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CHAPTER 1

INTRODUCTION

Tonnes of epoxy resins and their respective hardeners are produced each year. These epoxy

resins are used in various applications like adhesive, coating, and are also used as matrix in

fiber-reinforced composites, compared to thermoplastic polymers. These cured resins have

superior mechanical properties that include high glass transition temperature, high mod-

ulus, creep resistance, low shrinkage at elevated temperature and good resistance against

chemicals. These properties of epoxy based resin resulted from a high degree of chemical

cross-linking given by diglycidyl ether of bisphenols. Nonetheless these products also tend

to be brittle due to high cross-linking density and therefore are usually brittle and vulnera-

ble to fracture. [1, 2]

In recent years, a considerable amount of work has been done in an attempt to enhance the

properties of these resins, by reinforcing of a second phase in the epoxy resin. Different

reinforcement fillers of different kinds such as rubber particles [3–9], thermoplastics [10],

metal particles [11–17], silicate layer [18–27], ceramic particles [28], glass beads [29, 30],

carbon nanofibers [31–35], carbon nanotubes (CNT) [36–40], and combination of two

fillers [34, 41] have been used previously with some success.

With the addition of these fillers in resin, there is a change in the curing kinetics, local

stoichiometry, curing reaction and, curing temperature of neat resin. As a consequence of

these changes, there is a change in the mechanical properties of a filler reinforced matrix,

which is accounted by variation in cross-linking of polymer in presence of particles and
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also local physical interactions near the particle surface [42].

Conventionally, epoxy resins have been reinforced with micron-sized fillers. Micron sized

particles tend to form agglomerates easily at low percentage loading. These agglomerates

may induce stress concentration, which initiates cracks and make them larger than the criti-

cal crack size that causes failure. Since past years, there has been a lot of research going on

in developing nano sized particles. These are particles of size between 1-100 nanometers.

In most of cases the effect of fillers in resin decrease with the increase in size. Various

researches have shown that compared to micro sized fillers, nano fillers have some unique

properties, like interfacial area between matrix and filler. In the nano–filler scenario, due

to high density of particles per volume (typically 106–108 particles/mm3), promotes stress

transfer from soft matrix to hard nano particles leading to increased strength and stiffness

of the composite. As a result of this only small amounts of fillers are needed to cause

significant changes. Also nano sized filler show uniform dispersion and avoidance of ag-

glomeration in polymer compared to micron–sized fillers [42, 43].

Mechanical properties of filler reinforced resins can be enhanced by a variety of energy dis-

sipative mechanisms. These mechanisms are dependent on different variables including the

chemical nature of filler, filler size, and filler loading. In case of toughening with organic

matters like rubber particles and thermoplastics, energy is dissipated in the plastic zone

near the crack through shear yielding process. Unfortunately, use of such organic matter

decreases the modulus of the resin system. When inorganic particles with high modulus

are used as fillers toughening is seen to occur via various mechanisms of energy dissipa-

tion without compromising the modulus. Examples of such mechanisms includes crack

pinning, crack bridging, crack path deflection, and micro cracking. However, inorganic

particles bundle up easily forming agglomerates at low loadings results in deterioration of

epoxy resin properties. So in order to get a better dispersion of the nano filler in matrix
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researchers have tried several techniques which in turn increase the preparation and fabri-

cation time as well as make procedure complicated.

In past some years, due to the development of organic-inorganic hybrid nano composites,

researcher showed great interest in this hybrid nano composites [44–47]. As they combine

advantages of the inorganic materials (rigidity, high stability) and the organic polymers

(flexibility, reactivity and processebility). Polyhedral oligomeric silsesquioxane (POSS)

is the kind of hybrid material that possess both organic and inorganic properties, having

a size between 1–3 nm. POSS is made up of organic–inorganic monomer silsesquioxane

(RSiO1.5). Figure 1.1 shows schematic of POSS.

Figure 1.1: General schematic of formation of POSS (Polyhedral oligomeric silsesquiox-

ane).

The formula of POSS is (SiO1.5)8R8, possess inorganic rigid cage type structure containing

silicon and oxygen where organic group (R) attached to silicon. Figure 1.2 shows molecular

structure of POSS. POSS can be reactive or non reactive and it can interact with epoxy resin

in two ways:

1. Reactive organic substituents of POSS react with polymer chain forming covalent

bonds.
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Figure 1.2: Molecular structure of general POSS structure, POSS possess inorganic cage

structure with organic substituent attached on silicon atom.

