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Natural rubber/epoxidised natural rubber-25
blends: morphology, transport phenomena
and mechanical properties

T. JOHNSON, SABU THOMAS*
School of Chemical Sciences, Mahatma Gandhi University, Priyadarshini Hills P. O.,
Kottayam—686 560, Kerala, India

Blends of natural rubber (NR)/epoxidised natural rubber (ENR) were prepared and their
morphology, transport behaviour and mechanical properties have been studied. Ebonite
method was used to study the blend morphology. Transport behaviour of pentane, hexane,
heptane and octane was studied in the temperature range 27-60 °C. Different transport
parameters such as rate constant, diffusion and permeation coefficients, and sorption
coefficient have been calculated. Temperature dependence of diffusion has been used to
estimate the activation parameters. The improved performance of NR/ENR blends has been
established from the mechanical studies of unswollen, swollen and deswollen samples.
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1. Introduction The sorption kinetics and equilibria of some nor-
The transport properties of polymer blends are of in-mal alkanes namely hexane in solution cast blend films
terest for the practical application of blends in air re-of atactic polystyrene (PS) and poly(2,6-dimethyl-1,4-
tention, vapour resistance, permselectivity etc. as welphenylene oxide) (PPO) have been studied extensively
as for the insight into the morphology of the blend thatby Hopfenberg and co-workers [9-11]. The effects of
can be gained from study of the penetration of smaltemperature, penetrant activity, blend composition and
molecules into the structure. Mesrobian and Ammondthermal history on the sorption kinetics and equilibria
son [1] reported the permeability ofheptane, methyl of n-hexane in the PS-PPO blends have been studied.
salicylate and methyl alcohol through polyethylene- Gregoret al. [12-14] described the synthesis and
nylon blends. Cates and White [2—4] were amongproperties of ion-selective membranes prepared from
the first to report the sorption behaviour of watera polyelectrolyte compound and an uncharged, sec-
in blends of polyacrylonitrile/cellulose, polyacryloni- ond polymeric component. These studies include the
trile/silk and polyacrylonitrile/cellulose acetate. The blends of poly(styrene sulphonic acid) and a copoly-
sorption of water in PAN-cellulose acetate and PAN-mer of acrylonitrile and vinyl chloride. The most ex-
cellulose varied linearly with blend composition. How- tensive study of the permeability of rubber blends was
ever, in the case of PAN-silk blend, a complicated sorpthe early work of Barrer [15]. To our knowledge, till
tion behaviour was obtained. date no studies have been reported on the morphology
Saltonstall and co-workers [5] have reported the deand transport characteristics of NR/ENR blend mem-
salination of sea water through membranes from blendbranes. The main objective of the present study is a de-
of cellulose triacetate and cellulose diacetate. Shchotailed investigation of morphology, transport properties
and Jagur-Grodzinski [6] have described the permsand mechanical behaviour of natural rubber/epoxidised
elective properties of blends of poly(vinyl pyrroli- natural rubber blend membranes.
done) (PVP) and a crown ether copolymer. Molecular
transport of haloalkanes through blends of ethylene-
propylene copolymer and isotactic polypropylene2. Experimental
has been studied by Aminabhavi and Phayde [7]Indian standard natural rubber (ISNR-5) was supplied
Aminabhavi and co-workers [8] have reported theby RRII, Kottayam, India. Epoxidised natural rubber
sorption of aliphatic esters through tetrafluoroethy-(ENR) epoxyprene with 25 mol % epoxidation was sup-
lene/propylene copolymeric membranes. The resultplied by Rubber Research Institute, Malaysia. The num-
show that diffusion coefficients, permeation coeffi- ber average molecular weight of NR and ENR is in the
cients and kinetic rate constants decrease with increasange 1x 10° to 9.9 x 10°. Compounding was done on
in the size of esters. It was found that the structural two-roll mixing mill (Friction ratio 1: 1.4), according
characteristics of the penetrant molecules also play ato ASTM D15-627. The basic formulation used is given
important role in the molecular transport. in Table I. Natural rubber/epoxidised natural rubber
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TABLE | Compounding recipe (parts per hundred parts of rubber byface before thin sections were cut for SEM observations

weight) using a JEOL-JSM-35C model scanning electron mi-

Ingredients NR ENR-25  Croscope. The dimensions of the dispersed phase were
calculated from the SEM photomicrographs by consid-

Zno 5 5 ering more than 300 domains.

Stearic acid 2 2

Calcium stearate 0 3

CBS 15 15 . .

