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SYNOPSIS 

Nylon-nitrile rubber blends having different plastic-rubber component ratios (100/0, SO/ 
20, 70/30, 60/40, 50/50, 40/60, 30/70, 20/80, and 0/100) were prepared by melt mixing 
technique in a Rheocord-90 at  a temperature set at  18OOC. The mixing characteristics of 
the blends have been analyzed from the rheographs. The morphology of the blend was 
studied using optical and electron microscopies, with special reference to the effect of blend 
ratio. The micrographs indicate a two-phase system where the component having lower 
proportions was found to disperse in the major continuous phase. A cocontinuous mor- 
phology was observed for 50/50 composition. Mechanical properties of the blends have 
been measured according to standard test methods. The effect of blend ratio on the me- 
chanical properties like tensile strength, tear strength, elongation a t  break, stress-strain 
behavior, and hardness has been analyzed. The influence of the strain rate on the mechanical 
properties has also been analyzed. The mechanical properties were found to have a strong 
dependence on the amount of nylon in the blend. It is found that the blends with higher 
proportions of nylon have superior mechanical properties. The observed changes in me- 
chanical properties are explained on the basis of the morphology of the blend. Various 
theoretical models such as Series, Parallel, Halpin-Tsai, and Coran's equations have been 
used to fit the experimental mechanical data. 0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

The blending of two or more polymers has gained 
considerable importance in recent years because the 
blends usually give rise to certain properties that 
cannot be attained from individual components. A 
good amount of research work has been carried out 
over the last several years with a view to obtain new 
polymeric materials with enhanced properties for 
specific application and for better combination of 
different properties. The thermoplastic elastomers 
from rubber-plastic blends are such materials that 
combine the excellent processing characteristics of 
the thermoplastic materials at high temperature and 
a wide range of physical properties of elastomers at  
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service temperat~re. '-~ Thermoplastic elastomeric 
materials are reprocessable, and studies on this ma- 
terial are highly important due to their improved 
properties, easy processability, and economic ad- 
vantages. 

Nylon is a high modulus plastic having good me- 
chanical strength, dimensional stability at elevated 
temperature, chemical resistance to many moder- 
ately polar and nonpolar organic species, and is a 
barrier to oxygen. However, it exhibits poor impact 
resistance especially at  low temperature below Tg 
and in the dry state.6 Nylons are used to blend with 
low modulus polymers such as rubbers7-'' to improve 
impact properties. Nitrile rubber, on the other hand, 
is a special-purpose elastomer having good oil and 
abrasion resistance but poor ozone resistance. 
Blending of nylon with nitrile rubber produces a new 
class of material having excellent oil resistance, 
ozone resistance, good toughness, and mechanical 
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Table I Details of Materials Used 

Materials Characteristics Source 

Nylon Appearance: clear uniform 2-mm chips SRF Ltd. (Madras, India) 
Density (g/cc): 1.11 
Melting range ("C): 165-175 
Water absorption (%) a t  23°C: 10-12 
Moisture regain ( W ) :  2.5-3.5 
Relative viscosity: 2.5-2.7 

Nitrile rubber 
(NBW Density (g/cc): 0.98 Gujarat Apar Polymers Ltd., (Bombay, India) 

Volatile matter (%): 0.13 
Antioxidant ( W ) :  1.4 
Organic acid (%): 0.25 
Soap (%): 0.004 
Bound acrylonitile (%): 34 
Mooney viscosity, ML1+l 100°C: 40 

properties. It has been reported"-13 by many authors 
that the properties of polymer blends depend on 
their morphology. Morphology of different polymer 
blends has been studied by various  researcher^.'^-^^ 
A blend morphology wherein one component is dis- 
persed within a continuum of the other has received 
great attention in literature. The strong influence 
of the morphology on the properties of the resulting 
polymer blends has been rep~rted.'~-'~ Cimmino and 
 coworker^'^ have related the mechanical properties 
of binary polyamide 6/rubber blends with the blend 
morphology. Baer found mechanical and dynamic 
properties to be mainly dependent on the particle 
size.26 

