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CHAPTER 1

INTRODUCTION

1.1 Importance of Polymers Composites

Polymer composites have gained enormous importance in numerous applications like air-

craft, automobile, sport, food, construction, fuel, and marine industries where strength and

weight are major concerns. They are being used in wide range of applications due to their

light weight, cost effectiveness, superior mechanical, barrier properties and resistance to

chemicals when they are reinforced with materials called as fillers. It was found that when

polymer composites were reinforced with fillers the strength of the composite improves

from 20% to 200% depending on the kind of filler used [1].

These reinforcements can be either micro fillers or nano fillers. Some of the reinforce-

ments are nylon 6 fibers [2–4], carbon fibers [5, 6], alumina particles [7–9], clay parti-

cles [10–15], Polyhedral Oligomeric Selsesquioxane (POSS) particles [16–18], core shell

rubber particles [19], and carbon nanotubes [20–26].

Among all the above reinforcements, nanoclay is being widely used due to its sheet

like structure (which helps in load transfer in resin), high stiffness, high aspect ratio, cost

effectiveness, and provides superior mechanical, thermal, and barrier properties at low lev-

els of loading when compared to neat resins. Due to less density and more number of

the clay particles the polymer nanocomposites are light in weight compared to the tradi-

tional polymer composite materials that typically have a volume percentage of filler ranging

from 30-60% [27]. In this work we try to study the mechanical and thermal properties of

epoxy-clay nanocomposites when commercially available clays were subjected to excess

surfactant removal.
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1.1.1 Clay

Clay is a montmorillonite mineral belonging to the smectite family, obtained from the vol-

canic eruptions of bentonite. Clay structure has two tetrahedral rings sandwiching an oc-

tahedral ring which can also referred as 2:1. The octahedral ring is made up of aluminum

oxide layer that has aluminum and magnesium ions inside the complex.

Hydroxyl	  group	   Aluminum	  ions	   Magnesium	  ions	  

Tetrahedral	  
	  group	  

Octahedral	  	  
group	  

Tetrahedral	  
	  group	  

Silicon	  

Figure 1.1: Structure of Montmorillonite

Due to the isomorphic substitutions between these aluminum and magnesium metal

ions there is a negative valence created which is balanced by the sodium ion located on

the clay surface. The clay platelets are stacked parallel (as observed in the figure 1.2) and

separated by van der Waals forces and electrostatic forces. Fig. 1.2 clearly shows the clay

platelets placed parallel to each other and separated by a certain distance. Clays deliver
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idth

Figure 1.2: Clay platelet structure

high strength and stiffness due to their high aspect ratio which is the ratio of the square root

of surface area of the platelet to the thickness (0.97nm). The d–spacing, thickness, length

and width of the clay platelet are shown above. The d–spacing which is defined as basal

spacing is the sum of the thickness of clay platelet and distance between two subsequent

clay platelets [1].

1.1.2 Literature on polymer clay nanocomposites

It was discovered by Toyota that, incorporating low volume fractions of clay (such as 2%)

with nylon fibers, improved the strength, modulus, and heat distortion temperature of the

composite [28]. Leite et. al. [29] worked with nylon fibers using clays which were treated

with various ammonium salts. It was observed that the mechanical properties of the nylon-

clay nanocomposite were improved compared to that of neat nylon polymer. Also it was

noticed that the clay compatibility improved with polymer matrix providing an exfoliated

structure that was shown as an improvement in the tensile modulus and yield strength with

reduction in elongation. Weon and Sue [30], studied the effects of clay orientation and

3



aspect ratio, on mechanical properties of nylon 6 nanocomposites. It was noticed that with

the reduction in the aspect ratio the modulus, strength, and heat distortion temperature were

reduced but an improvement was found in the fracture toughness and ductility.

Han et. al. [31], also worked on the treatment of organoclays with different ammonium

acids and studied the effect of treatment on the mechanical properties of the nylon 6–clay

nanocomposites. Lai and Kim [32] modified the surface of clay using epoxy and found

an improvement in the d–spacing, thermal stability, mechanical properties, and gas-barrier

characteristics of the poly ethylene terephthalate-co-ethylene napthalate (PETN) nanocom-

posites. Here the epoxy acted as a compatibilizer and chain extender in improving the in-

teractions between the clay-resin and restricting the mobility of the molecular chain in the

vicinity of the clay particles. This treatment showed a comparative improvement of strength

and modulus of the composite. Shah and Paul [33], fabricated nylon 6-clay nanocomposites

using melt mixing master-batch process technique to study the physical properties of low

molecular weight nylon 6 nanocomposites in comparison to High Molecular Weight nylon

6 nanocomposites. It was observed that the clay introduction plays a key role in reducing

the melt viscosity of the mixture and does not affect the performance of low molecular

weight nylon 6 nanocomposites compared to the High Molecular Weight nanocomposites.

Clays are extensively used as a reinforcing agents in epoxies, elastomers, thermoplastic

resins to improve mechanical properties like toughness, strength, and modulus [33-44]. Re-

searchers reported that the addition of clay results in improved quasi-static fracture tough-

ness [34], flexure modulus [35], elastic modulus [35], storage modulus [35], glass transition

temperature [35,36], and reduced flexure strength as well as impact fracture toughness [34].

Zunjarrao et. al. [37] reported an improvement in the fracture toughness and flexure mod-

ulus when clay volume was increased in nanocomposites. Composites were synthesized

using high speed shear mixing and ultrasonic mixing and the maximum improvement was

observed for composites made out of shear mixing. Abot et. al. [38] observed that when

clay was added to glass-epoxy composites, the elastic modulus of the system improved at

4



the expense of tensile strength and ductility along with reduction in glass transition tem-

perature (Tg).