Sulphur 25 15 2.2. Swelling experiment

TDQ® 1 1 Circular samples of diameter 1.9 cm were cut from

" : : vulcanised sheets and soaked in solvents (15-20 ml)
N-cyclohexyl-2-benzothiazyl sulphenamide. taken in test bottles kept at constanttemperature in an air

Trimethyl dinydro quinoline. oven. The samples were weighted at periodic intervals

in an electronic balance (Shimadzu, Libror AEU-210,
blends were prepared by the masterbatch techniqudapan) that measured reproducibly witki0.0001 g.
The blend compositions are 780, 5¢/50 and 3¢70. The weighings were continued till equilibrium swelling
The compounds were then compression mouldedvas attained.
along the mill grain direction using an electrically

heated hydraulic press at 150. . . .
2.3. Physico-mechanical testings

The mechanical testings were carried out using a univer-
2.1. Morphology sal testing machine (UTM) at 2T with a crosshead
The most widely used method for studying the mor-speed of 500 mm/min using dumbbell shaped tensile
phology of elastomer blends is the ebonite methodspecimens according to ASTM D 0412-80. These ex-
[16], in which the preferential reaction of one of the periments were carried out for unswollen, swollen and
rubber phases with sulphur and zinc oxide effects aleswollen samples.
large increase in its electron density. The reaction
medium for the ebonite treatment consists of molten
sulphur/acceleratoiN-cyclohexyl-2-benzothiazyl sul- 3. Results and discussion
phenamide)/zinc stearate in the weight ratig®®. 3.1. Cure characteristics
Small pieces of the samples are cut and are immersed ifhe rheographs of the mixes are given in Fig. 1 and
the molten sulphur mixture f@ hat 120°C. The excess cure characteristics in Table Il. The minimum torque in
sulphur was carefully scrapped off from the outer surthe rheograph is presented as minimum visco$ty)(
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Figure 1 Rheograph of the mixes.
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TABLE |l Cure characteristics TABLE IIl Blend characteristics

My My tr t1 too CRI Characteristics NR/ENR 780 NR/ENR 3070
Sample (dN-m) (@dN-m) (m:s) (m:s) (m:s) (mib) —
Dp (um) 7.70 4,116

NR 7.5 50 6 5.5 8.25 44.44 Dy (m) 11 5.32

NR/ENR 7930 3.5 53.5 35 325 5 66.66  Dga(um) 9.25 4.68

NR/ENR 5050 1.5 50 25 225 4 66.66 Dy (um) 10.725 5.38

NR/ENR 3970 2.75 47 275 25 4 80 PDI 1.43 1.29

ENR-25 35 45.5 3.5 3.25 45 100

of rubber blends, the dispersed domains are deformed

value and is a measure of the extent of masticationduring the passage through the high shear regions of
The low M value of 50’50 composition indicates its the mixing mill and under such conditions the domains
higher extent of mastication during mixing. The maxi- will undergo break-up to form smaller particles or co-
mum torque in the rheograph is presented as maximuralesce to form larger dispersed domains. In fact the
viscosity My. Values are higher and comparable forfinal morphology is an equilibration between domain
NR, 70/30 and 5@50. break-up and coalescence. The morphologies presented

The induction time; determined from the rheograph proves this to be the case in NR/ENR blends (Fig. 3a
is the time taken to start vulcanisation process. Itis cleaand b). The size characteristics of the dispersed phase
from the data that the vulcanisation of /&0 blend (Dn, Dw, Dy andDy) and its distribution (polydisper-
starts first. This may be due to a fine dispersion of comsity index values) of the different blend compositions
pounding ingredients in 580 blend. The rheometric are presented in Table Ill. These are calculated using
scorch timet, (premature vulcanisation time) is the the equations [22];
time taken for minimum torque value to increase byNo. average diameter,
two units. Pure NR mix shows maximum scorch safety

while 50/50 blend is scorchy. Optimum cure tirrtgg] D, = 2N D (3a)
is the vulcanisation time to get optimum physical prop- N
erties and is calculated using the equation Weight average diameter,
Too = (Mn — M) x .94+ M, 1) T N;D? (3b)
W =
whereTg is the optimum cure torque. Optimum cure ENiDi
time tgo is the time corresponding to optimum cure Surface area average diameter,
torque. NR takes maximum cure time while NR/ENR 5
50/50, ENR-25 and NR/ENR 300 show compara- D, — =NiD; (30)
tively lower values. AT 2 /=N
Curerate index (CRI)is calculated using the equatior\/ .
[17] olume average diameter,
T N;D?
CRI = 100/t90 -t (2) D, = i 3d
V= 3/EN (3d)

The higher the CRI values, the higher the vulcanisa- hereN is th ber of particles havi di ¢
tion rate. From Table Il it can be seen that ENR-25 haﬁ ereii 1s the number of particies having a diameter

the highest cure rate and NR the minimum. The cure”' . o _ .
activating componentis ENR and thereforg 20 com- Poly dispersity index (PDI) which is a direct measure

position has the highest cure rate among the blend corr?—f size distribution of the dispersed phase is calculated
positions. as

PDI = Dy,/Dn 4
3.2. Morphology o _
The morphologies of NR, ENR-25 and their different It is clear from the table thab,, Dy, D, and Dy
blend compositions are presented in Fig. 2a—e. Fig. 2decrease as the composition changes from NR/ENR
is the morphology of ebonite treated NR samples. Thi0/30 to NR/ENR 3070. NR/ENR 5050 composi-
presents a smooth, simple phase morphology with tingion shows a co-continuous morphology. The PDI val-
debonded particles of NR, which occurs at the timeues show more uniform particle distribution for/30.
of cryobreaking. Fig. 2b represents the morphologyThe normal and the cumulative distribution curves of
of ENR-25 sample. It is clear from the figure that the NR/ENR 70’30 and NR/ENR 3070 blend composi-
highly crosslinked gel phase [18, 19] exist as separatéions given in Fig. 4 also show the particle size distri-
entity. The debonding phenomena observed in NR i$ution for these blends.
absent here.