Two critical parameters for the toughening of 
polyamides are dispersed particle size and the in- 
terfacial adhesion. It has been shown that polyam- 
ide-rubber blends require a particle size less than 1 
pm to accomplish super toughne~s.~- '~  Borgreve and 
 colleague^^^-^^ reported that the impact behavior of 
the rubber-modified nylon depends on the type of 
modifier and their particle size. Coran and Pate1 
31-35 published a series of articles on rubber-ther- 
moplastic blends correlating the physical properties 
of the blend with fundamental characteristics of the 
elastomer and thermoplastic components. Rheology, 
morphology, mechanical properties, and failure 
mode of various thermoplastic elastomer blends have 
been reported by De and c o ~ o r k e r s . ~ ~ - ~ l  Recently, 
Thomas and  colleague^^^-^^ have developed blends 
of ethylene vinyl acetate (EVA) with polypropylene 
and natural rubber. Miscibility, morphology, crys- 
tallization, mechanical properties, and aging behav- 
ior of these blends have been studied in detail. 

In this paper, we report on the mechanical prop- 
erties of nylon-nitrile rubber blends having various 
proportions of nylon and nitrile rubber prepared by 
melt blending technique. Attempts have been made 
to correlate the blend morphology with the observed 
mechanical properties. The influence of blend com- 
position on morphology and mechanical properties 
have been analyzed. Finally, various theoretical 
models have been used to fit the experimental me- 
chanical data. 

EXPERIMENTAL 

Materials 

Nylon used in this work is a copolymer of nylon 6,6 
and nylon 6, supplied by Sri Ram Fibres Ltd. (Mad- 
ras, India). Nitrile rubber (Aparene N-553 NS) used 
in this work contains 34% bound acrylonitrile. The 
material was supplied by Gujarat Apar Ltd. (Bom- 
bay, India). The characteristics of the above mate- 
rials are given in Table I. 

Preparation of the Blends and Test Samples 

Blends of nylon and nitrile rubber (NBR) were pre- 
pared in a Rheocord-90 internal mixer with a rotor 
speed of 60 rpm; the total mixing time was fixed at 
8 min. Nylon was melted first at  a temperature of 
180°C in the mixer and then NBR was added after 
2 min. The blending was continued for 6 more min. 
The blend was taken out and compression molded 
at  180°C for 5 min into sheets 12 X 12 X 1.5 cm. 
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TIME (min. ) 

Figure 1 Rheographs showing time-torque relations. 

Samples for tensile and tear tests are punched from 
the molded sheet. The blend ratios are denoted by 

scripts denote the weight percentage of nylon in the 
blend. 

Nloo, Nso, No, No, N40, WO, Nzo, and NO. The sub- 

Preparation of Samples for Morphology Studies 

The molded samples of various blend ratios were 
broken after freezing them in liquid nitrogen. This 
has done to prevent the deformation of the phases 
during fracture. The NBR phase was preferentially 
extracted from the cryogenically fractured samples 
by keeping the broken edge in toluene for 2 weeks 
at room temperature. The NBR extracted samples 
were then dried in an air oven at 40°C for 24 h. The 
dried samples were then kept in a desiccator for the 
morphology studies. These samples were sputter 
coated with Au/Pd alloy, and scanning electron mi- 
croscopy (SEM) studies were performed on a Phi- 
lips-500 model scanning electron microscope. Op- 
tical microscopy was also used for morphology stud- 
ies using (Leica Galen 111) optical microscope. 

Mechanical Properties 

Before the mechanical testing, the test specimens 
were vacuum dried at 70°C for 3 h to remove the 
moisture. Tensile testing of the samples was per- 
formed at  25 f 2°C according to ASTM D412-80 

test method using dumb-bell shaped test specimens 
at a crosshead speed of 500 mm/min using a Zwick 
Universal testing machine (model 1445). The tear 
strength was determined as per ASTM D624-81 us- 
ing unnicked 90” angle test pieces. The experimental 
conditions of temperature and crosshead speed for 
the tear measurements are also the same as that of 
the tensile testing. The hardness of the samples was 
measured and expressed in shore D units. For hard- 
ness measurements, sheets having effective thick- 
ness 6 mm were used. The tensile set values after 
failure of the dumb-bell samples were determined 
according to ASTM D412-80. The influence of test- 
ing speed on the tensile and tear properties was also 
studied. The various crosshead speeds used were 5 ,  
50, and 500 mm/min. 