Researchers found a reduction in the moisture uptake of epoxy–clay nanocompos-

ites [39]. Zainuddin et. al. [40] worked on the water moisture uptake and variation in

the mechanical properties with clay addition. It was noticed that the epoxy samples rein-

forced with clay displayed a great reduction in moisture intake. It is generally believed that

the mechanical properties differ for a certain polymer nanocomposite due to the disparity

in the surfactants or the curing agents that were used and the extent of curing of the com-

posite. Sharma [41] reported 95% enhancement in the tensile strength, 152% increase in

the tensile modulus, 87◦C improvement in the thermal degradation temperature and 4◦C

improvement in the melting point with the surface modification of clay in polypropylene

nanocomposites.

1.1.3 Dispersion of clay in polymer resins

The dispersion of clay in polymers (which are hydrophobic in nature) is a cumbersome

process due to the hydrophilic nature of clay. The properties of a nanocomposite are gov-

erned by the extent of dispersion of the clay in the resin. Dispersion governs the properties

of a composite material. Greater the dispersion, greater will be the contact area of the clay

surface with the resin which enhances the load transferring capacity of composites there

by increasing the mechanical, thermal and barrier properties. A lot of work was done by

researchers in dispersing the clay in resin to achieve optimum properties. Zunjarao et.

al. [37] found that with change in the processing parameters and clay volume fraction the

mechanical properties of composites varied. Ngo et. al. [42] reported that the temperature,

duration and speed of pre-mixing show an indirect effect on the formation of intercalated

and exfoliated composites during the curing process. Generally dispersion is classified in

to three terms: phase separation, intercalation, and exfoliation. Dispersion of clay in resin

governs the properties of a composite. Phase separation or agglomeration is breaking of

5



Clay stack

Polymer molecule

Segregated Particles

During Mixing After Mixing

Figure 1.3: Agglomeration mechanism

clay tactoids or stacks in the resin with the tactoids having no monomer particle present

in Fig. 1.3. Intercalation is breaking of clay stacks into groups of smaller stacks with gal-

leries having monomer molecules shown in Fig 1.4. Exfoliation is the separation of the

clay platelets into individual platelets in the polymer resin shown in fig 1.5 and it gives the

best mechanical and barrier properties [1] .

Due to the hydrophillic nature of clay and hydrophobic nature of polymer its hard to

develop an interaction between them. In order to achieve good dispersion the clay surface is

modified with surfactants, which makes the clay galleries attractive for polymer molecules.

The clay surface modification involves the substitution of the sodium ions on the clay walls

with cations of surfactant which was clearly depicted in the fig. 1.6. The amount of cations

exchanged with the sodium ions depends on the cation exchange capacity of the clay.

Modification of clay surface in the industries is done using salts of ammonium and

phosphonium, as they were being widely used. The clays modified by ammonium salts

are termed as ammonium modified clays or organoclays and those modified using phos-
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Clay stack

Polymer molecule

During Mixing After Mixing

Intercalated

Figure 1.4: Intercalation mechanism

Clay stack

Polymer molecule

During Mixing
After Mixing

Exfoliation

Figure 1.5: Exfoliation mechanism
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phonium are called as phosphonium modified clays. Some of the organic surfactants are

dimethyl dehydrogenated tallow quaternary ammonium salt and octadecyl trimethyl amine

and few examples of phosphonium surfactants are ethyl triphenyl phosphonium salts, trib-

utylphosphonium salts [43–46].
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Figure 1.6: Clay modification using surfactant

1.1.4 Literature on excess surfactant

The clay galleries are over-saturated with excessive surfactant in order to modify the sur-

face, during this process some amount of surfactant will be loosely bound or chemically

gets adsorbed to the walls of the clay platelets in fig 1.7. This kind of surfactant is less

stable in nature and decomposes at lower temperatures compared to the ionically bound

surfactant [45]. The degradation of specific clay depends on the corresponding surfactant

present in the clay galleries. Ammonium surfactants have very low thermal degradation

temperature of 160–220◦C whereas phosphonium surfactants have a thermal degradation

temperature around 280–350◦C [46]. Li et. al. [47] stated that the surfactant will be freely

grafted, adsorbed on the surface of the clay platelet. The thermal degradation temperature

of the as-received or free surfactant was less than that of ionically bound clay. Earlier, re-

8



Clay platelets with strongly and loosely bound surfactant

Clay Platelet

Surfactant chain

Loose bound 
surfactant

Figure 1.7: Clay with strong and dangling surfactant chain

searchers worked on the removal of excess surfactants from the clay galleries and studied

the resultant mechanical properties of their nanocomposites.

Cui et. al. [45] worked on the excessive surfactant removal at isothermal conditions

using TGA and found that the thermal degradation temperature of the clay improved with

the removal of the excess surfactant. This improved clay was incorporated in polypropylene

composites for studying the change in the mechanical properties and it was found that

washing did not affect the mechanical properties [48]. Morgan and Harris [49] studied the

effect of removal of excess surfactant on the organoclay using soxhlet extraction process.

It was found that the flexural modulus and dispersion were improved with lowering of heat

release rate and delayed time to ignition of polypropylene nanocomposites. Nawani et.

al. [50] reported a remarkable improvement in the thermal degradation temperature of clay

by removing the dangling surfactant and modifying the clay surface using transition metal

ions.
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Park and Jana [51] reported that the excessive surfactant affected the curing kinetics

of the epoxy-clay composite. It was mentioned that the excessive diamine of the curing

agent caused plasticization in the epoxy networks and lowered the values of inter-gallery

modulus. Carrasco and Pages [52] using TGA and FTIR studies found that, addition of

nanoclay accelerates the curing rate of the composite. The collisions of the resin molecules

within the galleries were less as they there were protected by the galleries against thermal

degradation compared to those outside the galleries. While, researchers have investigated

the effect of washing on the impact and tensile properties, there is no information avail-

able regarding the effect of washing on the quasi-static fracture toughness of polymer-clay

composites which is the primary focus of this study.
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CHAPTER 2

MATERIALS

2.1 Materials & Methods

We are interested in comprehending the behavior of a resin (matrix) system, when rein-

forced with washed (thermally improved clay) clay. The resin chosen for this work is

Epon 862 (Hexion speciality chemical, Columbus, OH, USA). The reason for choosing

this particular epoxy resin is because, it is a well-understood resin in DGEB-F system

and provides superior mechanical properties at lower viscosities. A low viscosity aliphatic

amine Epikure 3274 (Hexion speciality chemical, Columbus, OH, USA) wa used as a cur-

ing agent.