The morphologies of the blend compositions are pre-

sented in Fig. 2c—e. The tiny holes observedinthe figur8.3. Transport properties
comes from the debonding of dispersed phase from th8.3. 1. Effect of blend composition
continuous phase. As already established by Rolan@he change in hexane uptake with blend composition
and Bohm [20] and Tokita [21], that during mixing is depicted in Fig. 5. NR shows the maximum solvent
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Figure 2 SEM Photographs of (a) NR (b) ENR-25 (c) NR/ENR/30 (d) NR/ENR 5050 and (e) NR/ENR 3(¥0. (Continued)

uptake and ENR-25 the minimum. The maximum sol-haviour. The chemical structures of NR and ENR are
vent uptake decreases with increase in volume fractiogiven in Fig. 6. The epoxy group hinders the chain flex-
of ENR-25. The inherent solvent resistance of ENR-25bility with a consequent increase g value (Tg of NR
may be the reason for the observed solvent uptake be-72°C and ENR-25-47°C). Also the polar nature of
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Figure 2 (Continued)

ENR chainsincreases the interchain interaction and thiSABLE 1V Solubility parameter difference between polymer and sol-
factor also contributes to the decreased chain flexibilityYent (kJ/mol)

Itis established that the permeability of heterogeneous NR/EENR  NR/ENR  NR/ENR
rubber-rubber blends is intermediate between that ofolvent  NR 7030 50/50 3970 ENR
the components [23]. The observed solvent uptake is in
accordance with this observation. Pentane 19  2.26 25 274 31
The solvent uptake with increasing penetrant size foﬁzxa”e 15 186 2.1 2.34 2.1
L - ptane 1.1  1.46 1.8 1.94 2.3
50/50 composition is shown in Fig. 7. TH@, values  o¢tane 07 106 13 154 19

increase with increasing penetrant size from pentane te

heptane and decreases for octane. This observation can

o e ra e e theane and heptane. Fo he othr hree sovents, e
; o : uptake is in accordance with the solubility parameter

ence in the solubility parameters between the pOIyme([jifference

and the penetrant is often used to characterise the sorp- '

tion behaviour of the penetrant in the polymer mem-

brane [24, 25]. The solubility of the penetrant gener-3.3.2. Diffusivity

ally becomes high when the difference in the solubility The dynamic swelling properties of a polymer film in-

parameters between the polymer and the penetrant @ude the solvent sorption rate, the rate of approach to

small. The solubility parameter differences for differentequilibrium swelling, the solvent front velocity and the

polymer solvent systems are given in Table IV. Thoughtransport mechanism controlling solvent sorption. For

this value is lowest for octane, the lowest uptake fora Fickian mechanism, the rate of approach to equilib-

octane is due to its larger size compared to pentangjum can be characterised by a diffusion coefficient. For
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Figure 3 Surface morphology of 7480 composition (a) 500 magnification and (b) 1000 magnification.

ordinary diffusion, Fick’s law is the appropriate consti- whereg is the slope of the initial linear part of the graph
tutive equation for the mass transfer flux and a mutuabf Q; vs.t/2.
diffusion coefficient can be defined [26, 27]. For aplane The diffusion coefficient values derived from Equa-
geometry of the polymer sheet, the diffusion coefficienttion 7 are compiled in Table VI. The variation &
D, can be calculated from [28] value with volume fraction of NR is given in Fig. 8.
~ The diffusion coefficient values of the blends are found
=1— 8/(2n + 127 2) e2n+17x*(Di/h?) to be intermediate between that of the components. The
@/ Qoo ; (/1 =) ] values presented in the table show that the diffusion co-
(5) efficient values increase with temperature and decrease
wheret is the time andh is the initial thickness of the With penetrant size.

polymer sheet. Although this equation can be solved Thg squbiIity_or the sorption of the penetrant mole-
readily, it is instructive to examine the short-time lim- cule is also an important parameter as far as the per-

iting expression as well [28] meation of a penetrant molecule into a polymer matrix
is concerned. Sorption describes the initial penetration
Qt/Qw = [4/711/2][Dt/h2]1/2 (6) and dispersal of permeant molecules into the polymer

matrix. Sorption coefficientS) is obtained from the
From a plot of Q; vs. t¥?, a single master curve is following equation [29]
obtained which is initially linear. Thud) can be cal-
culated from a rearrangement of Equation 6 [29, 30] S= Mw/Mo (8)

as The variation of sorption coefficient with tempera-

D = n[h8/4Q]? (7)  ture and penetrant size is given in Table V. The value
3226



120

120
© NR/ENR:70/30
-*-NR/ENR:30/70
O NR/ENR:70/30

100 [-e NR/ENR:30/70

No. of particles

Normal

- Cumulative

06 08 1 1.2
Diameter (um)

Figure 4 Particle size distribution for NR/ENR 780 and NR/ENR 3070 compositions.
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Figure 5 Mol % uptake of individual components and blend compositions in hexane.
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mer systems used in this study, it is not certain to what
degree one or both laws are obeyed. ThusRivalues
presented in Table V are to be considered as estimates

NR of the permeability coefficient.

