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ABSTRACT: The proposed study attempted to explore the role of stearic acid modification on the properties of zinc-aluminum based

layered double hydroxides (LDH) and their composites with acrylonitrile butadiene rubber (NBR). Three distinctive LDH systems

were adapted for such comparison; an unmodified LDH and two stearic acid modified LDH. The use of zinc oxide and stearic acid

in the rubber formulation was avoided as the modified LDH would be able to deliver the necessary activators for the vulcanization

process. Emphasis was predominantly given to reconnoiter the merits of stearic acid modification on the increase in interlayer dis-

tance of the LDH. X-ray diffraction studies and transmission electron microscope morphological investigations of LDH powders indi-

cated that modification with stearic acid increased the interlayer spacing which would favor the intercalation of NBR polymer chains

into the layered space. However, stress–strain studies indicated better mechanical properties for composites with unmodified LDH.

Composites with LDH showed higher crosslinking densities than conventionally sulfur cured control compounds using zinc oxide/ste-

aric acid as activators. This was evident from equilibrium swelling method as well as statistical theory of rubber elasticity. VC 2014 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41539.
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INTRODUCTION

Fillers with particle sizes in the nanometer range like layered sil-

icate, montmorillonite, carbon nanotubes, graphene, layered

double hydroxide (LDH) etc. are gaining interest recently as

suitable fillers for rubbers because of their excellent reinforcing

capabilities.1–4 Simultaneously, efforts are also been given to

materials which can serve as multifunctional additives (MFA) in

the field of rubber technology.4,5 MFA are ingredients added

into the rubber formulation with the capability of performing

more than one intended task. On the other hand, constant

efforts are also being laid focusing toward replacement or

reduction of the amount of zinc oxide in rubber formulations,

due to certain toxicity of zinc on the aquatic life.6 As an out-

come many substituents have emerged with potentials equiva-

lent to zinc oxide.3,5–11 LDH based on zinc and aluminum is

one such material that qualifies itself as MFA, having the ability

to replace zinc oxide in rubbers3,10 and also participating in

mechanical reinforcement of the rubber matrix. Research works

on rubber LDH composites are ample, yet the treatment of

LDH as a MFA is not very much looked upon.12–16

LDH are generally denoted in the empirical form as [MII
1–xM

III
x

(OH)2]x1[An2]x/n � yH2O, where the anions An– occupy the inter-

layer and are sandwiched in-between the MII and MIII divalent and

trivalent metal cationic layers.17–21 Tailoring the properties of LDH

can be done in two different ways where the first route involves

modification of chemical composition and/or the structure of natu-

rally occurring Mg-Al-LDH (hydrotalcite) by various techniques9,22

and the other is by synthesizing the desired LDH adapting different

experimental methods.19,23,24 Moreover, the organophilic modifica-

tion of LDH is also essential to disperse LDH in nonpolar polymers,

as LDH is polar in nature due to the presence of number of hydroxyl

groups in its structure. Figure 1 depicts the structures of LDH in (a)

its unmodified form with less interlayer distance and (b) after modi-

fication with stearic acid which leads to stearate ions present in the

interlayer resulting in increased interlayer distance, facilitating high

intercalation of polymeric chains.

VC 2014 Wiley Periodicals, Inc.
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In our previous works,3,25 it was proved that Zn-Al LDH has

the potential to replace zinc oxide in a typical rubber formula-

tion and additionally possess the ability to impart reinforcement

to the rubber matrix. However, it is well known that during

vulcanization conditions (at higher temperature and pressure),

ZnO along with stearic acid reacts with sulfur and organic

accelerators resulting into a soluble sulfurating complex.26

Therefore, it would be an interesting task to observe how the

crystal layers of stearate modified Zn-Al LDH interacts with

the curing ingredients and their ability to contribute toward the

mechanical reinforcement as layered mineral fillers1 inside the

rubber matrix. In an attempt to fathom the advantages of stea-

rate modification, acrylonitrile butadiene rubber (NBR) was

chosen as the matrix and subsequently nanocomposites of NBR

with unmodified LDH, commercial stearate modified Zn-Al

LDH, and self-synthesized stearate modified Zn-Al LDH were

prepared. Zn-Al-stearate LDH was synthesized in laboratory

with increased interlayer distance adapting the procedures

reported in literatures,27,28 which would kindle the intercalation

of polymeric chains. Henceforth, the main objective is to high-

light the merits and demerits of stearate modification and also

to investigate the influence of increased gallery space of LDH

on the resulting mechanical, crosslinking, and dynamic proper-

ties of the nanocomposites.