Commercially available clays such as, Cloisite 20A (Southern Clay Products, Gonzales

TX, USA) having average particle of 2-13 µm and Nanomer I.28E (having an aspect ratio

of 75-120) which are montmorillonites having an average particle size of 8-10 µm mod-

ified with dimethyl dehydrogenated ditallow quaternary ammonium salts and quaternary

trimethylstearyl ammonium salts respectively were used. The above clays were chosen due

to their resistance to high temperature and compatibility with the resin. Researchers [53]

stated that the cation exchange sites for the Cloisite Na+ MMT were less when compared

to the Na+ PGW of Nanocor. However, the ion exchange of the Cloisite clays were of the

order 110-150% whereas of the Nanocor clays was 93%. They reported that by studying

the weight % of organic part in the clay i.e., Cloisite clays was greater than Nanocor clay

which means that the Cation Exchange Capacity of Cloisite clays (110–115% ion exchange

which indicates the overloading of surfactant) was higher compared to Nanocor clays (93-

95% degree of ion-exchange). However when taken to the cation exchange capacity of
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their respective clay, both of the clays are having same amount of surfactant.

Methanol (VWR International, West Chester, Pennsylvania, USA) was used as a solvent

for washing clay and silver nitrate (VWR International, West Chester, Pennsylvania, USA)

was used for detection of surfactant in the filtrate. Magnetic stirrer (VWR International,

Ceramic top, Volts 120VAC, Watts 900, Frequency 50/60 Hz, Heat 0–500◦C, and @ 01600

rpm, USA) was used for mixing the clay in epoxy. A high speed shear disperser (T-25

ULTRA TURRAX with SV 25 KV25 F dispersing element, IKA Works Inc., Wilmington,

North Carolina, USA) was used for post mixing the epoxy with clay. Filter paper (VWR

International, West Chester, Pennsylvania, USA) having a refining size up to 5µm was used

for filtering the clay from methanol.

Details Resin Curing Agent

Name Epon 862 Epikure 2374

Chemical nature Di–glycidyl ether of bisphenol–F (DGEB–F) Low viscosity Aliphatic amine

Curing cycle Pre-curing: 24 hrs at room temperature Post-curing: 6 hrs at 121◦C

Stress Intensity 1.1 MPam1/2 –

Density 1.17 gm/cc –

Table 2.1: Table showing properties of resin and curing agent

2.1.1 Washing of clay

Lagaly and Malberg [54] reported that disarticulation of pure clay is very easier in water

due to the hydrophobicization of the clay surface. They added that organoclay disaggre-

gation increases in the order of cyclohexanes (having no disarticulation), alcohols, cyclo-

hexanones (ketones), formamides and reaches the highest degree with nitrobenzene. Tran

et. al. [55], from a detailed study noticed that the dispersion of organoclays is more in the

RnOH alcohols with n more than 4. This explained that alcohols technically with lower
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Details Cloisite 20A Nanomer I.28E

Manufacturer Southern Clay Products Nanocor Industries

Surfactant 2DM 2HT Trimethyl stearyl

Avg particle size 2-13µm 8-10µm

Color Slight yellow White

Base clay Na+ Na PWG

Table 2.2: Table showing details of both the clays used in the work

2DM2HT – Dimethyl dihydrogenated tallow quaternary ammonium salt

chain (e.g. methanol, ethanol, propanol, butanol) cannot disperse the clay particles due to

more polarity and hydrogen bonding which reduces subsequently with the increase in the

chain size.

Earlier, it was reported [45] that washing of clay using methanol was an effective tech-

nique to remove the loosely bound surfactant. The previous studies led us to choose

methanol as a solvent for this study. Three grams of clay was added to 50 grams of

methanol and stirred at 700 rpm for 1 hour on a magnetic stirrer and the solution was

allowed to settle down for 10–15 minutes as shown in Fig. 2.1 a., b. The top clear solution

of the methanol was filtered using a vacuum filtering setup (fig. 2) and fresh methanol was

added to the mixture and this process was repeated three times [45].

2.1.2 Sample fabrication of as-received and washed clay with epoxy resin

A required amount of epoxy resin was pre-heated to 65◦C in order to make it less viscous

and desired weight fraction of clay was added to the epoxy and stirred for 12 hours at

65◦C using magnetic stirrer followed by shear mixing adopting the same working param-

eters as reported by researchers [37]. It was found that shear mixing technique resulted

in exfoliation and higher mechanical properties when compared to the ultrasonic mixing
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using the same resin. The disparity between the two studies was due to the different sur-

factant in the clay. This mixing will induce huge amount of air bubbles in the resin which

were removed through continuous degassing overnight. Curing agent was added to the

resin in a proportion of 100:40 and hand mixed for 10 minutes followed by degassing to

remove any entrapped air bubbles during mixing process. The epoxy-clay, curing agent

mixture was casted into a 6 x 6 inch aluminum mold with PTFE sheet (Teflon) on its face

and polyurethane strips at the edges. The sample fabrication procedure was same for the

washed clay epoxy composites. The samples for testing were machined using high speed

table saw cutter, for fracture sample the notch was made with the diamond saw cutter hav-

ing a diamond blade.
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(a) Clay washed in methanol using magnetic stirrer

(b) Clay with methanol being filtered using vacuum filtering

Figure 2.1: Washing Process
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CHAPTER 3

EXPERIMENTAL

3.1 Silver Nitrate Test

Silver nitrate was used to detect the presence of the surfactant. The methanol was filtered

from the clay-methanol mixture in three stages and further added to silver nitrate. This

addition of silver nitrate yields a precipitate from the methanol mixture.