3.3.3. Kinetics of diffusion
wm_m%\w Swelling kinetics of polymers are important when
0/ o o barrier applications of polymers are considered. For
polymer-solvent systems where the polymer thickness
does notincrease substantially, the first order rate kinet-
ics can be applied to the diffusion-controlled swelling
Figure 6 Structure of NR and ENR. [32]. Thus efforts have been made to investigate the
kinetics of sorption in terms of the first-order kinetic
, - mode. From the sorption results of polymer-solvent
decreases with temperature for NR whereas itincreaseg stems; the first-order kinetic rate constants have been
for blend composition and ENR-25. This may be at- 4 5juated by using the equation
tributed to the negative heat of sorption for NR. But
the sorption coefficient values increase with increase in dc/dt = K(Coo — Cr) (10)
penetrant size up to heptane but decrease for octane.
The permeability data, as calculated from the simpl&yherek is the first-order rate constant (mi.
empirical relation Integration of Equation 10 gives,

ENR

P=DS ) ki = 2.303109[Co0/(Coo — Ct)] (11)

given in Table V follow nearly the same pattern as thoseHereC; andC,, represent the concentrations at tilme

of diffusivities. This simple relation holds for the per- and at infinite time respectively. The values of rate con-
meation process wheb obeys Fick’s diffusion law stant obtained are given in Table VII. The correlation
and S obeys Henry’s law [31]. For the penetrant poly- coefficient in the determination of the first order kinetic

[(—)Pentane --Hexane #Heptane M QOctane

Qt(mol %)

0 10 20 30 40
- TIME (min)
Figure 7 Mol % uptake of 5050 composition in different solvents.
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TABLE V Values ofP andS

P x 1CP (cné/s) S(g-gh)
Temperature NR/ENR NR/ENR NR/ENR NR/ENR NR/ENR NR/ENR
Solvent  (C) NR  70/30 50/50 30/70 ENR NR 7030 50/50 3970 ENR
Pentane 27 1.77 1.43 0.96 0.71 0.46 1.11 0.92 0.80 0.67 0.48
Hexane 27 1.50 1.3 0.81 0.68 0.38 1.73 1.38 1.18 0.99 0.70
40 1.65 1.60 1.21 0.82 0.38 1.50 1.30 1.13 0.96 0.95
50 1.80 1.24 1.14 0.69 0.52 1.55 1.43 1.13 1.16 0.98
60 2.01 1.63 1.47 1.03 0.57 1.59 1.49 1.21 1.18 1.12
Heptane 27 1.73 1.17 0.78 0.63 0.37 2.13 1.74 1.55 1.38 1.06
40 1.86 1.57 1.28 0.78 0.54 2.06 1.74 1.55 1.39 1.14
50 2.09 1.61 1.27 0.94 0.55 1.99 1.77 1.62 1.47 1.19
60 2.49 1.91 1.51 1.15 0.78 2.07 1.77 1.64 1.49 1.23
Octane 27 0.75 0.68 0.57 0.32 0.13 1.02 0.87 0.67 0.52 0.43
40 0.86 0.71 0.64 0.38 0.17 1.12 0.94 0.72 0.61 0.45
50 0.99 0.82 0.71 0.42 0.19 1.18 0.98 0.81 0.72 0.47
60 1.09 0.91 0.84 0.51 0.26 1.24 1.04 0.92 0.81 0.52
18

D x 107 enfs)

O Pentane @ Hexane A Heptane M Octane

0.2

0.4 0.6
Volume fraction of NR

Figure 8 Variation of D with volume fraction of NR in different solvents at Z32.

0.8

rate constants was found to be 0.99. NR has the highesdecrease with increase in ENR fraction. The values of
rate constant and ENR the lowest. This also indicatesliffusion coefficient determined are also in agreement
that the rate of uptake is highest for the NR phase anith that of rate constant values.
lowest for ENR. The decreased rate of uptake in ENR
compared to NR is due to the decreased chain flexibility3.3.4. Temperature effects

of ENR. As the temperature increases the rate constant

and activation parameters

i.e., rate of uptake increases due to the increased chaifo study the effect of temperature, the sorption experi-
flexibility. In the case of blends, rate of solvent uptakements were carried out at 40, 50 and’@0in addition
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TABLE VI Values of diffusion coefficienD x 10 (cmé/s)

TABLE VIl Rate constant valuek,x 107 (min—1)

Temperature NR/ENR NR/ENR NR/ENR Temperature NR/ENR NR/ENR NR/ENR
Solvent (C) NR  70/30 50/50 30/70 ENR Solvent (C) NR 70/30 50/50 30/70 ENR
Pentane 27 15.89 12.34 11.42 10.47 9.50 Pentane 27 241 2.38 2.09 1.94 1.82
Hexane 27 8.90 7.80 7.20 6.80 5.40 Hexane 27 1.30 1.55 1.13 1.16 1.03