2. Shows compatibility either by similarities in chemical structure or by specific polar

interaction between non reactive organic substituent of POSS and polymer chain.

Figure 1.3: POSS possess unique organic–inorganic properties. Organic substituent pro-

vide compatibility and reactivity while inorganic cage provides rigidity and stability in

nano composite.

Reactive organic part gives processibility and reactivity while rigid inorganic cage part

gives stability in epoxy/POSS nano composite. Dispersion of POSS in epoxy resin is de-

pendent on interaction of organic substituent of POSS with polymer. POSS can be dis-

persed at molecular level depending on, kind of the reaction between POSS and polymer
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and in micro level due to excellent compatibility of POSS and polymer. Usually, positive

reinforcement is obtained if there is good interaction between polymer and POSS.This dual

nature of POSS along with the fact that it is a nano sized filler validates its selection as a

filler for epoxy resins, as we have seen that perviously [56].

Lot of work has done till date on reinforcing of POSS, such as investigating formation of

nanoscale structure [48], synthesizing novel POSS [49–54, 68], investigating mechanical

properties [?, 55–60,67,71], synthesis with other nanofiller like clay [61] to enhance phys-

ical properties like thermal degradatation [62–64, 69], and glass transition [65].

Focus of this study is to develop and synthesis epoxy/POSS nanocomposites using simple

technique with better dispersion of nano filler and to characterize these nanocomposites in

terms of mechanical, chemical and physical properties.

5



CHAPTER 2

MATERIAL PREPARATION

2.0.1 Materials

The two types of composite matrix analyzed in this work are (i) EPON 862 (Hexion spe-

ciality chemicals, Columbus, OH), a diglycidyl ether of bisphenol F based resin cured with

curing agent Epikure 3274, a low viscosity aliphatic amine and (ii) SC79 Part A (Applied

poleramics, Benificia, CA) a diglycidyl ether of bisphenol A based resin cured with curing

agent SC79 Part B, a cylcoaliphatic amine.

The reason behind selecting these epoxy resins was their superior mechanical properties,

chemical resistance, and ease of fabrication. Also these resin systems have been very well

studied in literature. Figure 2.1 shows the molecular structure of diglycidyl ether of bisphe-

nol F and aliphatic amine used.

Figure 2.2 shows the molecular structure of diglycidyl ether of bisphenol A and cy-

(a) DGEB-F (EPON 862) (b) triethylene tetraamine (Epikure3274)

Figure 2.1: Molecular structure of (a) Diglycidyl ether of bisphenol F and (b) aliphatic

amine used as hardener. DGEB–F is the major constituent of EPON 862 that provide high

cross–linking density.

cloaliphatic amine used.
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(a) DGEB-A (SC79)

(b) Monomer of

cyclo aliphatic

amine

Figure 2.2: Molecular structure of (a) Diglycidyl ether of bisphenol A and (b)cycloaliphatic

amine used as hardener. DGEB-A is the major constituent of SC79 part A.

Epon 862 [74] SC79–Part A [73]

Manufacturer Hexion co. ltd. Applied Poleramics

Curing agent Epikure 3274 SC79–Part B

Curing cycle 24 h at 25◦C; 6 h at 121◦C 5 h at 121◦C

Fracture toughness 1.1 MPam1/2 1.1 MPam1/2

Density 1.17gm/cc 1.16 gm/cc

Table 2.1: Properties of epoxy resins used for this work.
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Property Trisilanol phenyl Methacryl Glicidyl[ [75]

Resin solubility Most aliphatic and aromatic , Aliphatic, aromatic Aliphatic, aromatic,

monomers, oligomers, polymers and epoxy resin and epoxy resin

Appearance White powder Clear to hazy, colorless oil Viscous liquid.

Density 1.42 gm/cc 1.25 gm/cc 1.24 gm/cc

Table 2.2: Properties of different functionality of POSS

For diglycidyl ether of bisphenol–F, three different functionalities of POSS were used

namely, trisilanol phenyl, methacryl, and glycidyl POSS while for diglycidyl ether of

bisphenol–A, methacryl and glycidyl POSS were used. These POSS were purchased from

Hybrid Plastics, Hattiesburg, MS. Figure 2.3 shows molecular structure of these POSS. The

reason behind selecting these POSS is their interaction with the epoxy resins as discussed

in introduction. Manufactured properties of POSS are shown in Table 2.2.