EXPERIMENTAL

Raw Materials

NBR (Perbunan 1846F—acrylonitrile content �18%, Mooney

viscosity �46) and tertiary butyl benzothiazole sulfineamide

(TBBS) were procured from Lanxess Germany. Zinc oxide,

stearic acid, sulfur, and sodium salt were purchased from Acros

organics, Belgium. Zinc nitrate, aluminum nitrate, and sodium

hydroxide which are necessary for the synthesis of LDH were

purchased from Sigma Aldrich. The unmodified commercial

LDH (uLDHc) was Alcamizer P93 of Kisuma Chemicals with

a chemical formula of Mg3ZnAl2 (OH)12 CO3 3H2O

(purity>99%). The stearate modified commercial LDH

(mLDHc) was purchased from Prolabin & Tefarm s.r.l., Italy

(purity>99%). A stearate modified Zn-Al LDH (mLDHs) was

synthesized in our laboratory according to the procedure avail-

able in literatures.27,28 The chemical formula of mLDHc and

mLDHs is Zn2Al(OH)6 (C18H35O2).2H2O.

Figure 1. Schematic representation of (a) unmodified Zn-Al LDH, (b) Stearate ion modified Zn-Al LDH. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Formulation

Three different rubber compounds were formulated based on

the nature of LDH. The formulations are summarized and given

in Table I. A LDH free compound was prepared with 1.6 phr

ZnO and 2.8 phr stearic acid which provides an equimolar con-

centration of zinc cations and stearate anions with respect to

use of 5 phr of mLDHs instead.

Mixing Procedure and Curing

All the samples were compounded in a laboratory sized two roll

mill, Polymix 110-L, size: 203 mm 3 102 mm, Servitech GmbH,

Wustermark, Germany. The compounds were prepared in two

stages; Stage I with high temperature and higher shear rate to

achieve good dispersion of the LDH into the matrix and Stage

II mixing at low shear rate and lower temperature to incorpo-

rate the curatives. The rubber was first added onto the mill at

80�C and masticated for 2 min., followed by the addition and

mixing of LDH at low friction ratio of 1 : 1.2 for 5 min after

which the friction ratio was increased to 1 : 2 and mixed for 20

min. For second stage mixing, the mill was cooled to 40�C, and

sulfur and TBBS were added and mixed for 6 min at a friction

ratio of 1 : 1.2. The compounds were cured under pressure at

160�C up to their respective curing time (t90) and the thickness

of the vulcanized sample was about 2 mm.

Instruments and Methods

Rheometric study was done with a rubber process analyzer

(RPA) (Scarabaeus V-50, Scarabaeus GmbH, Langg€ons,

Germany). The curing parameter “delta torque” is the difference

between the highest torque (MH) and the minimum torque

(ML) measured during the vulcanization tenure. Vulcanization

time, or curing time, was calculated as the time to reach 90%

of the ultimate torque (MH 2 ML). The thermo gravimetric

analyses (TGA) of LDH powder was performed using TGA Q

5000 from TA instruments at a heating rate of 20 �C/min from

room temperature to 800�C in nitrogen atmosphere with flow

rate of 50 mL/min. Tensile tests were carried out with a univer-

sal testing machine (Zwick 1456, Z010, Ulm, Germany) with

DIN 53504/S2/200 specification. The instrument was equipped

with optical strain sensors and 1 kN load cell with constant test

speeds of 200 mm/min. To measure the mechanical properties,

three dumbbell shaped specimens were punched out from each

rubber sample. The shore A hardness of 6 mm thick samples

was measured using a Bareiss hardness tester with an indenta-

tion period of 3 s. For transmission electron microscope (TEM)

analysis, ultra-thin sections of the rubber composites were cut

by ultra-microtome at a temperature of about 280�C and

images were captured using a Libra 200, Zeiss, TEM with an

acceleration voltage of 200 kV. X-ray diffraction (XRD) meas-

urements for powder LDH were carried out with a Philips

XRD-6000 and/or with a Seifert XRD 3003 T/T at a wavelength

of 1.542 Å (Cu-Ka radiation). The scanning 2h angles ranged

between 0.5� and 25� with a step-scanning rate of 2� min21.

