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ABSTRACT: A tough and highly flexible hyperbranched epoxy and poly(amido-amine) modified bentonite based thermosetting nanocom-

posite was demonstrated. The FTIR, XRD, and TGA analyses confirmed the modification of bentonite. The formation of partially exfoli-

ated structure of the nanocomposite with good physicochemical interactions among the hyperbranched epoxy, poly(amido-amine)

hardener and modified clay was investigated by the FTIR, XRD, SEM, and TEM analyses. Significant improvements of 750% toughness,

300% elongation at break, 50% tensile strength, 300% modulus, and 250% adhesive strength of the pristine epoxy were achieved by the

formation of nanocomposites with 3 wt % of modified clay. The experimental modulus values of the nanocomposites were compared

with three theoretical models to account the interactions between filler and matrix. Thus, the studied epoxy nanocomposite has great

potential to be used as an advanced epoxy thermoset. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40327.
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INTRODUCTION

Epoxy thermosets are widely used as high performance engineer-

ing materials, due to their good mechanical strength, dimen-

sional stability, and chemical resistance. But their low toughness

and hence high brittleness character restrict the service require-

ments in many advanced applications.1–4 Recently hyper-

branched epoxy achieved significant attention with their unique

advantages, which include low solution and shear viscosity, high

solubility in different solvents and high reactivity.4–7 However,

because of their poor mechanical strength, it is difficult to attain

the desired performance of the resulted thermosets. However,

through the proper molecular engineering using combination of

aromatic and aliphatic moieties can improve the desired strength

and toughness, as shown in our recent report.1 In addition to

this, the literatures over two decades confirmed the enhancement

of desired performance of many polymers including epoxy by

the formation of their suitable nanocomposites using appropri-

ate nanomaterials.4,8–10 Among all such nanomaterials, organi-

cally modified hydrophobic clay is widely studied because of its

layer structure with high aspect ratio, which allows efficient load

tolerance of the matrix.11–14 The basic principle for the improve-

ment in performance of these polymer/clay nanocomposites is

penetration and interaction of the polymer chains within the

interlayer galleries of clay. In contrary, hydrophilic nature of the

unmodified clay resulted high moisture absorption and incom-

patibility with the hydrophobic polymer matrix. Thus, different

methods have been reported to make it hydrophobic for good

dispersion in the polymer matrices.15–19 Alkylammonium cation

exchange is a very common process among them use to make

hydrophobic clay for preparation of polymer nanocomposites.

However, it has been observed in most of the literatures, such

polymer/clay nanocomposites significantly improved only tensile

strength, modulus, flexural strength, and hardness. However, the

desired flexibility, toughness, and elongation at break are rare to

achieve in all such cases.20,21 It is pertinent to mention here that

the reports on modified clay/epoxy nanocomposites with

improvement of fracture toughness, modulus and in few cases

tensile strength are found in literature. Wang et al. reported

epoxy nanocomposites with highly exfoliated clay where

improvements of 80% stress intensity factor (KIC), 190% critical

strain energy release (GIC) and 40% modulus were found with

2.5 wt % slurry clay.13 The organoclay modified epoxy nano-

composites with improvements of 80% KIC, 152% GIC, and 20%

modulus at 12 phr organoclay was reported Liu et al.22 Zerda

et al. reported intercalated clay/epoxy nanocomposites with

100% improvement in KIC and GIC was found at 3.5 wt %

clay.23 A epoxy/nanoclay composite with 50% enhancement in

tensile strength, 77% improvement in KIC and 190% increment

in GIC at 2 wt % clay was reported by Wang et al.24 However, in

all the above cases, a decrease in elongation at break or both

elongation at break and tensile strength up to 50% and thus a

massive reduction in ductility was observed. Balakrishnan et al.
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also reported the increments of tensile modulus and strength

though ductility decreases with the increase of organoclay con-

tent in diglycidyl ether of bisphenol-A based epoxy matrix.25

Hence a common and serious drawback of epoxy thermoset is

low ductility and hence toughness remained unsolved. Therefore,

we report a simple strategy to achieve the desired tensile

strength, elongation at break, toughness, and ductility of a

hyperbranched epoxy nanocomposites by the incorporation of

hydrophobic aliphatic poly(amido-amine) modified bentonite.