RESULTS AND DISCUSSION 

Processing Characteristics 

The processing characteristics of the blend have 
been studied from the Rheocord-90 time-torque 
time-temperature curves, shown in Figures 1 and 2. 
These graphs are given to indicate the values of the 
torque and temperature under which the molten 
blends are mixed. Several authors have used the 
rheographs to analyze the processing characteristics 
of polymer  blend^.'^,^^,^^ The time-torque curves for 



2386 KUMAR, GEORGE, AND THOMAS 

A N  100 O N  70 * N  50 8 N  30 * N  0 
190 

Figure 2 Rheographs showing time-temperature relations. 

all blends have two peaks. The first peak is asso- 
ciated with increase in viscosity as  a result of the 
introduction of unmolten nylon. The viscosity then 
decreases, showing the complete melting of nylon. 
Upon the addition of NBR into nylon, the viscosity 
again increases, which corresponds to  the second 
peak. The curves thereafter come down, showing the 
complete melting of the second phase and finally 
curves level off to  give uniform torque values a t  the 
end of the mixing cycle. The uniform torque value 
is an indication of good level of mixing of the two 
components. The extent of mixing is an  important 
criteria for immiscible blends, because the final 
properties of the blend depend on the mixing time 
and extent of mixing. The torque values of the blend 
in general (after the addition of NBR) increases as 
the NBR content increases. The equilibrium mixing 
torque is maximum for NBR and is the lowest for 
nylon. The blends show intermediate behavior. This 
is attributed to  the high melt viscosity of the NBR 
component compared with nylon. The large viscosity 
mismatch between NBR and nylon can lead to in- 
compatibility and gross distribution of the minor 
phase in the major one. On the other hand, on po- 
larity considerations, compatibility is favored due 
to  the polar nature of NBR and nylon. However, 
the contribution of each factor toward compatibility/ 
incompatibility could not be quantified. 

Figure 2 shows the time-temperature mixing 
curves of the various nylon/NBR blends. The tem- 

perature decreases first due to  the introduction of 
plastic into the chamber and then increases showing 
the melting of the plastic. The second drop in tem- 
perature is due to the addition of NBR to the nylon 
melt. This drop is more pronounced for blends of 
high NBR content. The temperature again increases 
with time and levels off a t  the end of the mixing 
cycle. From the graph, it is clear that the mixing 
temperatures of the blends increase with increase 
in NBR content. This is due to the higher shear 
forces involved as NBR content increases, owing to 
its higher viscosity. 

Morphology of the Blends 

Microscale morphology is a profound determinant 
of the properties of polymer blends. The prominent 
factors that decide the blend morphology are the 
blend ratio, the intrinsic melt viscosity of the com- 
ponents, shear rate during mixing, and the presence 
of additives such as fillers and plasticizers. I t  is re- 
ported that for the same processing conditions, the 
composition ratios and melt viscosity differences for 
the components determine the morphology." If the 
viscosities of the components are matching, the dis- 
persion of the minor phase is found to be uniform 
in the major phase. In cases of unmatching viscos- 
ities, the morphology depends on whether the minor 
component has a lower viscosity or higher viscosity 
than the major one. If the minor component has 
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lower viscosity, this component will be finely dis- 
persed. In contrast, the minor component shows a 
coarse dispersion as spherical domains if its viscosity 
is higher than that of the major constituent. 

The mode and state of dispersion of the domains 
are strongly dependent on the molecular structure 
and characteristics of the components, blend com- 
position, blending procedure, and conditions of 
crystallization. The thermoplastic elastomers are 
phase-separated systems in which one phase is hard 
and solid, whereas the other phase is rubbery at room 
temperature. The hard phase acts as pseudo-cross- 
links. The strength in this system is provided by the 
hard phase, in the absence of which the elastomeric 
phase starts to flow under stress. The properties 

usually depend on the amount of hard phase present. 
The elastomer phase controls the stability and stiff- 
ness of the resulting products. The maximized dis- 
tribution of mixing stresses (due to viscosity match- 
ing) and generation of increased stresses (due to 
higher viscosities) would be expected to give more 
extensive break up of the dispersed phases. As can 
be seen later, in the present system of NBR dis- 
persed blends, the large particle size is attributed to 
the difference between the surface energies of two 
phases. Several authors have attempted to correlate 
the morphology with the mechanical properties of 
the  blend^."-'^^^^.^^ Avegeropoulos et a1.49 and 
Hamed5' have studied the phase morphology devel- 
oping during mixing. Initially, the dispersed phase 