3.2 Thermal Characterization

Thermo-Gravimetric Analysis was carried out to study the degradation pattern of both as-

received and washed clays along with those of reinforced into resin. The temperature

protocol was from 40-700◦C with a ramp rate of 10◦C/min. The thermal degradation graphs

of the clays and their corresponding resins were studied using Mettler-Toledo instruments.

3.3 X-Ray Diffractometry

X-Ray Diffraction was carried out to measure the dispersion of clay in the polymers as

shown in Fig. 3.1. Diffraction was performed in reflection using 0.3 mm collimator and Hi-

Star 2D area detector on a Bruker D8 Discover diffractometer under Cu-Kα, 40 kV/40mA

with a fixed incident angle of 5. Exposures were 60 s/frame under XY stage oscillation with

0.5 mm amplitude. The X-Ray diffractometer used for this work was a Wide angle X-ray

machine (WAXD) with copper light source having a wavelength of λ=0.154 nm, operated

at a voltage of 40KV and 40mA.
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Figure 3.1: XRD carried out on a sample

3.4 Mechanical Property Characterization

3.4.1 Fracture toughness

Fracture toughness testing was carried out as per the ASTM 5045, also called as Single

Edge Notch Bend test [56]. The samples were quasi-statically loaded by a universal testing

machine at a loading rate of 0.5 mm/min with a span length of 2.0 inches. An overhanging

length of 2.54 mm was retained on both the sides, as shown in Fig. 3.2. The dimensions

of the samples were 54.00mm x 12.70mm x 6.35mm. A notch was cut using a high speed

diamond saw cutter (MK-370, MK Diamond Products Inc., Torrance, California, USA) and

the starter crack was introduced using a sharp razor blade. The length of the crack was mea-

sured with the use of an optical microscope, which has a traveling plate with graduations.

The fracture toughness was calculated using the formula as shown in the below equation :

f(
a

W
) =

3 S
W

√
a
W

2(1 + 2 a
W
)(1− a

W
)
3
2

× [1.99−( a
W

)(1− a

W
)(2.15−3.93 a

W
+2.7(

a

W
)2)] (3.1)

Where, a = crack length, (in), KIc = stress intensity factor, (MPa
√
m), Pmax = maximum
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Figure 3.2: Fracture test carried on a specimen

load taken by the composite, (N), B = thickness of the specimen, (in), W = width of the

specimen, (in) and f( a
W
) = geometric stress intensity factor.

3.4.2 Flexure test

Three-point bend test as per ASTM D 790–07 was conducted to determine flexural prop-

erties of structural laminates such as maximum flexural strength and flexural modulus.

Samples with dimensions, support span-to-depth ratio 16:1 were cut using table saw cutter

and polished further considering the overhang length of 10 percentage of the support span.

But in any case a minimum of one-fourth inch of overhang distance should be maintained

as shown in fig. 3.3. The dimensions of the sample were 53.3mm x 12.7mm x 3.175mm,

tested at a loading rate of 0.2 mm/min [57].

The finished samples are then placed in the 3 point bend test setup and the upper nose

is set to touch exactly at the top of the specimen surface. Finally the load was applied with

a particular rate of cross head motion which was obtained from the following formula:

R =
ZL2

6d
(3.2)

where R = rate of crosshead motion, mm (in.)/min, L = support span, mm (in.), d
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Figure 3.3: Flexure test carried on universal testing machine

= depth of beam, mm (in.), and Z = rate of straining of the outer fiber, mm/mm/min

(in./in./min). Z ' 0.01

The load versus displacement was measured and a graph was drawn using the points

obtained throughout the specimen testing. For determining maximum flexural strength,

the maximum load obtained in the graph was considered. The following formula gives the

maximum flexural strength of a specimen when subjected to a three point bending moment.

σfmax =
3PmaxL

2bd2
(3.3)

where, σ = stress in the outer fibers at midpoint, MPa (psi), Pmax = maximum load

obtained in the load-deflection curve, N (lbf), L = support span, mm (in.), b = width of

beam tested, mm (in.) and d = depth of beam tested, mm (in.)

The flexural modulus of the specimen is the ratio of flexural stress to corresponding

flexural strain when considered within the elastic limit. It was calculated using the follow-

ing general formula, where the slope m, was found by considering the steepest initial line

on the load deflection curve.

EB =
L3m

4bd3
(3.4)
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where, EB = modulus of elasticity in bending, MPa (psi), L = support span, mm (in.),

b = width of beam tested, mm (in.), d = depth of beam tested, mm (in.), and m = slope of

the tangent to the initial straight-line.

3.5 Scanning Electron Microscope imaging

The morphology of the fractured samples were analyzed using the Scanning electron mi-

croscope (SEM) of (Hitachi S-4800 FESEM, Dallas, TX). The samples since being non

conductive were sputtered using the gold-palladium alloy metal before any imaging was

done. The sputtered samples were used for further imaging.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Silver Nitrate Test

The removal of surfactant was confirmed by performing silver nitrate test. When AgNO3

was added to the filtrate containing trapped chloride ions of the surfactant a white precipi-

tate results due to the reaction between Ag+ and Cl− ions. When the filtrate obtained after

the washes was treated with AgNO3, a white precipitate appears confirming the removal of

surfactant from the clay.

C 20A: When pure methanol was added to 5 grams of silver nitrate solution no pre-

cipitate was observed as expected, however a white precipitate was observed when it was

added to the filtrate obtained on washing with methanol for three times. This white precip-

itate confirms the loss of free surfactant, this was further confirmed from the TGA curves

discussed later in this work.

