 12. It is seen that
EVA requires the highest load for tearing. The
tearing force of EVA, that is, NP is followed by
N3oP, N;oP, NP, and, finally, N,,P; that is,
NBR tears with the lowest load. In Figure 13,
the tear curves as function of cure systems is
given. Here, the peroxide system tears with the
lowest load. This is due to the nature of
crosslinks, as explained earlier.

Scanning Electron Microscopic Studies

Scanning electron microscopy has been successfully
used by several researchers to follow the failure
mechanism in polymer blends.2°~2* Thetearing be-
havior and failure mechanism ofuncrosslinked
NBR-EVA blends is reported earlier.!* The scan-
ning electron micrographs of the tensile and tear
fracture surfaces of peroxide-cured NBR-EVA
blends are shown in Figures 14 and 15, respec-
tively. Figures 14(a)—(c) show the tensile fracture
surfaces of NoP, N5 P, and N,,P, respectively.
NP shows a fracture surface with full of cracks,
which is probably due to the crystallinity of EVA.
N;,P shows a ductile failure with a rough surface,
and that of N;,,P exhibits a smooth failure sur-
face, which is characteristic for rubbers.



EFFECT OF BLEND RATIO ON NBR-EVA BLENDS 2349

{c) (©

Figure 14 Scanning electron micrographs showing

. Figure 15 Scanning electron micrographs showing
the tensile fracture surfaces of (a) NP, (b) N;,P, and (c) the tear fracture surfaces of (a) NoP, (b) N5,P, and (c)

NlOOP' NIOOP'
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Figure 16 Applicability of various models on the tensile strength of peroxide-cured

NBR-EVA blends.

The tear fracture surfaces of peroxide cross-
linked NBR-EVA blends is shown in Figure 15.
The tear fractograph of N P [Fig. 15(a)] shows
tear fronts progressing sinusoidally with folds
and striations, which is characteristic for tear-
resistant materials. The spacing between the
folds is approximately 25 um. Also, it is seen that
there are several such sinusoidal tear fronts,
which lie close to each other. Sinusoidal tear
fronts are also observed in NP [Fig. 15(b)]. Here,
the spacing between the folds is approximately 34
pm. The increase in the step spacing between the
folds indicates the drop in the tear strength of the
material. The step spacing was related to the tear
strength of polymers by Gent and Pulford.?° They
measured the step spacing on the fracture surface
and found that strong materials show more

closely spaced steps. N;ooP [Fig. 15(c)] shows a
smooth fracture surface characteristic, which is
typical for weak materials.

Model Fitting

Applicability of various composite models, such as
the parallel model, the series model, the Halpin—
Tsai equation, the Coran equation, the Taka-
yanagi model, the Kerner model, and the Kunori
model, were checked to predict the mechanical
behavior of the blends.

The parallel model (highest upperbound
model) is given by the following equation®®:

M =M $, + My, (3)

where M is the mechanical property of the blend,
and M, and M, are the mechanical properties of
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Figure 17 Applicability of various models on the Young’s modulus of peroxide-cured

NBR-EVA blends.

the components 1 and 2, respectively, and ¢; and
¢4 are the volume fractions of the components 1
and 2, respectively. In this model, the components
are considered to be arranged parallel to one an-
other so that the applied stress elongates each of
the components by the same amount.

In the lowest lowerbound series model, the
components are arranged in series with the ap-
plied stress. The equation is?®

]_/M = ¢1/M1 + d)Z/MQ (4)
According to the Halpin—Tsai equation,?®

M /M = (1 + AiBi ¢,)/(1 — Bi ¢,) (5)

In this equation, the subscripts 1 and 2 refer to
the continuous and dispersed phase, respectively.
The constant Ai is defined by the morphology of

Table V Values of Negative Slope and C for
Filled N;,P

Fillers Negative Slope C

HAF 0.72 1.44
SRF 0.23 0.94
Silica 0.19 0.90
Clay 0.17 0.88
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Figure 18 Plots of V™°/V'’ versus f/1 — f for Ng,P.

the system. For elastomer domains dispersed in a
hard continuous matrix, Ai = 0.66.

In the Coran model, the mechanical proper-
ties are generally in between the parallel model
upperbound (MU) and the series model lower-
bound (ML).

According Coran’s equation,?’

M = f(MU — ML) + ML (7)

where f can vary between zero and unity. The
value of f is a function of phase morphology and is
given by

f=VinV,+1) (8)
where n contains the aspects of phase morphol-

ogy, and V and Vg are the volume fraction of the
hard phase and soft phase, respectively.