Figure 3 (a) Scanning electron micrograph of the blend morphology of N30 showing the 
dispersed nylon particles in the continuous NBR matrix. (b) Scanning electron micrograph 
of NS0 showing a co-continuous morphology. (c) Scanning electron micrograph of the blend 
morphology of NTO where NBR particles are dispersed in nylon matrix. 
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(4  
Figure 4 (a) Optical micrograph showing the surface morphology of N20. (b) Optical 
micrograph showing the surface morphology of NdO. (c) Optical micrograph showing the 
surface morphology of Nso. 

appears as large elongated structures that become 
drawn into domains. Upon further mixing, the elon- 
gated droplets are broken down into smaller spher- 
ical particles or droplets. To make proper correla- 
tion, it is necessary to have information about the 
morphological aspects, the nature of the matrix and 
the dispersed particles, the dimension and distri- 
bution of the dispersed particles, the extent and na- 
ture of the interfacial adhesion, etc. Therefore, in 
this study, SEM and optical microscopy are used to 
investigate the morphology of the blend system. The 
average particle size of the dispersed phase is found 
out by measuring the size of about 100 domains se- 
lected at  random from the micrographs. 

Figure 3(a)-(c) show the scanning electron mi- 
crographs of the fracture surface of the nylon-NBR 
blends having nylon nitrile rubber ratio 30/70, 50/ 
50, and 70/30. In these blends, the NBR phase has 
been preferentially extracted using toluene. In Fig- 
ure 3(b)-(c), the holes indicate the NBR phase that 
has been extracted by the solvent. Figure 4(a)-(c) 
shows the optical micrographs of the 20/80, 40/60, 
and 60/40 nylon-NBR blends. The two phases can 
be distinguished from the micrographs. The features 
of the blend system indicate an incompatible system. 
In nylon-rich blends, down to 60%, the dispersed 
phase is constituted by NBR. Thereafter, a contin- 
uum of the two components are observed down to 
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Figure 5 
particle size. 

Effect of blend composition on the dispersed 

40% of the nylon. On further decrease of nylon con- 
centration, nylon is found as the dispersed phase 
[Figs. 3(a) and 4(a)]. In NBR dispersed blend com- 
positions, as the NBR content increases, the domain 
size increases. This is attributed to coarsening of 
NBR domains at higher concentration. The coal- 
escent behavior of one of the components at higher 
concentration was reported by many a ~ t h o r s . ' ~ , ~ ~ , ~ ~ , ~ ~  
The recombination of the dispersed domains has 
been reported at  higher concentration of polyester 
in polyvinyl chloride/polyester blends by Thomas 
et al.51 In NTo blend, the average particle size of the 
dispersed domains is 7.3 pm. This can be understood 
from the micrographs. On the other hand, in Nzo 
and N30 [Figs. 4(a) and 3(a)], nylon is the dispersed 
phase. In these cases, the average particle size varies 
from 3.7 to 6.1 pm. In the cases of N40, NS0, and NGO 
[Figs. 4(b), 3(b), and 4(c)], both the phases exist as 
continuous phase. However, in these compositions, 
one can notice both dispersed and semicontinuous 
rubber phases. This indicates a nonuniform mor- 
phology. The average particle size versus composi- 
tion is shown in Figure 5 .  In NBR-rich blends, the 
average particle size of the nylon domains are found 
to increase with increase in nylon concentration. 
Finally, a cocontinuous morphology is observed at 
60/40, 50/50, and 40/60 compositions. The particle 
size distribution curve (Fig. 6 )  is drawn by measuring 

the size of about 100 particles from the micrographs. 
The curve of Nzo is having a narrow distribution. 
The broad distributions of N30 and N70 are attributed 
to the agglomeration of the nylon and NBR domains 
respectively due to their high concentration. 

Mechanical Properties 

The stress-strain curves (Fig. 7) clearly picture the 
deformation nature of the samples under an applied 
load. The addition of noncrystalline elastomer phase 
in small concentration makes significant alteration 
in the load elongation curve. Blends of varying com- 
ponent ratio show different failure characteristics. 
Neat nylon and blends containing higher proportion 
of nylon (>50%) show high initial modulus. The 
stress-strain curves of these samples exhibit a well- 
defined yield at low elongation, indicating plastic 
deformation caused by the breakdown of continuous 
nylon matrix. In fact, the plots consist of two distinct 
regions. The curve up to the yield point shows clear 
elastic deformation; thereafter, the plastic defor- 
mation predominates. In the case of neat nylon, the 
sharp increase in stress with strain beyond the yield 
point is associated with the orientation of the crys- 
talline hard segments of nylon. As the rubber con- 
tent increases, the initial modulus and the yielding 
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Figure 6 
compositions Nzo, NS0, and NTO. 