In the present investigation, the modified nanoclay may toughen

and flexibilize the epoxy resin because of the unique structure of

the modifying agent. Further, the amalgamation of this unique

structural architecture with the hyperbranched architecture of

epoxy resin may provide strong physicochemical interactions

among themselves.

Again, mathematical modeling plays an important role in pre-

dicting properties of a polymer nanocomposite as well as to

account the different interactions between nanomaterial and

polymer matrix. The incorporation of rigid platelets of clay to

the polymer matrices can produce number of effects like incre-

ment of strength, stiffness, modulus, fracture toughness, etc.

These increments in properties of nanocomposites are affected

by number of parameters, such as shape, size, aspect ratio, vol-

ume fraction, and distribution of the reinforcing nanomaterials.

In literatures a number of theories and equations have been

developed to describe these phenomenon.26–30 But here we have

chosen those models which represented the best fitting of the

experimental data.

An attempt has been made, therefore, to fabricate nanocompo-

sites of a hyperbranched epoxy and an aliphatic poly(amido-

amine) modified bentonite at different wt % of clay to achieve

the desired strength, toughness, ductility and adhesive strength.

To account the interactions between modified clay and hyper-

branched epoxy, the experimental modulus values of the nano-

composites were compared with the predicting values calculated

from Guth generalized Einstein equation and Halpin–Tsai ran-

dom and aligned parallel models.

EXPERIMENTAL

Materials

Triethanol amine was purchased from Merck, India and was used

after vacuum drying. Bisphenol-A (G. S. Chemical) was used after

re-crystallized from toluene. Epichlorohydrin (Sisco Research Lab-

oratories), methyl acrylate (G. S. Chemicals), butane 1, 4-diamine

(Sigma-Aldrich), ethylene diamine (Sigma-Aldrich), hydrophilic

bentonite clay (Sigma-Aldrich), sodium hydroxide (Rankem),

hydrochloric acid (Merck) and poly(amido-amine) (HY840, Ciba

Geigy) with amine value 5–7 eq./kg were used as received. All

other reagents used were of reagent grade.

Preparation of Hyperbranched Epoxy

The hyperbranched epoxy resin was prepared by an A2 1 B3 pol-

ycondensation reaction between in situ generated diglycidyl

ether of bisphenol-A and triethanol amine (20 wt % of bisphe-

nol-A) in 3 : 1 mole ratio at 110�C for 4 h using aqueous

NaOH as the catalyst as reported earlier.1 Briefly, epichlorohy-

drin (23.66 g, 0.2556 mol) was reacted with bisphenol-A

(10.0 g, 0.0438 mol) and triethanol amine mixture (2.0 g,

0.0134 mol) at 110�C in the presence of 5 N aqueous NaOH

solution (5.11 g, 0.1278 mol). The purified resinous final prod-

uct was dried under vacuum at 70�C. The epoxy equivalent and

degree of branching of the hyperbranched epoxy was 358 g/eq.

and 0.79 respectively.1 The value of shear viscosity of the pre-

pared hyperbranched epoxy was 16–19 Pas at 25�C.

Preparation of Aliphatic Poly(amido-amine)

The aliphatic poly(amido-amine) was prepared by literature

reported Michael addition reaction of amine(s) with acrylate.31,32

Briefly, in the first step, the core moiety was prepared by the

addition reaction of methanolic 1, 4-butane diamine (2 g,

0.0226 mol) with excess methyl acrylate (15.62 g, 0.18 mol)

at room temperature (ca. 25�C) for 72 h. In the second step,

poly(amido-amine) was prepared by addition reaction of excess

methanolic ethylene diamine (0.2268 mol) with the above prod-

uct at room temperature for 72 h. Excess methanol, acrylate,

and amine were removed under vacuum at room temperature.