According to the Takayanagi model,?®
M=1-M)M,+ A1 - ¢)/M, + (/M) (9)

M is the property of the matrix phase, M, is the
property of the dispersed phase, and ¢A is the
volume fraction of the dispersed phase and is
related to the degree of series parallel coupling.
The degree of parallel coupling of the model can
be expressed by

%parallel = (p(1 — A)/(1 — dpA) X 100 (10)
According to the Kerner model,?®

bEJ(T — Bv,)E,, + (8
z - 10v,)E; + ¢,/15(1 —v,,)
" B JI(T = 5v,)E, + (8
- 10v,)E; + ¢,/15(1 —v,,)

E, = 1D
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Figure 19 Effect of various fillers on the stress—strain behavior of N, P.

where E, is the blend property, v,, is the poisson’s
ratio, and ¢ is the volume fraction. The subscripts
m, d, and b stand for the matrix, dispersed phase,
and blend, respectively.

According to Kunori et al.,3° the tensile failure
of a blend is the result of adhesion failing between
the blend components. When there is no adhesive
force between the blend components, the tensile
strength of the blends ¢, may be written as

o,=0,(1—A, (12)

where o, and o,, are the tensile strengths of the
blends and the matrix, respectively, and A, rep-
resents the area of fraction occupied by the dis-
persed phase in transversal cross section. Kunori
et al.?° assumed that when a strong adhesive

force exists between the blend components, the
dispersed phase will contribute to the strength of
the blend; therefore, the parallel model may be
modified as follows:

o, = 0,(1 —Ay) + 0,A, (13)

If the force propagates mainly through the inter-
face, the above equation may be written as

0y = 0,(1 = ¢FP) + 0,07 (14)

and if the force propagates through the matrix,
then the equation becomes

0y = 0,(1 — dy) + 04y (15)



2354 VARGHESE, BHAGAWAN, AND THOMAS

(«10BH 420BH >¢30BH #Gum)

20

15
g
=3
@

€ 10
-
L2]

5

0

0 100 200 300 400 500

STRAIN (%)

Figure 20 Effect of filler loading on the stress—strain behavior of N P.

Table VI Effect of Fillers on the Mechanical Properties of N;,P

Fillers (10 phr Loading)

Property Gum Silica Clay SRF HAF
Tensile strength (MPa) 59 12.2 11.5 11.9 12.9
Elongation at break (%) 458 477 480 424 378
Hardness (Shore A) 74 80 76 76 77
Tear strength (N mm) 24.4 34.1 25.4 32.5 34.9
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Figure 21 Effect of filler loading on the tensile strength of N,P.

The above equation is the same as the parallel model.

Model fitting is presented in Figures 16 and 17.
For the tensile strength (Fig. 16), the experimen-
tal value of N, lies comparatively closer to the
parallel model. As the weight percent of NBR
increases, the experimental values deviate from
the parallel model and are closer to the Taka-
yanagi’s model. In the case of Young’s modulus
(Fig. 17), the experimental values are in good
agreement with the Kerner model.

Effect of Fillers

To study the effect of fillers, the peroxide-cured
50/50 NBR-EVA blend (N;,P) was selected. The
fillers used are silica, clay, SRF, and HAF. The
loading was kept constant, that is, 10 phr, to
compare different fillers, and the effect of loading

was studied using SRF and HAF. The reinforce-
ment in blends depends on the filler interphase
distribution, that is, the affinity of the filler to-
wards the blend components. It is also affected by
the distribution and dispersion of filler in each
phase of the blend. Generally, in thermoplastic
elastomers, the fillers are preferably located in
the rubber phase.?!

Extent of Reinforcement
The extent of reinforcement is assessed by using
the Kraus equation.?? According to this equation,

Vo[V =1 — m[fl1 — f] (16)

where V'/ is the volume fraction of rubber in the
solvent-swollen filled sample and is given by the
following equation:
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(d - fw)p;* f/1 — f should give a straight line, whose slope
v fw)e, (17)

T (d - fw)p, "+ A,

where d is the deswollen weight, f is the volume
fraction of the filler, w is the initial weight of the
sample, p, is the density of the polymer, p, is the
density of the solvent, and A, is the amount of
solvent absorbed. For an unfilled system, f = 0.
Substituting this in eq. (17), we get the expression
for the volume fraction of rubber in the solvent-
swollen unfilled sample (V"°).

olp;1

VS g, A

(18)

Since eq. (16) has the general form of an equation
for a straight line, a plot of V"°/V'" as a function of

(m) will be a direct measure of the reinforcing
ability of the filler used. According to the theory
developed by Kraus®? for highly reinforcing car-
bon blacks, negative higher slope values indicate
better reinforcement. A constant C, characteris-
tics of the filler, is also calculated using the fol-
lowing equation:

C_m—V’”—i—l
_W

(19)

The Kraus plots for various fillers are shown in
Figure 18, and the values of the slope and C are
given in Table V. It is observed that the amount of
solvent absorbed (A,) decreases as the filler load-
ing increases. This results in an increase in the
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Figure 23 Effect of filler loading on the hardness of Nj,P.