Particle size distribution curve for the blend 
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Figure 7 Stress-strain behavior of nylon/NBR blends having different blend ratios. 

tendency decreases. The phase change morphology 
can be understood from stress-strain curves. The 
blends exhibit typical plastic behavior down to 70 
weight percentage of nylon. This indicates that down 
to 70 weight percentage of nylon, NBR is the dis- 
persed phase in a continuous nylon matrix. On fur- 
ther adding the NBR, the yield point disappears. No 
shows a stress-strain behavior that is typical of un- 
crosslinked elastomers. In case of N30 the stress ini- 
tially increases slightly up to 85% elongation and 
then decreases until the failure occurs. N40, N5,,, and 
NGO that are having a cocontinuous morphology ex- 
hibit a stress-strain behavior that is intermediate to 
those of the other blend compositions. 

The tensile properties are important character- 
istics of polymers in general and crystalline polymers 
in particular. The tensile strength of the nylon-NBR 
blends depends on the strength of the nylon matrix, 
which in turn depends on the crystallinity of the 
nylon phase. Upon adding rubber, the crystallinity 
decreases and hence the properties associated with 
the long-range order also decreases. The crystallinity 

Table I1 Heat of Fusion Values of the Blends 

Heat of Fusion Values 
Composition (J/g deg.) 

3.12 
2.58 
2.28 
1.21 

of the samples have been analyzed using differential 
scanning calorimetry (DSC). The DSC analysis of 
the blends shows a decreasing trend of heat of fusion 
values of nylon with increasing NBR content. This 
suggests the decrease of crystallinity of the blends 
with increasing NBR. Therefore, the decrease of 

, 
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Figure 8 
tensile strength. 

Effect of blend composition on maximum 
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Figure 9 
modulus and yield stress of nylon/NBR blends. 

Effect of blend composition on the Young’s 

mechanical properties with increase of NBR content 
is attributed to the decrease of crystallinity. The 
heat of fusion values are given in Table 11. Earlier 
studies of Martuscelli et a1.22 and George et al.24 have 
reported on the decrease of crystallinity of the plastic 
phase on the addition of the amorphous rubber. 

The maximum tensile strength versus composi- 
tion is shown in Figure 8, which shows a negative 
deviation. The reason is attributed to the poor in- 
terfacial adhesion between the highly crystalline 
nylon and amorphous nitrile rubber. The large voids 
seen on the fractured surface and the smooth sur- 
faces from where the rubber particles are separated 
from the matrix clearly explain the poor interfacial 
adhesion between the two phases [Fig. 3(a)]. The 
voids have been formed as a result of debonding of 
the dispersed phase from the continuous matrix. 
Duvall et al.53 have found similar observations in 
uncompatibilized nylon/polypropylene (PP) blends. 
In their study, the poor interfacial adhesion was ev- 
ident from the large voids left on the fracture surface 
where the particles had separated from the matrix 
and thus smooth surfaces of the exposed PP parti- 
cles. The failure stress depends considerably on the 
interfacial interaction between the two polymer 
phases. It is clear from Figure 8 that the tensile 
strength increases as the nylon content increases. 

A sudden increase of tensile strength is seen in 
blends where the nylon concentration is greater than 
40%. This sharp increase in tensile strength is as- 
sociated with the predominance of the nylon phase 
as the continuous matrix. 

The plots of Young’s modulus and yield stress 
(Fig. 9) of nylon-NBR blends versus composition 
show a drastic reduction in their values as the rubber 
content in the blend increases. From Figure 9, it is 
clear that the Young’s modulus increases consid- 
erably for blends of nylon weight percentage greater 
than 40. The curve has a negative deviation, as is 
seen from the figure. This is due to the high inter- 
facial tension between the two phases and the low 
modulus values of NBR phase. From 40 weight per- 
centage of nylon onward, the modulus increases re- 
markably due to the presence of high modulus nylon 
as continuous phase. The effect of percentage of ny- 
lon on elongation at  break is given in Figure 10. The 
elongation at  break is maximum for pure uncross- 
linked NBR. The value decreases as the nylon con- 
tent increases and is found to be lowest for 50/50 
composition. Thereafter, the elongation at  break is 
found to be increased. The low value of the elon- 
gation at  break for the blends can be explained on 
the basis of the poor adhesion between the two 
phases in the blend. The tension set after failure 
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at break and tension set of nylon/NBR blends. 