The visco-elastic properties of the rubber samples were charac-

terized using a dynamic mechanical thermal analysis device

(GABO-EPLEXOR 2000N) in tensile mode. The temperature

sweep experiments was conducted within a temperature range

of 260�C to 180�C, at 0.5% dynamic strain amplitude, 1%

static strain, 10 Hz frequency, and heating rate of 2 �C/min.

Strain sweep experiment was conducted at 20�C, within 0.2%

to 30% dynamic strain, with a static strain of 60% and a fre-

quency of 10 Hz. The degree of crosslinking was determined by

equilibrium swelling method as well as Mooney–Rivlin theory.

For equilibrium swelling studies, two different sets of samples

were used to evaluate the crosslink density. First set of samples

(pre-swollen samples) were subjected to solvent extraction by

allowing them to swell in toluene for 72 h and subsequently

drying at atmospheric conditions for 5 days. These dried sam-

ples were then subjected to swelling for 3 days in toluene and

the swollen weights were used for analysis. The second sets of

samples (fresh samples) were used without solvent extraction,

they were allowed to swell in toluene for 3 days and the swollen

weights were used for the calculation.

The equilibrium swelling is calculated using Flory–Rehner29

equation

me 5 2
ln 12vrð Þ1vr1v12:v

2
r

Vs:ðv1=3
r 2vr=2Þ

(1)

vr 5
1=qsam

1=qsam 1 Q=qsol

(2)

Q 5 Msw–Mið Þ=Mi (3)

where, Q is the swelling ratio, Mi and Msw are the mass of rub-

ber before and after swelling, Vr is the volume fraction of the

swollen polymer, qsam, qsol are the densities of rubber and sol-

vent respectively (0.87 g/cc for toluene),30 me is the cross-linking

density of the polymer network, v12 is the Flory–Huggins

parameter (0.435 for NBR-Toluene),30 Vs is the molar volume

of swelling solvent (106.1 cc/mol for toluene).30

For Mooney–Rivlin studies, the fresh samples indicate specimens

without any prior strain history (maturation time 24 h after vul-

canization). The second set of samples were stretched up to 275%

elongation and released to minimize the Mullins effect. This was

performed for 10 times in a cyclic order and then finally stretched

up to failure. A plot of reduced stress versus extension ratio was

made and the slope and the intercept obtained by fitting a straight

line were taken for further calculations.

Reduced stress 5
r

2ðk2 1=k2Þ
(4)

r

2ðk2 1=k2Þ
5 C11 C2=k (5)

Table I. Compounding Recipe with Different Types of LDH

uLDHc mLDHc mLDHs ZnO eq.

NBR 1846 100

uLDHc 5

mLDHc 5

mLDHs 5

ZnO 1.6

St. Ac 2.8

Sulfur 1.5

TBBS 0.8
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CLD51=Mc5C1=RT (6)

The Mooney–Rivlin theory is described as per eq. (5), r is the

stress, C1 is the intercept, C2 is the slope, k is the extension

ratio, Mc is the crosslink density or the inverse of molecular

weight in between two successive crosslinks,21,31 R is universal

gas constant (8.314 J K21 mol21) and T is room temperature

(298 K).