The yield of the liquid purified dry product was 96%. The shear

viscosity of the prepared poly(amido-amine) was found to be

0.98 Pas. The main characteristic features of FTIR and 13C NMR

spectra of aliphatic poly(amido-amine) are given bellow. FTIR

spectrum (cm21): 1640, 3300, 2936, 1535, 1405, 1125, and 700

(amide linkage, ANH, ACH stretching, ANH, ACH2 bending,

ACN stretching, and ANH out of plane stretching frequency,

respectively). 13C NMR spectrum (ppm): d 5 162 (amide car-

bon), 50 and 23 (two ACH2 carbons of butane diamine), 42

and 30 (carbons of ethylene diamine), 46 and 33 (ACH2 car-

bons of methyl acrylate attached with butane diamine and

carbonyl carbon).

Modification of Bentonite Clay by Aliphatic Poly(amido-

ammonium) Salt

For the modification of bentonite clay, at first the ammonium

salt of aliphatic poly(amido-amine) was prepared by the treat-

ment of 2 g of poly(amido-amine) with 18 mL of aqueous HCl

(1 N) at 70�C for 2 h. The prepared poly(amido-ammonium)

salt was slowly added to the well dispersed aqueous clay (1 g)

with constant stirring at room temperature. After complete

addition of the salt, the temperature of the mixture was raised

up to 70�C and the conditions were maintained for another

4 h. Then the mixture was filtered and washed with water

for several times for complete removal of Cl2 ions (checked

by 0.1 M AgNO3 solution). Finally, the treated clay was

washed with THF for 2–3 times and then dispersed in THF

(1 mL/10 mg). A little amount of this clay was dried under

vacuum at 60�C for analysis.

Preparation of Hyperbranched Epoxy/Modified Clay

Nanocomposites

The hyperbranched epoxy/modified clay nanocomposites were

prepared by solution technique. The requisite amount (1, 3, and

5 wt %, separately) of the dispersed clay in THF was added into

the hyperbranched epoxy and the mixture was stirred for 5 h

followed by ultra sonication at 60% amplitude and 0.5 cycles

(acoustic power density: 460 W/cm2) for 10 min at 25–30�C.

Then, 50 wt % of poly(amido-amine) was added to it and

mixed homogeneously at room temperature. The mixture was
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coated on mild glass plates and steel plates for curing. Before

curing the plates were kept under vacuum at room temperature

for 24 h to remove THF. Then, the plates were cured inside the

furnace at 100�C for specified time interval. The curing time

was optimized by determining the swelling value. The cured

nanocomposites were coded as MNC1, MNC3, and MNC5 for

1, 3, and 5 wt % modified clay, respectively. The pristine hyper-

branched epoxy thermoset was coded as MNC0.

Characterization

The ultra sonication for the preparation of the hyperbranched

epoxy/modified clay nanocomposites was done by ultrasonic

processor (UP200S) with a standard sonotrode (tip diameter

3 mm). The FTIR spectra of the bentonite, modified bentonite,

and nanocomposites were recorded on a Nicolet FTIR spectro-

scope (Impact-410) using KBr pellet. The crystalinity and the

interlayer spacing of the clay were measured by X-ray diffrac-

tometer, Miniflex (Rigaku Corporation). The morphology of

the nanocomposites was studied by high resolution transmission

electron microscope, HRTEM (JEOL, JEMCXII, Transmission

Electron Microscope operating voltage at 200 kV), and scanning

electron microscope, SEM (JEOL, JSM-6390 LV). The tensile

strength (standard ASTM D 882) and lap-shear tensile adhesive

strength of the hyperbranched epoxy/modified clay nanocompo-

sites were measured by Universal Testing Machine (UTM,

WDW10). The tensile test was performed on rectangular sample

(size 60 3 10 3 0.3 mm3) with a 500 N load cell at a crosshead

speed of 10 mm/min. The lap-shear adhesion test (standard

ASTM D4896-01) was carried out on metal–metal (M–M) and

wood–wood (W–W) adherents by lap-shear test (the area of the

overlapping zone was 25 3 25 mm2 and thickness of the zone

was 0.02–0.03 mm) with a 10 kN load cell at a crosshead speed

of 50 mm/min. The lap-shear tensile strength (MPa) (calculated

as maximum load per unit bonded area) was obtained directly

from the UTM. Scratch hardness test (standard ASTM G171)