Effect of blend composition on elongation 
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Figure 11 Tear curves of the nylon/NRR blends. 

(Fig. 10) also increases as the plastic component in- 
creases. The considerable hike of tension set values 
for blends of high nylon content greater than 40% 
is attributed to the poor elastic recovery of the nylon 
phase after deformation. 

The tear curves (load versus displacement) of the 
blends are given Figure 11. Nylon tears at the highest 
force and at the smallest displacement as observed 
in the figure. This shows the high resistance offered 
by nylon to tearing force. It is seen generally that 
the tearing force decreases and elongation increases 
as the amount of nylon decreases. Thus, NBR with 
the lowest tearing force shows highest elongation. 
The high elongation is attributed to the high exten- 
sibility of the uncrosslinked rubber phase upon 
stretching. 

The effect of blend ratio on tear strength is shown 
in Figure 12. The tear strength decreases as the rub- 
ber content increases. Nylon is a crystalline plastic 
and NBR is an amorphous material of poor strength. 
Therefore, as the rubber content increases, the tear 
strength decreases. This is due to the decrease in 
crystallinity caused by the incorporation of elasto- 
mer phases. The tear strength values show a negative 
deviation. It is found from the Figure 12 that blends 
of high proportions of nylon (greater than 40 weight 
percentage) tear a t  higher force, and it can be un- 
derstood that in these blends nylon behaves as a 

continuous phase. The hardness of thermoplastic 
elastomeric blend has been tested and is reported 
in shore D units (Fig. 12). The values change from 
38 shore D for pure nylon to 1 shore D for N30. In 
this case, the curve has a positive deviation because 
the hardness is inherently a surface property and is 
much less dependent on the interfacial adhesion. 

Effect of Testing Speed on Mechanical Properties 

Figure 13 shows the stress-strain curves of 50/50 
nylon/NBR blend at various strain rates such as 5 ,  
50, and 500 mm/min. The three curves show similar 
behavior. Most of the mechanical properties like 
tensile strength, Young’s modulus, yield strength, 
and tear strength are maximum when the testing is 
done at a crosshead speed of 500 mm/min (Fig. 14). 
It is well recognized that the value of tensile strength 
and Young’s modulus of polymeric materials become 
greater as strain rate increases because of their vis- 
coelastic nature. The ultimate elongation is found 
to be less at higher strain rates as expected. The 
accumulated stress in polymer material required to 
produce some microcrazes in it (some of the crazes 
will grow to be cracks and cause of fracture) is con- 
sidered to be constant. To avoid the fracture of the 
material under increased strain ratio, these stresses 
should be relieved through some dissipation of en- 
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Figure 12 Effect of blend composition on the tear 
strength of nylon/NBR blends. 
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havior of 50/50 blend composition. 

Effect of strain rates on the stress-strain be- 

ergy, such as yielding or necking. Rubber incorpo- 
ration is found to be effective for this purpose. In 
the present case, the curves show high initial mod- 
ulus followed by a necking tendency at the fracture 
point. When the apparent tensile stress increases 
under increased deformation rate, the possibility for 
the relief of the involved stress becomes less and the 
fracture should occur at less strain position. This 
accounts for the decrease of elongation at high strain 
rate. The general explanation offered for the tensile 
behavior of viscoelastic materials under varying 
strain rate is as follows. Polymer chains can be con- 
sidered as entangled random coils that pass through 
the cross-section of the test piece. At the instant 
stress is applied to the sample, each segment that 
passes through the cross-section aids in supporting 
the stress. As time goes on (i.e., decreasing the 
crosshead speed), the chain elongates fully, and there 
will be fewer segment passing through the cross sec- 
tion. This process of decoiling and chain straight- 
ening continue until the polymer chain is fully elon- 
gated and only one of the segments will hold the 
load in the cross-section under consideration. This 
will result in the poor strength of the material. On 
the other hand, at high testing speed, the decoiling 
and chain straightening is negligible. Therefore, 

large number of segments will hold the applied load. 
This will result in a high strength of the material. 

Theoretical Modeling 

Applicability of various models such as Parallel, Se- 
ries, Halpin-Tsai, and Coran's equations has been 
examined to predict the tensile strength, tear 
strength, and the Young's modulus of these blends. 
The upper bound of modulus is given by the rule of 
mixtures. 