I.28E: After the first wash of the clay, the color of the solution changed to slight white,

forming a precipitate. With the subsequent washing of the clay, the precipitate formation

was reduced. There was no appreciable change in the solution after the third wash. This

shows that most of the excess surfactant has been removed during the first three washes.

4.2 Thermal Characterization of Clay and Their Epoxy Nanocomposites

Thermo-gravimetric analysis was carried out to study the degradation pattern of the organ-

oclay and corresponding as-received and washed nanocomposites.
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4.2.1 Thermo-gravimetric analysis of Cloisite 20A and their epoxy composites

Clay when subjected to thermo-gravimetric analysis, showed an improvement in the de-

composition temperature and reduction in the heat release rate with washing. Figure 4.1

shows the degradation pattern of as-received and washed clay. The degradation initiated

at 50◦C and ended at 700◦C. There was a clear shift in the graphs with variation in the

weight% of clay. The end of the curve (around 700◦C) indicated loss of material, which

was attributed to the loosely bound surfactant. The reduction in the weight loss for the as-

received clay was more compared to the washed clay. Washing improved the degradation

temperature by 10–12◦C . From the plots it was clear that the thermal stability of the clay

was improved.

Figure 4.1: TGA of as-received and washed clay

Figure 4.2 shows the DTG curves where we can notice the loose bound surfactant being
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removed during the washing process. A bump was clearly noticed around 230–280◦C for

as-received clay which was due to the presence of loose bound surfactant and not observed

in the washed clay curves. This informs that most of the excess surfactant was driven

out from the clay galleries after the third wash. The initiation of the grafted surfactant

degradation was shown around 300◦C and lasted till 410◦C. This conveys that the excess

surfactant removal causes slight improvement in stability of the clay.

Figure 4.2: First derivative curves of as-received and washed clay

Figure 4.3 shows the mass–loss curves of as-received clay and the washed clay rein-

forced in epoxy resin. There was a slight improvement in the degradation of the washed

epoxy-clay composite. During the initial stages in the case of the methanol washed epoxy-

clay nanocomposites there was relatively more mass-loss compared to the as-received

epoxy-clay nanocomposites. This might be the residual solvent trapping in the clay gal-

leries during washing process. When this residual solvent was degraded it was observed

that the degradation profile improved slightly. However the observed variation in the im-
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provement was very less.

Figure 4.3: TGA curves of as-received and washed clay in resin
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4.2.2 Thermo-gravimetric analysis of Nanomer I.28E clay and their epoxy compos-

ites

Figure 4.4 shows the TGA graph of the as-received clay and clay washed with methanol.

When taken a look at the degradation pathway it can be noticed that there was a shift in the

degradation lines to higher temperatures indicating that for a given temperature the mass

loss was reduced. This implies that the amount of material decomposing at a given tem-

perature was relatively less. The on-set of decomposition temperature was also improved

which can be observed from the nose which falls at a range of 180–240◦C for as-received

clay and 220–280◦C for washed clay. The shift in both the curves at the end-set of decom-

position explained the loss of material which was removed in the form of loose surfactant.

Figure 4.4: TGA of as-received and washed clay
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The first derivative graphs (DTG) in fig. 4.5 shows the degradation pathway. Similar

to the mass loss curves, the washed clay derivative curve displayed a shift from the as-

received clay derivative plot. When carefully observed, there was a small protrusion in the

as-received clay graph (around 180–280◦C), which could not be observed in the methanol

washed clay derivative graph. This was the free surfactant that degrades at a temperature

range of 180–280◦C. There was no significant variation in the maximum degradation tem-

perature. The graphs displayed a complex two-stage degradation pattern which might be

the degradation of the ionically bound surfactant at 320◦C and the end of the total surfactant

degradation at 420◦C.

Figure 4.5: First derivative curves of as-received and washed clay

Figure 4.6 shows the graph for degradation of clay reinforced in epoxy. The nanocom-

posites with as-received clay displayed onset of degradation pattern approximately starting

at 260◦C and the decomposition reached the maximum around 600◦C where the hydroxyl

part will be lost making the structure imbalanced. The degradation curve of the nanocom-
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posite with methanol washed clay was also plotted to study the difference in the degradation

pattern.

During the initial stage of degradation, it was observed that the mass loss in the washed

nanocomposite was more than the as-received nanocomposite from the fig. 4.6. This might

be due to the residual solvent methanol trapped inside the galleries of the clay during the

washing process which degrades during the initial stages which was similarly observed in

the case of 20A epoxy-clay nanocomposites. When this residual solvent was decomposed

a slight improvement in the stability of the graph was observed.

Figure 4.6: TGA curves of as-received and washed clay in resin
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4.3 X-Ray Diffraction Analysis

4.3.1 X-ray analysis of Cloisite 20A clay and their epoxy nanocomposites

Figure 4.7 shows the diffractograms of different clay weight fractions of the nanocompos-

ites. The highest peak in the plot was the characteristic of the as-received clay. There were

prominent peaks observed for 0.25 wt%, 0.5 wt%, 1.0 wt% and 2.0 wt% of epoxy-clay

nanocomposites. These peaks correspond to the partial intercalation of clay in the epoxy-

clay nanocomposites. The d-spacing of the characteristic clay peak was noticed at 2.45nm.

When the clay was reinforced in the resin the d-spacing was improved from 2.45 nm to

3.39 nm (for 2.0 wt%) and 3.52 nm (for 0.25 wt%, 0.5 wt%, 1.0 wt%). Table 4.1 shows the

XRD data for the as-received clay and nanocomposites.