was carried out by scratch hardness tester (Sheen instrument)

on the surface of hyperbranched epoxy/clay nanocomposites

(area 75 3 25 3 0.3 mm3). Impact strength of the nanocompo-

sites was measured by Impact tester (S. C. Dey) as per the

standard falling weight (ball) method (standard ASTM D 1709).

The bending test of the thermosets was done using a mandrel

with diameter 1–100 mm (standard ASTM D 522). All the tests

for the measurement of mechanical properties were repeated for

five times and average values were taken. The weight residue

(%) of bentonite and modified bentonite clay and thermal sta-

bility of the nanocomposites were measured by thermogravimet-

ric analysis (TGA) in Shimazdu TG 50 using nitrogen flow rate

of 30 mL/min at the heat rate of 10�C/min from room temper-

ature to 700�C. The experimental tensile modulus values (calcu-

lated from elastic region of the stress–strain profiles) of the

nanocomposites were compared with the predicted values calcu-

lated from (1) Guth generalized Einstein’s equation:26,27

ENC 5 EM 1 1 KEVf 1 14:1 Vf

� �2
h i

(1)

and

(2) Halpin–Tsai (a) random model:28–30

ENC 5 EM

h
3=8ð Þ 11gLnVf

� �
=ð1 2 gLVf Þ

� �

1 5=8ð Þ 112gT Vf

� �
=ð1 2 gT Vf Þ

� �i
(2)

and (b) aligned parallel model:28–30

ENC5 EM 11gLnVf

� �
= 12gLVf

� �� �
(3)

where

gL5 ENP=EM – 1ð Þ= ENP=EM 1 nð Þ½ � (4)

and

gT 5 ENP=EM – 1ð Þ= ENP=EM 1 2ð Þ½ � (5)

Here, ENC is the tensile modulus of the nanocomposites, EM is

the tensile modulus of the matrix, KE is the Einstein’s coefficient

Figure 1. (a) XRD patterns of pristine and modified bentonite and (b) XRD patterns of nanocomposites. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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which is 0.67n (n is length to thickness ratio of clay) and Vf is

the volume fraction of the clay. The experimental modulus val-

ues were measured as slops of the linear portion (1–2% strain)

of the stress–strain curves. The equation used for this purpose

is y 5 mx 1 c, where m (modulus) is the slope, y is stress, and x

is strain.

RESULTS AND DISCUSSION

Modification and Characterization of Bentonite Clay

The hydrophilic bentonite clay was modified by alkyl ammo-

nium ion exchange process. Na1 ions of hydrophilic bentonite

clay were exchanged by aliphatic poly(amido-ammonium) ion.