40 11.81 10.91 9.62 8.21 7.10 40 1.70 1.64 1.53 1.32 1.20

50 12.65 11.82 10.84 8.98 7.40 50 1.81 2.16 1.71 1.18 1.31

60 13.63 12.91 11.72 9.47 7.10 60 1.94 2.20 2.08 1.67 1.50
Heptane 27 8.10 7.32 6.54 5.93 3.49 Heptane 27 1.37 1.16 1.01 0.96 0.69

40 9.47 8.72 7.82 6.12 4.84 40 1.27 1.23 1.18 1.03 0.92

50 10.47 9.38 8.42 6.42 4.64 50 1.38 1.30 1.21 1.04 0.79

60 12.01 11.14 9.97 8.01 6.34 60 1.54 1.42 1.39 1.27 1.10
Octane 27 7.40 6.80 5.90 4.80 3.10 Octane 27 0.98 0.87 0.74 0.62 0.54

40 7.70 7.10 6.40 5.21 3.82 40 1.10 0.94 0.84 0.74 0.61

50 8.42 781 6.93 5.43 4.27 50 1.18 1.16 1.02 0.84 0.68

60 8.82 8.21 7.63 6.21 5.14 60 1.21 1.18 1.14 1.01 0.74

to 27°C. Figs 9 and 10 represent the diffusion curveswhereX stands for eitheb or P. Xq represents either
of NR and ENR-25. It can be seen that the maximumDg or Py andEy is eitherEp or Ep i.e., the activation
solvent uptake decreases for NR whereas it increasesnergy of the process under consideration. A represen-

for ENR.

tative plot of logD vs. 1/T is given in Fig. 11. From

It is also relevant to estimate the activation energythe slopes of the curves, the valuedgf andEp have
for diffusion Ep and that for permeatiokp from the  been estimated by the linear regression analysis and
following Arrhenius relationship [33]

log X = log Xg —

Q; (mol %)

Ex
2.303RT

are given in Table VIII. The uncertainty iBp andEp
values range from:0.001 to4+0.003. The values are

(12) maximum for ENR which results from the high solvent

resistance of ENR. The values decrease with increase

[027°C e 40°C as50°C meoC]

10

20 30 40

\/ TIME (min)

Figure 9 Effect of temperature on mol % heptane uptake in NR.
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TABLE VIII Activation parameters

Ep(kJ/mol) Ep(kJd/mol)
NR/ENR NR/ENR NR/ENR NR/ENR NR/ENR NR/ENR
Solvent NR 70/30 50/50 30170 ENR NR 70/30 50/50 30/70 ENR
Hexane 3.25 3.95 6.34 6.84 7.05 3.89 5.18 5.26 5.72 6.02
Heptane 4.12 5.76 7.12 7.46 7.64 4.38 4.91 5.47 5.63 6.48
Octane 4.53 6.01 6.86 7.67 7.83 4.78 5.01 5.86 6.04 6.78
12 - |027°C ®40°C A50°C m60°C
1+
08 - O U
O
3
2
= 06| )
e} ’/ 7
/ A
/
7
0.4 | { ¥
/ /)
e,
/o
)/
v
02 /v/
17/
V4
0 I L 1 L L L
0 5 10 15 20 25 30 35

[TIME (min)

Figure 10 Effect of temperature on mol % heptane uptake in ENR-25.

in volume fraction of NR and is minimum for NR. The (ii) Langmuir’s (hole filling) type sorption mechanism,
enthalpy of sorption is calculated using the equation in which case the site already exists in the polymer ma-
trix and sorption by hole filling gives exothermic heats
AHs=Ep — Ep (13)  of sorption. TheA Hgs values are negative for NR sug-
The AHs values are tabulated in Table DAHs is a PRV C0 8 SO0 e 008 SEEon e et
composite parameter involving the contribution from of sorption. From the values afHs it is clear that the

(i) Henry’s law needed for the formation of a site and sorption chanaes from Lanamuir's tvoe to Henrnv's type
the dissolution of the species into that site, the forma'vvitr?increase?n volume fra?:tion of é?\IR ystyp
tion ofthe site involves an endothermic contribution and ’

TABLE IX Values ofAHs (kJ/mol) 3.3.5. Interaction parameter

NREENR NRENR  NR/ENR Interaption parametey,, has been calculated using the
Solvent  NR 7030 50/50 3970 ENR  €quation [34]
Hexane  —064  1.23 1.08 1.12 1.03 doé /dT 1_ N In(1 — N
Heptane —0.26 0.85 1.65 1.83 1.16 X = ( 9/ ){¢/( ¢)2] + ( ¢)2+ ¢}
Octane  —025 1.0 1.00 1.63 1.05 {2¢(dp/dT) — ¢*N(dg/dT) — ¢*/T} 14
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TABLE X Interaction parametey, TABLE XI Comparison of swelling equilibrium properties in hexane