Figure 2.3: Molecular structure of (a) Trisilanol phenyl, (b) Methacryl, and (c) Glycidyl

POSS, these three kinds of POSS selected according to functional group present on silicon

atom.
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2.0.2 Sample preparation

DGEB–F

Epoxy resin was mechanically mixed with all three functionalities of POSS overnight at 50

◦C and continuously stirred at 400 rpm. The mixture was then left at room temperature for

cooling till it reached ambient temperature.

Curing agent (Epkiure 3274) added to this mixture in the ratio of 100 parts of epoxy resin

Figure 2.4: Molecular structure of (a) Mixing of POSS in epoxy resin at 50 ◦C, (b) Pre

prepared mold in which POSS-epoxy mixture poured.

to 40 parts by wt. % of curing agent. This ternary mixture was then mechanically mixed

at room temperature for 10 minutes at 400 rpm. The mixture was then placed in a vacuum

chamber for 30 minutes for degassing, in order to remove gas bubbles that were introduced

during mixing. Finally, the mixture was poured into a pre-prepared mold (fig. 2.4 (b)) and

was cured at room temperature for 24 hours. Then, the casted resin plate was taken out

from mold and put into curing oven for post curing at 121 ◦C (250 ◦F) for 6 hours. The

same curing cycle was used for preparing neat resin as a baseline material.
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DGEB–A

Epoxy resin was mechanically mixed with POSS overnight using magnetic stirrer at 50 ◦C

and continuously stirred at 400 rpm. The mixture was then left at room temperature for

cooling, followed by the addition of curing agent in ratio of 100 parts of epoxy resin to

40 parts of curing agent by weight. This was then mixed using magnetic stirrer at room

temperature for 10 minutes at 400 rpm. The mixture was then placed in a vacuum chamber

for 30 minutes for degassing, in order to remove the gas bubbles that were introduced

during mixing. Finally, the mixture was poured into a pre-prepared mold and let it cured at

121◦C in a curing oven for three hours.
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CHAPTER 3

CHARACTERIZATION

3.0.3 Fracture toughness determination

Fracture toughness was determined using single edge notch bend test as per the ASTM

D–5045 on universal testing machine ( Instron 5567, Norwood, MA). The sample was ma-

chined from cast plate in series of 54.00mm x 12.70mm x 6.35mm. [77] A 4.5mm deep

Figure 3.1: Optical image of notch specimen with pre–crack.

notch was cut using a diamond precision saw, and then the tip of the notch was tapped with

a fresh razor blade using a hammer, to initiate a natural pre-crack as shown in fig. 3.1.

For each case, 5–6 samples were tested. The pre–crack single edge notch specimen was

loaded under three point bending test until failure. Tests were performed in a displacement–

controlled mode at a fixed cross head speed of 0.5 mm/min. Figure 3.2 shows single edge

notch specimen under three point bend test The fracture toughness of nano composites was

measured in term of critical stress intensity factor (KIc) calculated by equation 3.1.

KIc =
P

B
√
W
f(

a

W
) (3.1)
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Figure 3.2: Three point bend testing of single edge notch beam specimen at 0.5mm/min.

where P is the maximum applied force, B is the thickness of specimen, W is width of the

specimen and f is geometry factor given by equation 3.2.

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)] (3.2)

3.0.4 Flexural modulus and strength determination

Flexural modulus and strength was determined using three point bend rest according to

ASTM D790 on universal testing machine. The sample was machined from cast plate in a

series of 110.00mm x 25.40mm x 6.35mm. [78] The specimen loaded under the three point

bending test until failure. Tests were performed in a displacement–controlled mode at a

fixed cross head speed calculated by equation 3.4, according to ASTM standard.

R =
ZL2

6d
(3.3)

where Z = 0.01, L is span length and d is thickness. The flexural strength is calculated by

following equation.

σf =
3PL

2bd2
(3.4)
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Where P is the maximum load bear by the specimen. Modulus of elasticity is calculated by

following equation.

Eb =
PL3

4bd3m
(3.5)

Where m is the slope, obtained from the load displacement graph from raw data in three

point bend test.

3.0.5 Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy measurements were performed using FTIR spectrometer (Nicolet iS10,

Waltham, MA) using 128 scans at a resolution of 2.0 cm−1. Each spectrum was recorded

from 4000 to 500 cm−1 at room temperature. Spectra were analyzed using a window-based

software Ominic 5.1. The specimen was finely powdered using grinder, before collecting

spectra.

3.0.6 Scanning electron microscopy

The surface morphology of the fractured surface was studied using Scanning electron mi-

croscope SEM microscope (Hitachi S-4800 FESEM, Dallas, TX). The samples were sput-

tered upto 50nm by gold on Crissington sputter coater, before microscopy to make them

conductive.