Figure 4.7: XRD curves of as-received clay and their respective nanocomposites
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Weight % of clay (2θ) (001) (2θ) (002) d(nm) (001) d(nm) (002)

As-received clay 3.6 7.2 2.65 1.22

0.25 2.5 – 3.52 –

0.5 2.5 – 3.52 –

1.0 2.5 – 3.52 –

2.0 2.6 – 3.39 –

Table 4.1: XRD data for the as-received clay nanocomposites

The diffractograms for the washed 20A clay were shown in the fig. 4.8. There was a

reduction in the d-spacing of the washed clay as expected due to the removal of lose bound

surfactant from the galleries. The peak was observed around 4.1o which has a d-spacing

of 2.2 nm. The clay loaded nanocomposites displayed an improvement in the d-spacing

of 3.39 nm (for 2.0 wt%) and 3.52 nm (0.25wt% and 1.0 wt%). The 0.5 wt% clay loaded

nanocomposite did not show any presence of peaks indicating a disordering of the clay

stacks in the resin. Table. 4.2 shows the XRD data for the methanol washed clay and their

corresponding epoxy nanocomposites.

Weight % of clay (2θ) (001) (2θ) (002) d(nm) (001) d(nm) (002)

Methanol washed clay 4.1 7.6 2.2 1.16

0.25 2.5 – 3.52 –

0.5 Nill – – –

1.0 2.5 – 3.52 –

2.0 2.6 – 3.39 –

Table 4.2: XRD data for the methanol washed clay nanocomposites
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Figure 4.8: XRD curves of washed clay and their respective nanocomposites
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4.3.2 X-ray analysis of Nanomer I.28E and their epoxy nanocomposites

The XRD plots 4.9 and 4.10 of the as-received and washed clay were informative in regards

to the ordered clay peaks which were formed as a result of the shear mixing process. The

neat resin did not exhibit any peaks. The as-received clay displayed peak at 3.8◦ which

corresponds to a d-spacing of 2.32 nm. The peak related to 0.5 wt% clay composite indi-

cated a reduction in the d-spacing. The resin loaded with 1.0 wt% clay exhibited a peak at

2.5◦ corresponding to the basal plane (001) with a d-spacing of 3.52 nm and also a peak

at 4.8◦ for (002) basal plane having a d-spacing of 1.84 nm indicating agglomeration. The

2.0wt% clay nanocomposite did not display the primary peak but exhibited a peak at 4.8◦

which was caused due to the agglomeration of the clay. Table 4.3 shows the XRD data for

the as-received epoxy-clay nanocomposites.

Figure 4.9: XRD curves of as-received clay and their respective nanocomposites
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Weight % of clay (2θ) (001) (2θ) (002) d(nm) (001) d(nm) (002)

As-received clay 3.6 2.45 –

0.25 2.5 – 3.52 –

0.5 3.4 – 2.59 –

1.0 2.5 4.8 3.52 1.84

2.0 – 4.8 – 1.84

Table 4.3: XRD data for the as-received clay nanocomposites

XRD of the washed clays was plotted in the Fig. 4.10. The characteristic peak of

28E clay shifts to higher angles indicating a reduction in the gallery spacing. This was

evident from the fact that removal of free (unexchanged) surfactant reduced the d-spacing

pushing the galleries closer. Nanocomposites fabricated out of 0.25 wt% and 0.5 wt%

clay were observed to have the peak at 2.4◦ which corresponds to a d-spacing of 3.59 nm.

Unlikely, the peak of 1.0 wt% clay nanocomposite was shifted right indicating an increment

in the angle 2.6◦ (d-spacing of 3.39 nm) and reduction in the d-spacing. The 2.0 wt% clay

nanocomposites showed a peak at 2.5◦ with a d-spacing of 3.52 nm. Nanocomposites

fabricated out of 1.0 wt% and 2.0 wt% clay displayed secondary peaks which were due to

the result of agglomeration. This might be due to the very less or no free surfactant, which

drives the monomer molecules into the clay galleries. Table 4.4 shows the XRD data for

the methanol washed clay and nanocomposites.

Xidas and Triantafyllidis [53] studied the effect of surfactant type and clay structure

on the thermal and mechanical properties of glassy, rubbery-epoxy nanocomposites. It

was realized that the interactions between the epoxy and clay depend on the kind of kind

of surfactant. They observed that the primary ammonium surfactants formed exfoliated

nanocomposite structures while the quaternary ammonium clays formed exfoliated struc-

tures with glass epoxy. This was similarly reflected in this current work with the formation

of intercalated nanocomposites.
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Figure 4.10: XRD curves of washed clay and their respective nanocomposites

Weight % of clay (2θ) (001) (2θ) (002) d(nm) (001) d(nm) (002)

Methanol washed clay 4.1 7.6 2.2 1.16

0.25 2.4 – 3.59 –

0.5 2.4 – 3.59 –

1.0 2.6 – 3.39 –

2.0 2.5 – 3.52 –

Table 4.4: XRD data for the methanol washed clay nanocomposites
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4.4 Mechanical Characterization

Figure 4.11 shows the load displacement plots obtained during the testing of fracture spec-

imens using single end notch beam specimens of epoxy-clay nanocomposites. The plots

show the specimens having closer pre-crack length to width ratios for comparison. The

neat epoxy displays a brittle failure upon reaching the critical load. However, the trend of

the specimens loaded with clay was completely different. We can notice a gradual reduc-

tion in the load after reaching the peak load. The peak curves suggest toughening taking

place due to addition of clay in the epoxy.

Figure 4.11: Load-Displacement plots of I.28E as-received clay-epoxy fractured specimens

with varying weight % of clay in the resin
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4.4.1 Fracture toughness K1C of Cloisite 20A clay-epoxy nanocomposites

The specimens were loaded quasi-statically till the specimen showed a failure. The fracture

toughness of the composites improved with the addition of clay. A diminutive increase in

the toughness for 1.0 wt% with respect to 0.5 wt% for as-received epoxy nanocomposites,

this might be due to difference in the scattering densities of clay particles in the polymer.