NR/ENR NR/ENR NR/ENR NR/ENR NR/ENR NR/ENR
Solvent NR 7030 50/50 30/70 ENR Mc values NR 7030 50/50 30/70 ENR
Hexane 0.414 0.557 0.632 0.672 0.781 M (chem) 4897 4533 4300 4289 3612
Heptane 0.363 0.392 0.402 0.456 0.535 M (aff) 4540 4188 3941 3648 3310
Octane 0.435 0.586 0.634 0.724 0.812 M (ph) 1513 1399 1316 1218 1103
55 hereVs is the molar vol fthe sol d
- NR 2 NR/ENR 70/30 * NR/ENR 50/50 whereVs is the molar volume of the solvent,andv are

called the number of effective chains and junctions;

the polymer volume fraction at swelling equilibrium;
v2¢, the polymer volume fraction during crosslinking;
andp, the polymer density. James and Guth [37] pro-
posed the phantom network model, where the chain
may move freely through one another. According to the
theory, the molecular weight between crosslinks for the
phantom limit of the modelN. (ph)] was calculated by
[36, 38]

@ NR/ENR 30/70 * ENR-25

5.7

2
(13- 2 ) v

_( In(1 — vom) + vam + X‘)%m)

Mc (ph) = (17)

whereg is the junction functionality.
M. (aff) andM (ph) were compared withl.; (chem)

-8.7 ' : : and the values are given in Table XI. It is seen thigt
0.0028 0.003 0.0032 0-0034 (chem) values are close M. (aff). This suggests that
1/T(KY) in the highly swollen state, the chains in NR, ENR-25

Figure 11 Arrhenius plot of logD vs. I/ T. and the blends deform affinely.

wherep is the volume fraction of polymerin the swollen 3.5. Mechanism of sorption

sample andN is calculated fronp as In order to understand the mechanism of transport of
solvents through NR/ENR blends, the results of sorp-
(¢%3/3 - 2/3) tion experiments were analysed using the following
(913 — 2¢/3) equation [39, 40]
The x values are given in Table X. The lowest value is l0g(Qt/Qs) = logk + nlogt (18)

obtained for NR indicating highest interaction of NR . ) ]

with the penetrants. The interaction decrease with inWhereQ is the mole per cent sorption at timandQo
crease in volume fraction of ENR and is minimum for iS that at equilibriumk is a constant which depends
ENR. Further, the interaction is found to be maximumUpPon the structural peculiarities of the system and its
for heptane among different solvents in all cases. Thidnteraction with the solvent used. The valuenafives

further explains the maximum solvent uptake for hep-2n idea about the mechanism of solvent transport. A
tane. value of 0.5 fom suggests a Fickian mode of transport

where the rate of polymer chain relaxation is higher
L than the diffusion rate of the penetrant. Whega: 1,

3.4. Determination of the network structure  the diffusion mechanism is said to be non-Fickian at
The investigation of swelling equilibrium can help to which the chain relaxation is slower than the solvent
elucidate the structure of the polymer network. Florygiffusion. If the value of falls between 0.5 and 1, the
and Rehner [35] relations were developed for a netmechanism is said to be anomalous where the poly-
work deforming affinely, i.e., the components of eachmer chain relaxation rate and solvent diffusion rate are
chain vector transform linearly with macroscopic de-sjmilar. The h’ values vary from 0.62 to 0.71 for NR
formation and the junction points are assumed to beyggesting an anomalous sorption behaviour. This may
embedded in the network without fluctuations. Thenpe due to the leaching out of unreacted compounding
the molecular weight between crosslinkdd for the  ingredients from the NR matrix. Sorption-desorption
affine limit of the model Mc (aff)] was calculated by experiments presented in the coming section clearly in-

the formula [36], dicates this. For ENR-25, the values vary from 0.56 to
0.60, suggesting the mechanism to be nearer to Fickian
stvzzégvzl,/f(l _ ﬁvzlr/n3> type. This may be due to the decreased _diﬁusion rate
M, (aff) = (16) of penetrants compared to polymer chain relaxation.
—( In(1 — vom) + vom + vam) The values of for different blend compositions are in
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Figure 12 Comparison between theoretical and experimental diffusion profiles for NR/ENFO30 heptane at 27C.

between that of NR and ENR which decrease with defor ENR the comparison suggests an almost Fickian
creasing volume fraction of ENR. In all cases the valuebehaviour. Fig. 12 represent the theoretical and exper-
of n decreases with increase of temperature suggestingiental sorption curves of NR/ENR blends.
increased polymer chain relaxation.