The characteristic diffraction peak shifted from 2h 5 7.1� to

4.9� after modification [Figure 1(a)]. Thus basal spacing

increases 0.56 nm after modification as calculated from XRD

data by Bragg’s equation. This is due to the fact that the clay

layers are intercalated by the branched structure of poly(amido-

amine) modifying agent. In FTIR spectrum of modified clay

(Figure 2), the bands at 2932 cm21 indicated the presence

of aliphatic ACH2 stretching band. The others bands were

observed at 3420, 1649, 1560, 1032, 524, and 452 cm21 con-

firmed the presence of ANH and AOH, amide (C@O), inter-

layer H2O, SiAO, AlAOASi, SiAOASi groups respectively. But

in case of unmodified bentonite clay the band at 2932 cm21

was absent. The AOH stretching frequency of unmodified clay

at 3446 cm21 was diminished with broad nature at 3420 cm21

in modified clay. The interlayer H2O bending of unmodified

clay at 1641 cm21 was also diminished and shifted to

1565 cm21 in modified clay. The hydrophobicity of the modi-

fied clay on incorporation of aliphatic poly(amido-amine) was

also indirectly confirmed by TGA analysis, as no significant

weight loss was observed near 100�C. The thermograms of pris-

tine and modified bentonite clay are shown in Figure 3(a). A

continuous weight loss (11%) up to 100�C of pristine bentonite

was observed, which was almost insignificant (2%) for modified

system. This weight loss is due to the loss of structural and

absorbed water molecules. Again, the unmodified hydrophilic

bentonite was thermally more stable and the weight residue

found at 700�C was 85%, while modified clay was continuously

lost its weight and 78% weight residue was remained at 700�C.

This continuous and gradual loss of weight in the modified sys-

tem is due to the degradation of aliphatic hydrocarbon of

poly(amido-amine).

Preparation and Characterization of the Nanocomposites

The hyperbranched epoxy/modified clay nanocomposites were

prepared by solution technique using mechanical shearing force

and ultra-sonication. The curing time was optimized by swelling

value and the optimum cure time was taken at swelling value of

20–25% (75% gel fraction). The result of swelling values for

MNC0, MNC1, MNC3, and MNC5 was almost equivalent (22,

19, 21, and 22%). Thus, the crosslink density is almost equal.

The optimum curing time of the nanocomposites with 50%

poly(amido-amine) at 100�C decreases with the increases of clay

content in the nanocomposites (Table I). This is due to the

strong interaction of hyperbranched epoxy with the modified

clay. The aliphatic poly(amido-amine) of the modified clay also

took part in crosslinking reaction with the hyperbranched

epoxy.

The diffraction peak for d001 of the modified clay at 2h 5 4.9�

was completely diminished in nanocomposites as observed in

Figure 2. FTIR spectra of pristine bentonite, modified bentonite and

MNC3. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 3. (a) TGA thermograms of pristine and modified bentonite and (b) TGA thermograms of pristine epoxy thermoset and nanocomposites. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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XRD patterns [Figure 1(b)]. This may be due to the intercala-

tion of polymer chain into the clay layers and also strong inter-

actions like hydrogen bonding, polar-polar interactions, etc.

which facilitate the well dispersions of clay layers with the

epoxy. The presence of SiAO planar stretching and, AlAOASi

and SiAOASi bending of the clay in nanocomposites was con-

firmed by the FTIR bands at 1027 and, 521 and 459 cm21

respectively (Figure 2). The shifting of AOH band of modified

clay in nanocomposites from 3420 to 3405 cm21 is due to the

different physicochemical interactions of clay with the hyper-

branched epoxy. The TEM image discloses the actual picture of

state of dispersion of clay in the nanocomposites. Figure 4(a)

reveals the homogenous dispersion of disordered structure of

clay layers in the epoxy matrix. The image shows both the exfo-

liation and intercalation of clay layers in hyperbranched epoxy

matrix. SEM is also a valuable technique for examining the

morphology of the nanocomposites. Uniform dispersion of clay

in the hyperbranched epoxy was also confirmed by the SEM

image of the fracture surface of the nanocomposite [Figure

4(b)]. This uniform dispersion is due to the strong physico-

chemical interactions of aliphatic poly(amido-amine) of modi-

fied clay with hyperbranched epoxy and the hardener as shown

like in the Scheme 1.