V' values (with filler loading) calculated using
eq. (17). Since V'° remains constant, the ratio
V7°/V'! decreases with the filler loading, resulting
in a negative slope (Fig. 18). It is observed that
the negative slope values, which is a direct
measure of the reinforcing ability of the fillers,
decreases in the order of HAF > SRF > silica
> clay. This shows that as far as the extent of
reinforcement is concerned, HAF is superior to
other fillers.

Mechanical Properties

The stress—strain curves of Ny P with different
fillers at 10 phr loading are compared in Figure
19. For a given strain, filled systems exhibit
higher stress than the unfilled polymer blend. A
considerable increase of stress with strain is ob-

served beyond the yield stress for the filled sys-
tems. Among the different filled systems, the clay-
filled system exhibits a low failure stress. This is
due to the low reinforcing ability of clay. The
stress—strain curves of the HAF-loaded Ny,P for
various loadings are compared in Figure 20. For a
given strain, the stress increases with increasing
loading. This is due to the better reinforcement at
higher loadings.

The effect of fillers at 10 phr loading on the
mechanical properties of N;,P is given in Table
VI. It can be observed that the tensile strength,
hardness, and tear strength have been increased
with the addition of fillers. The propagation of the
tear path is obstructed by the filler particles;
hence, the increase in tear strength with the ad-
dition of fillers. The tensile strength and tear
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Figure 24 Effect of filler loading on the tear strength of N,P.

strength is the highest for the HAF-filled system
and the lowest for the clay-filled system. SRF-
and silica-filled systems show intermediate val-
ues. The variation in properties of the different
filler systems are in accordance with its reinforc-
ing ability, as established by Kraus analysis. The
elongation at break is decreased with the addition
of carbon black fillers and is almost unaffected by
the addition of white fillers. Here, the reduction
in the elongation at break is more predominant
for the highly reinforcing HAF black. An improve-
ment in the tensile set is observed on the addition
of fillers (Table IV). The high set value of silica-
and clay-filled samples is probably due to the
lower extent of vulcanization. The tensile set is
also improved with loading.

The variation in properties with filler loading
is given in Figures 21-24. It can be seen that the
tensile strength (Fig. 21), hardness (Fig. 23), and
tear strength (Fig. 24) increase with loading for

both the HAF- and SRF-filled systems. A reduc-
tion is observed in the case of elongation at break
with loading (Fig. 22). The load versus displace-
ment curves of filled NBR-EVA blends are shown
in Figures 25 and 26. The tearing force is the
lowest for the clay-filled system and increases as
follows: clay < SRF < silica < HAF (Fig. 25). The
tearing force is also in accordance with the rein-
forcing ability of the fillers (Fig. 18). As the filler
loading is increased, the tearing force is also in-
creased (Fig. 26).

Scanning Electron Microscopic Studies

Figures 27(a)—(d) are the tensile fractographs of
various filled systems. Figure 27(a) is the silica-
filled system. Here, a dewetting of the filler par-
ticles is observed. This is because of the poor
matrix—filler adhesion. In the clay-filled system
[Fig. 27(b)] also, the dewetting phenomena is ob-
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Figure 25 Effect of various fillers on the load—displacement curves of NBR-EVA
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served. But the number of filler particles on the
surface is less due to the low reinforcing ability of
clay, as compared to silica. Coming to the black-
filled systems, the dewetting is less predominant
in the case of the HAF-filled system [Fig. 27(d)],
which is highly reinforcing with fairly good ma-
trix—filler adhesion. Dewetting is also observed in
the case of the SRF-filled system [Fig. 27(c)].
The tear fracture surfaces of filled Ny P are
shown in Figure 28. In the silica-filled system
[Fig. 28(a)], crack deviation is observed due to the
restriction to crack propagation by filler particles.
In Figure 28(b), the clay-filled system also exhib-
its the crack deviation, but to a lesser extent than
the silica-filled system. In the black-filled com-
pounds [Figs. 28(c) and (d)], the fracture surfaces
show crack deviation along with parabolic tear
lines distributed randomly. The parabolic tear

line results from the interaction of main fracture
fronts with subsidiary fracture fronts and from
the restriction to tear propagation by filler parti-
cles.