Thek values are maximum for NR which decreases . . .
with volume fraction of ENR and reaches a minimum 3:6. Sorption (S)-desorption (D)-resorption
value for ENR. Further with increase in temperature  (RS)-redesorption (RD)
the values increase showing increased polymer-solverOrPtion process was carried out in polymer samples
interaction. Among different polymer-solvent systems,Py the usual method. The swollen samples were then
heptane shows the maximum value indicating its in-Placed in a vacuum oven at constant temperature for
creased interaction with the polymer matrix as sug-desorption measurements. The samples were then
gested earlier by the values. subjected to resorption followed by redesorption. Sorp-

Attempt has been made to compare the experimentdion. desorption, resorption and redesorption curves for
diffusion curves with the theoretical diffusion profile. 70/30 and 550 NR/ENR blends are given in Figs 13
The theoretical curves are constructed using the equ&nd 14 respectively. For desorption experiments, NR

tion, which describes the Fickian diffusion model [41] has the highest desorption equilibrium value and ENR
has the lowest. In the case of blend compositions the

Q: 8 & 1 maximum desorption equilibrium value is obtained for
o =1- = Z m 70/30 which decreases to B00. These observations
n=0 result from the leaching out of unreacted compounding
- exp[-D(2n + 1)2n2t/h2] (19) ingredients from NR matrix. This is further evident

from the decrease in desorption equilibrium value as

Here Q; and Q. are the mass of solvent uptake atthe volume fraction of NR decreases. For ENR the
time t, and at equilibrium andh is the initial sample desorption equilibrium is lower than that of sorption
thickness. equilibrium. This may be due to the ability of the highly
The experimentally determined values of diffusion crosslinked gel phase in ENR to retain the sorbed

coefficients D) were substituted in the equation and solvent molecules. The resorption experiment shows a
the theoretical curves are obtained. Comparative studigigher equilibrium uptake for NR resulting from the
has been made for NR, ENR and their blends. The deviincrease in free volume of NR due to leaching out of
ation is found to be maximum for NR and the deviationadditives during sorption-desorption experiments. The
decreases with the increasing volume fraction of ENRredesorption equilibrium does not vary much from

3233



© Sorption e Desorption 4 Resorption 4 Redesorption

Q¢ (Mol %)

/| I

20 30
\ /TIME (min)

Figure 13 Sorption-desorption-resorption-redesorption plot of NR/ENR3DAN hexane at 27C.
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Figure 14 Sorption-desorption-resorption-redesorption plot of NR/ENRSBGN hexane at 27C.
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Figure 15 Stress-strain curves of unswollen samples.

resorption equilibrium indicating no further leaching Mechanical data are presented in Table XII. Ten-
out of additives. sile strength of unswollen samples is lower for indi-
vidual components compared to blend compositions
which attain a maximum at 60 composition. As evi-
. . dent from the morphology, 580 composition exhibits
3.7. Mechanlgal properties . @ co-continuous SII’UCISIYG.BWith coﬁventional rubber-
_The_stress-straln curves of unswol!en samples are glver[?]ixing techniques, equal-volume fractions and equal
In F_|g. 15. All the curves show t_y_plcal eIa_stQmerlc l?e'viscosities of the components will favour co-continuity
haviour. All the blend compositions exhibit superior 42, 43]. Co-continuity implies that an IPN may exist
p:erformalnce (Etor_npared to |nd|V|]£jua5I(<):ompone_r:_ts. Th(%44]. As reported by Sperling [45] this unique mor-
'Srr:?ssissvguu: t6c1) agscac‘)-rzgﬁtmldomusozatu?gn;??riyg; phology of polymer network can lead to additive prop-
" erties. From the table, it is clear that tensile strength
composition. The 7(80 and 3970 blend show better and modulus values follow the additive or synergistic

performance co_mpared to '”d""d“?" COMPONENtS as o 4vinur, From these it can be inferred that the excep-
result of two main reasons: (1) partial stress transfer IE

: ) O ional properties of 5060 blend results from an inter-
present in these blends (2) the strain crystallisation o enetrgtifg network/(ﬁN) structure. The performance
NR and ENR. . . of other blend compositions (780 and 3@70) is in

Inthe swollen state (Fig. 1.6).ENR.Sh0WS hIgherStressf)etween 5050 and individual components. This may
value CO”.‘pared to NR' This is thbUted to the_ ED(ten'be due to the formation of a partial network structure.
sive swelling of NR whichresultsinreducedstraincrys-— o crosslinking density values of the homopolymers

talllsatllon. Here also, blend compositions follow the and blends have been calculated using the equation [46]
behaviour of unswollen samples. In general, the stress-

strain curves of deswollen samples (Fig. 17) show simi-
lar behaviour to those of unswollen samples. Butthere is n= F

an overall increase in magnitude of the maximum stress 2A0ppRT (o — 1/a?)
value. The increase in interchain interaction which re-

sults from the leaching out of unreacted compoundingvhere F is the force required to stretch a specimen
ingredients leads to this behaviour. to an extension ratia, Ag, the cross-sectional area of

(20)
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Figure 17 Stress-strain curves of deswollen samples.
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TABLE XII Mechanical properties