The composite with 2.0 wt% of clay exhibited improved toughness for as-received clay.

The methanol washed epoxy-clay nanocomposites also exhibited an improvement in the

toughness with the addition of clay.

As-received and methanol washed clay epoxy composites displayed a similar trend in

the fracture behavior for 0.25 wt% of clay loading. With further loading there was a very

diminutive improvement in the fracture toughness of washed epoxy-clay nanocomposites

for 1.0wt% and 2.0 wt% clay loading, as compared to as-received epoxy-clay nanocom-

posites. There was no substantial improvement in the toughness of the composites with

washing. This suggests that in the case of Cloisite 20A epoxy nanocomposites washing of

excess surfactant was not showing any effect on the fracture toughness.

4.4.2 Fracture toughness K1C of Nanomer I.28E clay-epoxy nanocomposites

Figgure 4.12 shows the variation of stress intensity factor with respect to the cay weight %

for I.28E clay. The curves were plotted for the as-received and washed clay nanocomposite

specimens. The stress intensity of the as-received clay nanocomposites increased with

addition of 1.0 wt% of clay and reduced with further addition of 2.0 wt% of clay. The

reduction in the toughness was attributed to the formation of clay aggregates which acts as

areas of stress concentration and reduces the properties.

The epoxy composites made with washed clay showed a similar trend in the fracture

behavior. The toughness was improved with the addition of clay. The composites having

0.5 wt%, 1.0 wt% and 2.0 wt% displayed similar fracture toughness. The reason for no

greater improvement in the toughness for 0.5 wt%, 1.0 wt% and 2.0 wt% loaded nanocom-
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Figure 4.12: Fracture toughness of as-received and washed clay
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posites was due to the agglomerates formed during the mixing process. Looking into the

plots with error bars, we can conclude that clay washing did not greatly change the fracture

properties of the epoxy composites reinforced with 28E washed clay.

Figure 4.13: Fracture toughness of as-received and washed clay

4.4.3 Flexure testing of Cloisite 20A clay-epoxy nanocomposites

Figure 4.13 shown below was plotted for the weight % of clay and flexure modulus of as-

received and washed clay epoxy nanocomposites. There was an improvement in the mod-

ulus with increased clay loading till 1.0 wt% and a reduction in the modulus was noticed

with the further addition of 2.0 wt% of as-received clay. This was due to the formation

of isolated clay aggregates. The difference between the modulus of the as-received and

washed samples were diminutive and no substantial variation can be observed due to the

large scatter of data. A similar behavior in tensile modulus was observed for the composites
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made of as-received and washed clays by Cui et. al. [48]. The plot 4.14 shows the data of

Figure 4.14: Modulus of as-received and washed clay

flexural strength for unwashed and washed clays. The strength of the both clays remained

almost similar to each other.

4.4.4 Flexure testing of Nanomer I.28E epoxy-clay nanocomposites

The graph 4.15 shows the trend for the variation of flexure modulus of as-received and

washed clay reinforced composites. The samples displayed an improvement in the modulus

for increasing clay content till 1.0wt% and no further improvement in the modulus was

found for 2.0 wt% clay loaded epoxy nanocomposites.

With the incorporation of washed clay in epoxy resin a slight or diminutive reduc-

tion in the toughness was observed for 1.0 wt% and 2.0 wt% clay (both remained almost
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Figure 4.15: Strength of as-received and washed clay
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similar) loaded epoxy composites with respect to the as-received epoxy-clay nanocom-

posites. Figure. 4.17 shows the relation between weight % of clay and flexure strength

Figure 4.16: Modulus of as-received and washed clay

of the nanocomposite. The strength of the composite increased with the incorporation of

the washed clays till 1.0 wt% and reduced due to agglomeration with further addition of

clay (as per the XRD data). The as-received clay nanocomposites displayed a reduction in

the strength for 0.25 wt% and 0.5wt% loaded nanocomposite while an improvement was

noticed for the 2.0wt% clay. This variation was again diminutive.
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Figure 4.17: Strength of as-received and washed clay
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4.5 Scanning Electron Microscopy

4.5.1 Fracture morphology of Cloisite 20A clay and their epoxy nanocomposites

The scanning electron microscopy was carried to study the morphology of the fractured

specimens. Nanocomposites fabricated with as-received clay were studied. The fig. 4.18 a.

b. shows the image of a neat epoxy sample with a brittle failure at the surface. The fig. 4.18

a. shows the starter crack zone and the beginning of delamination zone. The fig. b. shows

the image of the center portion of crack. This displayed a wave pattern which was due

to the stress waves which were generated due to the catastrophic failure due to the brittle

failure of the sample.

The image 4.19 a. displays the surface of the starter crack and the begining of the failure

zone. The area with the starter crack shows a smooth surface followed by a region with

very few rough markings due to the crack bridging by the clay particles. The image 4.19

b. shows the surface of the sample at a distance from the starter crack (mid portion of the

crack). There were increased rivermarkings observed which explains that the clay helped

in improving the toughness of the specimen.

Fig. 4.20 a. shows the failure of 1.0 wt% clay epoxy nanocomposite with a starter

crack. When taken a look at the beginning of the delamination zone, the surface roughness

of the sample was observed. This explains the increased % of clay was preventing the crack

to penetrate through it. Fig. 4.20 b. the fractured surface with increased clay loading of

1.0 weight % displayed an improvement in the toughness. The river-line markings and the

more zigzag path of the cracks shows a very good interaction of clay with the polymer.

The semi-circles in the failure regions shows the way the crack was stopped by the clay

platelets. This was the crack pinning mechanism exhibited by the clay in the composites.
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(a) fracture image showing the starter crack and the

initiation of fracture region

(b) fracture image showing the brittle region with stress

waves

Figure 4.18: Epon 862 neat resin fracture specimen

The fracture morphology of the nanocomposites made of methanol washed clay were

discussed. The nanocomposites with 0.25 wt % methanol washed clay showed a similar

kind of behavior like 0.25wt% as-received clay nanocomposites. Fig. 4.21 a. displays the

morphology of the crack front beginning with a starter crack followed by more surface

roughness.