Mechanical Properties of the Nanocomposites

The mechanical properties of the nanocomposites with different

amount of clay loading were given in the Table I. The interest-

ing results in this study were the achievement of excellent

toughness and high flexibility of the nanocomposites. The

toughness of the nanocomposites as determined by integrating

the stress–strain curves was sharply increased with the increase

of amount of clay and thus the nanocomposites behave like

Figure 4. (a) TEM and (b) SEM images of MNC3. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table I. Performance of the Nanocomposites

Properties MNC0 MNC1 MNC3 MNC5 BNC3 SBEe

Curing time at 100�C (min) 80 70 55 45 90 75

Swelling value (%) at 25�C 22 19 21 22 34 21

Tensile strength (MPa) 38.5 6 1 46 6 2 57 6 4 41 6 1 17.5 6 2 38 6 1

Elongation at break (%) 16.5 6 1 33.5 6 2 43 6 1.5 54 6 3 55 6 4 5 6 0.5

Toughness 252 6 12 897 6 8 1804 6 14 1626 6 17 827 6 7 143 6 8

Impact resistancea (cm) >100 >100 >100 >100 95 65

Scratch hardnessb (kg) 9.0 >10.0 >10.0 >10.0 8.5 7.0

Bending diac (mm) <1 <1 <1 <1 <1 >4

Adhesive strengthd (W-W) (MPa) 2680 6 30 4348 6 20 4393 6 40 4414 6 15 3422 6 40 944 6 12

Adhesive strength (M-M) (MPa) 2662 6 15 6698 6 18 6748 6 12 6740 6 16 3658 6 22 822 6 9

a The limit of the impact strength was 100 cm (highest).
b The limit of the scratch hardness was 10.0 kg (highest).
c The limit of the mandrel diameter was 1 mm (lowest).
d In all the nanocomposites wood substrate was failed.
e The data for standard bisphenol-A based epoxy thermoset are reproduced from our earlier work just for comparison purpose for better
understanding.4,34
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ductile materials. This is the combined effects of the flexible

hydrocarbon chains of the aliphatic poly(amido-amine), the

modifying agent; different flexible moieties of hyperbranched

epoxy, and the long chain hydrocarbon part of the fatty acid of

poly(amido-amine) hardener with the aromatic rigid moiety

and clay platelets. The plasticizing effect of these flexible moi-

eties has definite role for the above results. Again, both hyper-

branched epoxy and poly(amido-amine) help to increase the

free volume between the molecules because of the steric

effect.1,33 It is also possible that clay platelets act as both physi-

cal and chemical crosslinkers (Scheme 1).20 Both platelet

motion and long range intercalations through physical cross-

links are potential candidates for the observed toughening

of hyperbranched epoxy. The elongation at break was sharply

increased with the increase of the amount of clay loading

(Figure 5). It has been proposed that the increased elongation

at break of polymer–clay nanocomposites may result from the

mobility of exfoliated clay platelets, which provides a mode for

Scheme 1. Different physicochemical interactions of modified clay with hyperbranched epoxy and hardener based on the H–T aligned parallel model.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. (a) Stress–strain profiles of pristine hyperbranched epoxy thermoset and nanocomposites, (b) plots of tensile modulus of predicted and experi-

mental values of nanocomposites. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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energy dissipation.20 The tensile strength value of the hyper-