In the above equation, M is the modulus of the blend 
and MI and M2 are the moduli of the components 1 
and 2, respectively. and d2 represent the volume 
fraction of the component 1 and 2, respectively. This 
equation is applicable for models in which the com- 
ponents are arranged parallel to the applied stress. 
The lower bound to the modulus holds for models 
in which the components are arranged in series with 
the applied stress and the equation for this is 

1/M = &/MI + 42/M2 

According to Halpin-Tsai equation 

'" I I *TENSILE STRENGTH *TEAR STRENGTH 
~ - I I  *YOUNGS MODULUS I 

1 10 100 1,000 

CROSS HEAD SPEED rnrn / rnin. 

Figure 14 Effect of strain rates on the mechanical 
properties of 50/50 nylon/NBR blends. 
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Figure 15 
strength of the blends. 

Applicability of various models on the tensile 

where Bi = ( M J M ,  - 1)/(M1/M2 + A ; ) .  In the Hal- 
pin-Tsai equation, subscripts l and 2 represent the 
continuous and dispersed phase, respectively. The 
constant Ai is defined by the morphology of the sys- 
tem. For elastomer domains dispersed in continuous 
hard matrix, Ai = 0.66. 

According to Coran's equation, 

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

where n contains the aspects of phase morphology. 
VH and Vs are in the volume fractions of hard phase 
and soft phase, respectively. The change in f with 
respect to VH is greatest when V H  = (n  - l)/n. Thus, 
the value of ( n  - l ) / n  could be considered as the 
volume fraction of hard phase material that corre- 
sponds to a phase inversion. 

Figures 15-17 show the experimental and theo- 
retical curves of mechanical properties (tensile 

strength, tear strength, and Young's modulus) as a 
function of soft-phase volume fraction. It can be seen 
from these figures that experimental data are very 
close to the Coran's model in which the value of n 
= 3.7. The value n - l / n  corresponds to V, = 0.729 
as the hard-phase volume fraction that corresponds 
to a phase inversion of NBR from dispersed phase 
to continuous phase. This result is almost consistent 
with our experimental results from morphology and 
mechanical properties studies. 

CONCLUSION 

Morphology of nylon-NBR blends indicates a two- 
phase structure in which NBR is dispersed as do- 
mains in the continuous nylon phase at lower pro- 
portions, but as the proportion of the rubber in- 
creases beyond 4076, this component also exists as 
a continuous phase. It is found that the minor com- 
ponent appears as the dispersed phase, and its do- 
main size increases with increase of its concentra- 
tion. The morphology of the blend is found to have 
a strong influence on the mechanical properties. The 
mechanical properties are found to increase rapidly 
beyond 40 wt % of nylon. This abrupt rise in me- 
chanical properties is associated with the fully con- 

0 HALPI-TSAI *EXPERIMENTAL 

8 CORAN'S MODEL(n=3 7) 

150 

" 
0 0.2 0.4 0.6 0.8 1 

VOLUME FRACTION OF NBR 

Figure 16 Applicability of various models on tear 
strength of the blends. 



THERMOPLASTIC ELASTOMERS 2395 

0 HALPI-TSAI EXPERIMENTAL 

* CORAN’S MODEL(n=3.7) 
250 

0 0.2 0.4 0.6 0.8 1 

VOLUME FRACTION OF NBR 

Figure 17 
modulus of the blends. 

Applicability of various models on Young’s 

tinuous nature of the nylon matrix. Mechanical 
properties such as tensile strength, Young’s modu- 
lus, tear strength, hardness, and tension set are 
higher for blends containing higher proportions of 
nylon. The modulus also is found to be maximum 
for composition of higher plastic content. Almost 
all properties are found to decrease with the addition 
of NBR, which is due to the reduced crystallinity of 
the nylon and also due to the poor interfacial inter- 
action at the blend interface. Almost all the me- 
chanical properties except hardness are found to 
have a negative deviation. The influence of strain 
rate on the mechanical properties have been ana- 
lyzed. The properties like tensile strength, tear 
strength, and Young’s modulus are maximum when 
the testing speed is 500 mm/min. Various theoretical 
models have been used to predict the tear strength, 
tensile strength, and Young’s modulus of the blends. 
It is found that the Coran’s and Halpin-Tsai model 
fit the experimental results. 
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