Fig. 4.21 b. shows the morphology of the fractured sample with more microcracks in

the central region of the failed specimen which was also similar to the as-received clay

nanocomposites.
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(a) fracture image showing the starter crack and the

initiation of fracture region

(b) fracture image showing the roughened region

Figure 4.19: Epon 862/20A having 0.25 wt% of as-received clay

4.5.2 Fracture morphology of Nanomer I.28E clay and their epoxy nanocomposites

Figure. 4.18a. b. shows the SEM micrograph of the neat resin sample showing a brittle

failure. Figure. 4.22 a. shows the region of starter crack and the crack delamination zone

for the nanocomposites with 0.25wt% of as-received clay. The following micrograph 4.22

b. shows the surface morphology of the fractured specimen at the center portion of the

crack. There were few rivermarkings on the surface indicating less resistance offered for

the crack to propagation. There was no subcritical crack growth region observed indicating
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(a) fracture image showing the starter crack and the

initiation of fracture region

(b) fracture image showing the roughened region

Figure 4.20: Epon 862/20A having 1.0 wt% of as-received clay

no extreme toughening taking place.

The micrographs 4.23 a. and 4.23 b. shows the morphology of the 2 wt% as-received

clay reinforced epoxy fractured samples. The image 4.23 a. shows the starter crack and the

initiation of the crack front. The beginning of the crack tip was not very rough, but when

the center portion of the crack was observed the roughness gradually increased. Fig. 4.23

b. explains extrinsic toughening taking place on the surface. The micro cracks were more

in number compared to the 0.25 wt% clay composite. The number of microcracks were

grown in number indicating the increase in the resistance for crack growth which obviously
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(a) fracture image showing the starter crack and the

initiation of fracture region

(b) fracture image showing the roughened region

Figure 4.21: Epon 862/20A having 0.25wt% of methanol washed clay

improves the toughness.

Small regions on the image could be spotted which can be anticipated to be the aggre-

gates which were generated due to the differences in the scattering densities of the clay and

epoxy during the mixing process.
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(a) fracture image showing the starter crack and the

initiation of fracture region

(b) fracture image showing the roughened region

Figure 4.22: Epon 862/20A having1.0wt% of methanol washed clay

The SEM images 4.24 a. and 4.24 b. exhibits the failure surface of the epoxy samples

reinforced with 0.25 wt% methanol washed clay. The image a. has the starter crack with

low amount of cracks on the surface. When looked further into the fracture surface of the

specimen we can notice roughened regions with big particles aggregates which acts as areas

of stress concentration and reduced the strength of the composite at higher loadings rates.

When an applied stress reaches these large aggregates, there will be generation of localized

stresses making the specimen to fail catastrophically.

The micrographs display the fracture images of the 2.0 wt% washed clay specimens.
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(a) fracture image showing the starter crack and the

initiation of fracture region

(b) fracture image showing the roughened region

Figure 4.23: Epon 862/28E having 0.25 wt% of as-received clay

The images shows a rough portion indicating a higher clay loading. Fig. 4.25 b. shows the

SEM image with clay agglomerates which are more in number which might have caused

reduced fracture toughness.
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(a) fracture image showing the starter crack and the

initiation of fracture region

(b) fracture image showing the roughened region

Figure 4.24: Epon 862/28E having 2.0 wt% of as-received clay
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(a) fracture image showing the starter crack and the

initiation of fracture region

(b) fracture image showing the roughened region

Figure 4.25: Epon 862/28E having 0.25 wt% of methanol washed clay
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(a) fracture image showing the starter crack and the

initiation of fracture region

(b) fracture image showing the roughened region

Figure 4.26: Epon 862/28E having 2.0 wt% of methanol washed clay
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CHAPTER 5

CONCLUSION and FUTURE WORK

As-received and washed clays with their corresponding nanocomposites were subjected to

thermal degradation. Mechanical properties like fracture toughness, flexure modulus were

measured and the fractured sample’s morphology was studied using SEM imaging. The

silver nitrate test confirmed the loss of surfactant molecules from the organoclays through

washing. The washed clays displayed a variation in degradation profiles with a shift to

the higher temperature region in the graph. An improvement in the onset of degradation

temperature and thermal stability for both the organoclays was found. Their corresponding

nanocomposites did not show any improvement in the onset of decomposition temperature

but the thermal stability of the composites was slightly improved.

Fracture toughness for the Cloisite 20A methanol washed epoxy nanocomposites showed

a very slight improvement upon washing which was negligible. The flexure modulus

remained insignificant. Similarly, I.28E displayed the same behavior in terms of frac-

ture toughness and flexure modulus. The methanol washed organoclays displayed an im-

provement in the thermal degradation temperature indicating removal of surfactant. The

nanocomposites made out of this washed clay did not show any substantial variation in the

thermal degradation patterns. SEM imaging helped in understanding the morphology of

the specimens. Aggregates were found for the composites fabricated with I.28 E clay. This

indicated that removal of excess surfactant from the clay galleries did not show any substan-

tial or quantifiable variation on the mechanical as-well as thermal properties of epoxy-clay

reinforced composites. It was understood that removal of excess surfactant did not have

any impact on the mechanical and thermal properties of epoxy-clay nanocomposites.
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It will be worthy to incorporate and study the effect of the washing on the mechanical

and thermal properties of phosphonium modified clay and transition metal ion (TMI) mod-

ified clays in epoxy resins due to their high thermal stability. Industries will be benefitted if

they can incorporate high temperature with standing clays in the resins and study their me-

chanical properties for high performance, where TMI’s and phosphonium modified clays

will be the suitable clays which will be the future work.
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