RESULTS AND DISCUSSION

Characterization of LDH Filler

A typical diffractogram of LDH consists of sharp basal (001)

reflections.4,20,25 In Figure 2, uLDHc displays characteristic

(003) LDH reflection at 2h 5 11.6� and (006) reflection at

2h 5 23.4� in the investigated range confirming the presence of

hydrotalcite like structure4,20,32 (LDH with carbonate interlayer

ion). The first basal reflection (003) provides information about

the interlayer distance of LDH, which is sum of the thickness of

a single LDH layer and its gallery. Interlayer distance of uLDHc

is found to be 0.38 nm according to Bragg’s Law. The shift in

the first LDH reflection is usually interpreted as intercalation of

selected organic molecule into the LDH layers. This shift was

observed for both mLDHs and mLDHc. However, the existence

of clear pristine LDH relevant peaks ((003) and (006) planes) in

mLDHc indicates that the intercalation or modification of stea-

rate ions was not complete and it rather shows a mixed mor-

phology with different space gaps between the two layers.

mLDHs shows more prominent diffraction peaks and reflections

of pristine LDH are almost totally absent indicating the success

in synthesis compared to mLDHc. However, both mLDHc and

mLDHs show a mixed morphology with different space gaps

between the two layers explaining the multiple diffraction peaks

at lower 2h angles.

TEM studies are carried out with the powder LDH fillers and

the micrographs are shown in Figure 3. It can be observed that

uLDHc [Figure 3(a,b)] does not contain any fine laminar struc-

ture as the layers are much closer to one another. Whereas the

modified LDH [Figure 3(c–f)] has precise and defined laminar

structures indicating a very thin gap in between the two hydrox-

ide crystal layers. The stearate ions used in the modification are

present in between the layers and offering separation in between

the layers. However, in both the modified materials some darker

regions could be found which may arise due to the presence of

unmodified LDH crystals or amorphous phase of the layered

hydroxides. The study with TEM micrographs directly shows

the crystalline structure of modified LDH with very small gap

in between the layers and it also indicates a possibility to dis-

perse or delaminate the crystal layers (exfoliation /intercalation)

inside the rubber matrix.

Thermogravimetric analysis was carried out to understand the

effect of organic modification on the thermal degradation

behavior of the LDH. Figure 4 depicts the nature of weight loss

and derivative weight against temperature. All the materials

degrade in multiple steps and the first weight loss peak is

observed below 100�C for mLDHs due to the presence of

loosely bound surface water molecules. At nearly 160�C, a sec-

ond weight loss was prominent in both the modified LDH and

the most probable reason would be the evaporation of bound

water molecules present in between the mineral layers and like-

wise for uLDHc this degradation step could be found at slightly

higher temperature of 200�C. After losing entire water mole-

cules, modified stearate group with decomposition temperature

of �350�C remains in the LDH and moreover it is evident that

mLDHs undergoes a greater weight loss below 400�C indicating

higher organic content (stearate content) than mLDHc. uLDHc

leaves no trace of such peaks in this temperature region as there

are no decomposable groups. Comparing mLDHc and mLDHs,

it is clear that mLDHs contains higher amount of stearate func-

tionality by virtue of the synthesis technique which could be

attributed to the strong peak appearing at 400�C. The mLDHs

has higher degradation stability than mLDHc as the peak is

broader and is positioned at a slightly higher temperature.

From the weight loss plot, it could be noted that uLDHc,

mLDHc, and mLDHs have weight losses of 38%, 57%, and

69%, respectively. This indicates that mLDHc has a 50% more

loss in weight with respect to uLDHc, and mLDHs has 82%

more loss in weight with respect to uLDHc. This increment in

loss in final weights in the filler is indirectly a representation of

the amount of stearate modification.

Characterization of NBR/LDH Nanocomposites

The rheometric curing characteristics of the composites per-

formed at 160�C for 60 min is shown in Table II. An astonish-

ing observation is that the NBR composite filled with uLDHc

(the LDH does not contain any stearate ions; it contains only

zinc aluminum) was also being cured successfully. The cure rate

index (CRI) was calculated using the expression 100/(Tc90 2 Ts2)

and NBR filled with mLDHs has the highest CRI of 15.7 min21

which is 15% faster than uLDHc and 22% faster than mLDHc;

a higher value of CRI represent faster vulcanization process.