branched epoxy thermoset was increased on incorporation of

clay up to 3 wt % of loading, though the same was almost

remained unchanged at 5 wt % loading. This is due to the

agglomeration of clay particles in the polymer matrix at high

loading. The impact strength and scratch hardness were also

very high for the nanocomposites. The nanocomposites were

exhibited high flexibility as they bent up to the lowest diameter

of a mandrel (1 mm) or 180� without any damage or fracture

for the same reason. As both the nanocomposites and the pris-

tine epoxy were reached the highest limit of the instrument of

the impact resistance (100 cm) and flexibility (1 mm), the

enhancement of these values could not determine. The nano-

composites were also reached the highest limit of the instru-

ment of the scratch hardness value (10.0 kg). To account the

polymer–filler interactions and for prediction of the modulus of

the nanocomposites Guth generalized Einstein equation and

Halpin–Tsai (H–T) random and aligned parallel mechanical

models were used [Figure 5(b)]. The experimental modulus val-

ues of the nanocomposites were matched with the Halpin–Tsai

(H–T) aligned parallel mechanical model [Figure 5(b) and

Table II] at low amount of clay content (1 and 3 wt %). How-

ever, at high amount of clay content (5 wt %) the experimental

modulus value was deviated from this model. This is due to the

aggregation of clay platelet in the matrix at high amount of clay

content. But at high amount of clay content (5 wt %) the

experimental modulus value was matched with the Guth model

[Figure 5(b)]. This is due to the fact that the Guth model only

considered electrostatic and van der Walls interactions (physical

interactions) between the fillers and the matrix.26 However as in

MNC1 and MNC3 both physical and chemical interactions are

present their experimental modulus values are much higher

compared to the Guth model (Table II).

Adhesive Strength of the Nanocomposites

Two fold improvement in adhesive strength with both wood–

wood (W–W) and metal–metal (M–M) substrates was found

after formation of nanocomposites (Table I). This is due to the

presence of highly polar oxygen and nitrogen containing groups

of epoxy, hardener, and clay, which help to generate strong

interaction with the cellulosic wood substrates. The branched

architecture of hyperbranched epoxy, poly(amido-amine), and

clay nanoparticles also help to physical interlocking with the

metal substrates. The diffusion of clay dispersed hyperbranched

epoxy and hardener into the metal substrates helps to strong

physical interlocking.

Thermal Stability

Slight increment in thermal stability and weight residue was

observed in the TGA thermograms [Figure 3(b)] after formation

of nanocomposites. This is due to the presence of large numbers

of aliphatic moieties of hyperbranched epoxy, hardener and ali-

phatic poly(amido-amine). Only different physicochemical

interactions of the matrix and the modifying agent with the

clay platelets slightly improve the thermal stability. However,

the weight residues of nanocomposites were increased due to

the presence of clay platelets, which are thermostable at 700�C.

Performance of Hyperbranched Epoxy/Unmodified Bentonite

Nanocomposite and Standard Bisphenol-A Based Epoxy

Thermoset

The nanocomposite of hyperbranched epoxy with 3 wt % of

unmodified bentonite clay was also prepared by using the same

procedure and coded as BNC3. But due to the very poor inter-

actions, the clay particles were separated out from the hyper-

branched epoxy matrix and thus exhibited low performance

(Table I). This is due to the hydrophilic nature of the unmodi-

fied clay resulted high moisture absorption and less compatibil-

ity with the epoxy matrix and thus they agglomerate inside the

matrix. Performance of the hyperbranched epoxy and the nano-

composite thermosets are also compared with the standard

bisphenol-A based epoxy cured by the same poly(amido-amine)

hardener (SBE) as reported earlier.4,34 Table I clearly indicates

better performance of hyperbranched epoxy thermoset than the

SBE. MNC3 showed the highest performance among the studied

nanocomposites with 12.6- and 8-folds greater toughness and

elongation at break, respectively than SBE. It also exhibited 50

and 700% higher tensile strength and adhesive strength, respec-

tively, than SBE.

CONCLUSIONS

An outstanding tough and flexible hyperbranched epoxy and

aliphatic poly(amido-amine) modified bentonite based thermo-

setting nanocomposite with high elongation at break and adhe-

sive strength was demonstrated. A significant improvement in

toughness was observed from the area under the stress–strain

curve. The simultaneous increment in tensile strength and elon-

gation at break resulted in ductility of the nanocomposites and

is a commendable achievement, which was not found so far.

Thus this study may provide a new insight into the epoxy/clay

nanocomposites for their future exploration. The unique char-

acters like high strength, toughness, and ductility render the

nanocomposites as highly potential materials for engineering

applications.
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Table II. Predicted and Experimental Modulus Values (Mpa)

Mechanical models MNC0 MNC1 MNC3 MNC5

Guth generalized
Einstein equation

329 428 630 834

Halpin–Tsai random
model

329 413 586 637

Halpin–Tsai aligned
parallel model

329 546 991 1111

Experimental valuea 329 568 987 807

a Calculated from stress–strain curve.
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