Model Fitting

The simplest theoretical equation for the rein-
forcement of a material or the increase in rigidity
due to a filler is attributed to Einstein.?*3* The
Einstein equation, valid only at a low concentra-
tion of filler, when there is perfect adhesion be-
tween the phases is

G = G,(1+ 2.5¢,) (20)

where G is the modulus of the filled system, G, is
the modulus of the unfilled system, and ¢, is the
volume fraction of the filler.
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Figure 26 Effect of filler loading on the load—displacement curves of N,P.

Einstein’s equation implies that the stiffening
or reinforcing actions of a filler is independent of
the size of the filler particles. This equation shows
that the volume occupied by the filler is indepen-
dent of the size of the filler particles, and it is the
volume occupied by the filler, not its weight, that
is the important variable. The equation also as-
sumes that filler is very much more rigid than the
matrix.

An extension of Einstein’s theory, originally
developed to explain rubber reinforcement, is due
to Guth®* and Smallwood.?® Their equation for
the increase in modulus due to a rigid spherical
filler is

G =Gy(1+2.5¢,+ 1.41¢2) (21)

Kerner has developed a mathematical theory
to describe the reinforcing action of spherical
filler particles. The equation due to Kerner is?®

b.Go/[(7T — Bvy)Gy + (8
— 10v,)G,y] + $4/15(1 — vy)

! boG/[(7T — 5v,)G, + (8
— 10v,)Gy + ¢4/15(1 — vy)

(22)

G=G

Many fillers are much more rigid than matrices
so that Kerner’s equation simplifies to

¢2[15(1 —vy)
G=G1{1+¢1[8_1001:|} (23)

The model fitting for the HAF-filled system is
presented in Figure 29, and it is seen that the
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Figure 27 Scanning electron micrographs showing the tensile fracture surfaces of (a)

10 S, (b) 10 C, (¢) 10 BS, and (d) 10 BH.

experimental values are higher than theoretically
predicted ones for all the filler loadings. This in-
dicates a strong interaction between HAF and the
blend system. This is also evident from the scan-
ning electron microscopy photograph [Fig. 27(d)].

CONCLUSION

The morphology, curing behavior, mechanical
properties, and failure mode of NBR-EVA blends
have been studied with special references to blend
ratio, crosslinking systems, and fillers. From the
cure characteristics, it was observed that the per-

oxide cure system shows the shortest cure time.
Better scorch safety was exhibited by the sulfur-
cured system. The deformation characteristics of
NBR-EVA blends is clear from the stress—strain
curves. In the EVA-rich blends, there is an in-
crease in stress with increasing strain, which is
due to the orientation of crystalline region of EVA
in the direction of stress. The effects of different
crosslinking systems on the stress—strain behav-
ior have been explained on the basis of the nature
of crosslinks formed during vulcanization. The
mechanical properties, such as tensile strength,
elongation at break, Young’s modulus, tear
strength, and hardness, increase with an increase
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Figure 28 Scanning electron micrographs showing the tear fracture surfaces of (a) 10

S, (b) 10 C, (¢) 10 BS, and (d) 10 BH.

in the EVA content. But in the case of sulfur-
cured system, there is a drop in tensile strength
and elongation at break beyond 50% of EVA. This
is due to the fact that at a high concentration of
EVA, it tends to be the continuous phase, which
cannot be crosslinked by sulfur. The extent of
reinforcement was determined using the Kraus
equation, and it was found that the reinforcing
ability of the fillers is in the order of HAF > SRF
> silica > clay. The mechanical properties of the
filled systems were in good agreement with its
reinforcing ability, as established by Kraus equa-
tion. The tensile and tear failure surfaces was
observed under a scanning electron microscope to
follow the failure mechanism. The N,P exhibits a
cracked tensile fracture surface due to its crystal-
linity and N,yoP exhibits a smooth fracture sur-
face, which is characteristic for rubbers. In the

tensile fracture surfaces of all the filled systems
except HAF, a dewetting phenomenon was ob-
served, which is associated with the poor matrix—
filler adhesion. In the HAF-filled system, the dew-
etting is less predominant because of its better
reinforcing ability. The tear fractograph of N P
shows tear fronts with fold and striations, char-
acteristic for tear-resistant materials. Ny P ex-
hibits a smooth tear fracture surface. In the filled
systems, crack deviation is observed due to the
restrictions to crack propagation by fillers. Appli-
cability of various theoretical models to predict
the properties of the unfilled and filled blends was
also checked. It was found that the Young’s mod-
ulus of the blends can be predicted using the
Kerner model. For the filled systems, the experi-
mental values are higher than the theoretically
predicted ones.
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Figure 29 Applicability of various models on the Young’s modulus of HAF-filled N, P.
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