The faster cure of rubber compounds with mLDHs is material-

ized due to the effective formation of active zinc stearate coor-

dination complex during vulcanization process which is aided

by the excess stearate ions correlating with the results from

TEM, XRD, and TGA. The maximum torque values of all the

composites are incomparably near due to the lower loading of

Figure 2. XRD plot for different types of (A) unmodified Zn-Al-LDH (u-

LDH), (b) modified commercial Zn-Al-LDH (mLDHc), and (c) stearate

ion modified Zn-Al LDH (mLDH). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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the LDH. uLDHc has very less scorch time owing to the pres-

ence of hydroxyl groups on the surface of the fillers and also

due to the lack of stearate ions. Therefore, finally it could be

concluded that stearate modification in LDH helps to cure NBR

matrix and also play a vital role in vulcanization kinetics of the

NBR nanocomposites.

The uniaxial stress–strain properties and the shore A hardness

data for NBR 1846 filled with three different types of LDH are

given in Table III and Figure 6(a). The results indicate that stress

values at 50% elongation of the unmodified and modified com-

posites are equal, but as the strain increases there is a substantial

difference in the stress values. The stress values of samples at

200% and 300% elongation exhibited by the uLDHc filled com-

posite is �23% and 41% higher mLDHc and mLDHs. uLDHc

exhibits a maximum tensile strength of 4.7 MPa, which is 74%

higher than mLDHc and 96% higher than mLDHs and also

uLDHc has the maximum elongation at break of 495%. It is clear

from XRD and TEM analysis that intercalation of polymer chains

into the layers of modified LDH is easy but the reduction in the

properties of both modified LDH composites could be due to the

stearic acid modification, i.e. excessive amount of stearate groups

leading to inferior properties as stearate groups tend to act as an

internal lubricant.33 From the TGA analysis, it is proved that

mLDHs contains more stearate groups than mLDHc and this

accounts for the inferior properties of the mLDHs filled nano-

composite. Also, from the vulcanization chemistry point of view

there are possibilities of the layered structure of LDH getting col-

lapsed due to the participation of the zinc and the stearate groups

in the vulcanization reaction. It is assumed that the stearate mod-

ification will enhance the intercalation and facilitate better poly-

mer–filler interaction, but the loss of reinforcing crystalline layers

due to the formation of sulfurating complex is unforeseen.

Figure 4. Weight loss and derivative weight vs. temperature plot for dif-

ferent powder LDH. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 3. TEM images of different LDH: (a) uLDHc at 100 nm, (b) uLDHc at 50 nm, (c) mLDHc at 200 nm, (d) mLDHc at 100 nm, (e) mLDHs at

200 nm, (f) mLDHs at 100 nm.
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The mechanical reinforcement offered by the crystalline layers

must be enormous so as to overcome the lubricating effect of the

stearate groups, whereas the above said reduction in the number

of crystalline reinforcing structures that exist after the vulcaniza-

tion reaction is certainly not ample to offer the expected mechan-

ical strength to the matrix. Whereas mLDHc contains some

proportion of unmodified crystal layers which was evident from

the XRD and TEM micrographs and these crystalline layers con-

tribute for slightly better mechanical properties than mLDHs. For

further understanding on the reinforcing capabilities of mLDHc,

study on improvements on mechanical properties toward higher

loading of mLDHc was performed. From Table III marginal

increases in the tensile strength as well as elongation at break are

observed, but the enhancements in mechanical properties (with

respect to the amount of filler) are limited. Nanocomposites with

higher loading of mLDHc shows slightly better tensile strength

and higher elongations at break indicating that the stearate

groups surely act as internal lubricants. Higher concentrations of

mLDHc correspond to higher amounts of stearate groups inside

the nanocomposite and they facilitate chain slippage and encour-

age higher elongation at break by limiting the mechanical

strength of the nanocomposite. For comparison, the molar con-

centration of zinc and stearate ions in mLDHs is calculated and a

correspondingly equivalent composite containing ZnO and ste-

aric acid (added separately) is considered as the reference com-

pound. Nevertheless, even at least concentration of 5 phr, LDH

outperforms ZnO filled systems and this is surely a superiority of

using LDH.