Crosslink Young’s
Tensile density modulus Secant modulus (MPa)
Strength 0 x 10°) x10%
Sample System (MPa) EB (%) (gmoF?Dn (MPa) M1o0 M200 Mao0
Unswollen NR 8.69 841 1.94 25.0 0.60 0.96 1.57
NR/ENR 7Q/30 11.42 944 2.30 26.2 0.62 1.10 1.67
NR/ENR 50Q'50 14.17 978 2.77 33.0 0.72 1.31 1.88
NR/ENR 3¢/70 11.00 935 2.27 23.0 0.64 1.09 154
ENR-25 7.38 828 1.61 30.0 0.66 1.19 1.53
Swollen NR 0.34 194 0.26 1.8 0.21 — —
NR/ENR 7Q/30 0.76 306 0.40 1.3 0.29 0.53 0.79
NR/ENR 50/50 1.18 406 0.49 1.2 0.28 0.54 0.91
NR/ENR 3¢/70 0.79 328 0.39 1.8 0.28 0.53 0.73
ENR-25 0.56 261 0.34 1.3 0.29 0.54 —
Deswollen NR 9.05 867 2.24 24.7 0.72 1.03 1.62
NR/ENR 7¢'30 12.56 842 2.84 22.7 0.85 1.13 1.77
NR/ENR 50/50 15.06 1059 2.88 23.7 0.81 1.40 1.89
NR/ENR 3¢'70 11.25 833 2.29 23.7 0.67 1.22 1.90
ENR-25 8.68 854 1.86 31.2 0.76 1.31 1.67

the sample R, the universal gas constant afd the  Kunori et al. [49] suggested a model when strong ad-
absolute temperature. The crosslinking density valuekesive force exists between the blend components. In
are given in Table XII. this model, the dispersed phase will contribute to the

This high crosslinking density of 580 blend ac- strength of the blend and the equation is
counts for the superior properties of this composition.
The Young’s modulus reflects the stress behaviour at 0p = om(1 — Ag) + 0dAd (23)
low strain while the Secant modulus values represents
the behaviour at high strain. A higher Young’s mod- Considering two possible fracture paths in a blend,
ulus value for ENR compared to NR suggest that theEquation 23 can be modified as follows depending on
initial stretching of ENR requires higher stress but atwhether the fracture is through the interface or through
higher strain 1300) the strain crystallisation of NR the matrix. When the fracture is through the interface.
leads to increased Secant modulus values for NR. Here
also blend compositions show higher values. ob = om(1— ¢§/3) + gd¢§/3 (24)

In swollen state, there is overall reduction in the mag-
nitude of these values. Still the blend compositions exwhen the fracture is through the matrix
hibit better mechanical properties. Also in deswollen
samples, the mechanical properties show improvement ob = om(1 — ¢q) + oadd (25)
compared to unswollen. As explained earlier this may
be due to the increase in interchain interaction. whereoyp, o and oy are the properties of the blend,

matrix phase and dispersed phase respectivelypand

3.7.1. Model fitting is the volume fraction of the dispersed phase.

Various composite models such as the parallel model, The Kerner equation [50] for perfect adhesion is
the series model, the Kerner model and the Kunor@iven by
model were made use of to study the mechanical be-

haviour of the blend. E— [ ¢dEd
The parallel model (highest-upper-bound model) is [(7 — 5vm)Em + (8 — 10vm) Eq]
given by the equation [47], . bm ¢dEm
M = Ml(bl + M2¢2 (21) 15(1_ Vm) [(7 - 5Vm) Em+ (8 - 10‘)m) Ed]
whereM is the mechanical property of the blend and + L] Em (26)
M; andM, are the mechanical properties of the compo- 15(1— vm)

nents 1 and 2, respectively apiandg, are the volume ) )
fractions of the components 1 and 2, respectively. Herd/hereE, Em andEq are the respective properties of the
the components are considered to be arranged parall@{end, continuous phase and dispersed phas#dom

to one another so that the applied stress elongates ea@ff the volume fractions of dispersed and continuous
of the components by the same amount. phase andn, is the Poisson’s ratio of the continuous

In the lowest-lower-bound series model, the compoPhase. _ _
nents are arranged in series with the applied stress and F19- 18 shows the theoretical and experimental curves
is given by the equation [48], of the tensile strength values of the NR/ENR-25 blend.

The theoretical curve based on Equation 24 comes clos-
1/M = ¢1/ M1 + ¢2/M> (22) esttothe experimental curve compared to other models.
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Figure 18 Comparison of experimental tensile strength with theoretical predictions.

So, itmay be concluded that the fracture path is througlapproaches to theoretical predication for ENR. There
the interface rather than through the matrix. But it wasis marked improvement in mechanical properties of all
found that the experimental data are above the theoreblend compositions compared to that of the compo-
ical values in all cases. The deviation of experimentahents. The exceptional performance of50 compo-
values from theoretical values are more pronouncedition may be the result of the formation of an inter-
for NR/ENR 50/50 composition. This may be because penetrating type network. In all cases, the deswollen
of the fact that both NR and ENR-25 phases have asamples show increased mechanical properties com-
interpenetrating co-continuous morphology ayS® pared to unswollen samples. Improved polymer chain
composition. interaction resulting from the leaching out of additives
may be the reason for this observation. Further, exper-
iments are in progress on the use of these membranes

4. Conclusion or the separation of liquid mixtures.

Blend morphology, transport behaviour and mechanicai

properties of natural rubber, epoxidised natural rubber
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