Dynamic mechanical thermal analysis is performed to under-

stand the filler–polymer interaction as well as filler–filler inter-

action by temperature sweep and strain sweep mode and their

respective diagrams are given in Figure 5. The temperature

sweep experiment, Figure 5(a), reveals a marginal negative shift

and noticeable reduction in tan d peak for mLDHc. The tem-

perature corresponding to the maximum peak height represents

the glass transition temperature (Tg) of the material. Apparently,

mLDHc composite exhibits almost 4�C lower Tg values as com-

pared to uLDHc and mLDHs composites. Also, for the better

understanding of the filler–polymer interaction, storage modu-

lus (E0) is plotted against temperature, but there is hardly any

considerable change in storage moduli. From the above

Table II. Cure Characteristics of NBR 1846 Filled with 5 phr of Different

LDH

S0 Min
(dN-m)

S0 Max
(dN-m)

Ts 2
(min)

Tc 90
(min)

CRI Cure
rate index
(min21)

uLDHc 0.60 6.07 4.41 11.83 13.48

mLDHc 0.60 6.21 8.10 16.26 12.25

mLDHs 0.59 6.07 6.84 13.21 15.70

Table III. Stress–Strain and Hardness Data for NBR 1846 with 5 phr of Different LDH and Increasing mLDHc Content

Stress (MPa)

50% 100% 200% 300%
Tensile
strength (MPa)

Elongation
at break (%)

Hardness
(Shore A)

ZnO. Eq 0.7 0.9 1.1 1.3 1.7 411 45

5 uLDHc 0.7 1.0 1.6 2.4 4.7 495 48

5 mLDHs 0.7 0.9 1.3 1.6 2.4 447 46

5 mLDHc 0.7 1.0 1.3 1.7 2.6 466 47

10 mLDHc 0.7 1.0 1.4 1.9 3.7 522 48

15 mLDHc 0.7 1.1 1.5 2 3.4 492 49

50 mLDHc 1.0 1.2 1.4 1.7 5.3 687 56

Figure 5. (a) Temperature sweep curves and (b) amplitude sweep curves

for NBR 1846 with different LDH. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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discussions it can be concluded that mLDHc based nanocompo-

sites show a better filler–polymer interaction than uLDHc and

mLDHs composites due to the reduction in the tan d peak

height. Figure 5(b) shows the amplitude sweep experiment con-

ducted in an attempt to understand the presence of any local

filler–filler associations or clustering like Payne effect.34,35 In

this case, the amount of incorporated filler is very less and the

possibilities of obtaining a percolated filler–filler network inside

the soft rubber matrix are very less, yet a dependence of storage

modulus with respect to strain was observed. In reference to the

plot it can be noted that mLDHs possesses a higher filler–filler

interaction when compared to the other nanocomposites.

The crosslink density values obtained by equilibrium swelling

method are given in Table IV. From the table it can be noted

that there is a reduction in crosslink density, in accordance to

the stearate modification. This holds true for pre-swollen as

well as for fresh samples, additionally the fresh samples have

lower crosslink density values than pre-swollen samples. The

reason for the higher crosslink density exhibited by the pre-

swollen samples could be due to increase in chain entangle-

ments which occurred when the sample was allowed to swell

and de-swell. From the TGA estimations, it is understood that

the amount of stearate content in the LDH is in the order

mLDHs>mLDHc>uLDHc, accordingly the crosslink densities

adhere to the same order which in turn signifies its dependence

on the amount of stearate modification.

The Mooney–Rivlin equation is one of the widely used techni-

ques for the evaluation of the degree of crosslinking for the elas-

tomers36–39 and is governed by the phenomenological theory of

rubber elasticity.21,31,40,41 The crosslink density values obtained

by Mooney–Rivlin theory are also listed in Table IV. The stress–

strain plot and the Mooney–Rivlin plot for the unconditioned

samples are shown in Figure 6, it is clear that stearic acid modi-

fication in LDH hampers the mechanical properties in compari-

son to uLDHc composites. Similar effect was observed in

Mooney–Rivlin plot, implying the reduction in reduced stress

values by the effective stearate modification. However the

reduced stress of all LDH based vulcanizates are higher com-

pared to zinc oxide cured vulcanizates. This substantiates LDH

as an alternative material to cure the NBR matrix as well as offer

some reinforcement. Moreover in the high elongation regions,

the Mooney–Rivlin graphs turns upward for all LDH based com-

posites except zinc oxide cured vulcanizates and this distinctly

explains that the layered morphology of LDH contributing to

the mechanical reinforcement of NBR. The Mooney–Rivlin plots

for the modified LDH nanocomposites are mostly linear in the

region k 5 0.4 to 0.6 but uLDHc nanocomposite displays a curve

rather than a straight line and it is difficult to make a reliable

Figure 6. (a) Stress–strain plot and (b) Mooney–Rivlin plot for NBR 1846

unconditioned samples with different LDH. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Table IV. Crosslink Density Values Obtained for Different LDH by Various Methods

Equilibrium swelling method Mooney–Rivlin theory

Conditioning CLD (mol/cc) Slope Intercept Conditioning CLD (mol/cc)

uLDHc Pre-swollen
samples

13.21 3 1025 0.181 0.165 Subjected
to hysteresis

6.68 3 1025

mLDHc 10.83 3 1025 0.153 0.146 5.89 3 1025

mLDHs 9.86 3 1025 0.158 0.143 5.77 3 1025

uLDHc Fresh
samples

9.20 3 1025 0.166 0.213 Fresh samples 8.61 3 1025

mLDHc 7.87 3 1025 0.272 0.139 5.65 3 1025

mLDHs 7.83 3 1025 0.279 0.129 5.21 3 1025

ZnO eq. 4.81 3 1025 0.330 0.082 3.32 3 1025
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linear fit for the curve to obtain the slope and the intercept.

Concurrently, it was discussed earlier that the cured compounds

show a “Payne like effect” due to a local filler–filler network,

hence in order to destroy this local network, the samples were

subjected to 10 times cyclic deformation and the stress–strain

and Mooney–Rivlin plots were redrawn and depicted in Figure

7. Figure 7(a) shows the stress–strain plot for stretched nano-

composites which tend to follow two different patterns, the first

region (below 300% strain) of the plot corresponds to the bro-

ken local filler network, disturbance of the chain conformation,

Mullins effect, and other minor effects. The second region

(above 300% strain) of the plot corresponds to the unstrained

undisturbed regions and they follow the path similar to that of

unstretched nanocomposites. The Mooney–Rivlin plot is now

considered only till the strain where the deviation occurs. Figure

7(b) represent the Mooney–Rivlin plots of prestretched samples

and the plots of the nanocomposites remain parallel differing in

their intercept values representing different crosslink densities.

Here also it was noticed that the crosslinking efficiency of

uLDHc is higher as compared to both of the stearic acid modi-

fied LDH nanocomposites. The crosslink density values correlate

with the solvent swelling values, and the crosslinking density val-

ues of the unstretched samples are higher than the prestretched

samples. This is because of the high entanglement density and

also the filler–filler networks are broken during hysteresis,

whereas the crosslink density values of the prestretched samples

depends mostly on the actual crosslinks present in the network

excluding certain chain entanglements, etc. For reference studies,

fresh ZnO equivalent sample is represented, and LDH filled sys-

tems prove to be far superior in terms of the crosslink density of

the nanocomposites.

CONCLUSIONS

This study was carried out in an effort to understand the behav-

ior and highlight the advantages and disadvantages of stearate

modification in Zn-Al-LDH. Rheometric studies indicated that

stearate modification of LDH played an important role in

improving the scorch safety, cure rate, and decreasing the opti-

mum cure time. XRD results indicated that intercalation was

successful in LDH by stearic acid modification; despite it had

adverse effects on the mechanical properties and crosslinking

density of NBR. Nevertheless, all LDH based nanocomposites

showed better mechanical properties and a higher crosslinking

density compared to ZnO cured vulcanizates.

Utilization of LDH as nanosized fillers may not offer a huge

reinforcement effect (when compared to carbon or silica-based

systems) by virtue of its mineral layered structure, however

highest reinforcement was realized for unmodified LDH nano-

composite. In contrast, if stearic acid modified LDH are used,

there are possibilities of the crystalline structure of the LDH

getting collapsed during the course of vulcanization reaction.

The most plausible explanation therefore would be the partici-

pation of zinc and stearate ions in the vulcanization reaction,

which combine with sulfur and organic accelerators to form a

soluble sulfurating complex and this is an in situ sulfur cross-

linking precursor at vulcanizing condition.
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