3.0.7 Differential scanning calorimetry(DSC)

Thermal analysis of samples was carried out using a Q 2000 DSC (TA instruments, Inc.).

After calibration with high purity indium, samples weighed around 5-10mg was placed on

the DSC cell and then heated at scan rate of 10◦C/min within the range -10◦C to 210◦C.

Then, the specimen was instantaneously cooled to -10◦C using liquid nitrogen after the first

scan. The second scan was then performed in similar a way. The obtained data is extracted

from second heating.

13



3.0.8 Density measurement

Density measurement was carried out for neat resin ( both DGEB–A and DGEB–F) and

epoxy/POSS nanocomposites. The three different ways used for calculating density, were;

1. Using rules of mixture (ρa).

2. Using Archimedese principal to find bulk density (ρb), which is, given as

density of object
density of fluid

=
weight of object

weight of object- apparent immersed weight
. (3.6)

3. Using pycnometer to find solid density (ρc).

14



CHAPTER 4

RESULT AND DISCUSSION

4.0.9 Fracture toughness

DGEB–F

The critical stress intensity factor as a function of POSS loading on DGEB–F resins are

showed in fig.4.1. From the graph 4.1, we can observe that with incorporation of POSS

Figure 4.1: Fracture toughness value in terms of critical stress intensity factor (KIc) for

different loading of POSS of different functional group.

in neat resin, KIc increase linearly with loading of POSS till 5 %wt. after that fracture

toughness value starts decreasing. This pattern is same for all three functionality of POSS.

Especially in case of epoxy/gylcidyl POSS nanocomposite, KIc increased by 2.3 times for

5 %wt. of POSS. While i of epoxy/methacryl and epoxy/trisilanolphenyl nanocomposite

15



showed an increase of KIc by 1.4 and 1.6 times of neat resin respectively. The statistical

spread of experimental data is denoted by the error bars in terms of the standard deviation.

A comparison is made between the load–displacement curve from raw data for neat resin

and epoxy/POSS nano composites of similar crack length. Figure 4.2 shows the load–

displacement curves for neat epoxy and epoxy/POSS. Neat resin, epoxy/methacryl, and

epoxy/trisilanol phenyl exhibits brittle failure mode whereas epoxy/glycidyl nano compos-

ite shows ductile failure mode.

From load–displacement graph we can also conclude that epoxy/glycidyl composite fails

at higher load than other epoxy/POSS nanocomposites as well as neat resin. This supports

the fracture toughness value obtained in fig. 4.1. To estimate the work done during the

failure of specimens under the single edge notch bend testing, the area under the curve was

calculated as well as fractured area measured under optical microscope. The work of frac-

ture computed and plotted using equation 4.1.

Also, the fracture surfaces areas were measured under an optical microscope equipped

Figure 4.2: Load displacement curve for, (A) Neat resin, (B) Epoxy with trisilanol phenyl

POSS, (C) Epoxy with methacryl POSS, and (D) Epoxy with glycidyl POSS.

with a micrometer stage. The work of fracture calculated was directly from the formula.

Work of fracture =
area under load displacement curve

2× area of fracture
(4.1)
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Figure 4.3: Work of fracture for neat resin and POSS incorporated resin.

Figure 4.3 shows the value of work of fracture obtained using equation 4.1. It shows that

energy dissipating in crack initiation and propagation is more in POSS reinforced epoxy

than neat resin. In case of glycidyl POSS reinforced epoxy, the energy dissipating is much

higher than any other epoxy/POSS nanocomposites which indicates the higher fracture

toughness and extensive plastic deformation of epoxy/glycidyl composites. Work done on

fracturing epoxy/glycidyl composites is three times higher than that of neat resin. It is

postulated that this high value of work of fracture is due to the combination of fracturing

of specimen and plasticization near crack tip. In fig. 4.4, high stress concentration can be

observed near crack tip, this may be due to plasticization of epoxy/glycidyl POSS nano

composite.

In order to observe the ductility behavior change by loading of glycidyl POSS on epoxy

resin, load–displacement curve of different wt. % of epoxy/glycidyl POSS is plotted as

shown in fig.4.5. From the graph we observe that below 3 wt. % loading epoxy/glycidyl

composite shows brittle failure while above that it shows transition from brittle to ductile

failure. At higher percentage of POSS loading, the mechanical properties of epoxy/glycidyl

17



Figure 4.4: High stress concentration at the crack front of 5 wt. % epoxy/glycidyl nano

composite.

Figure 4.5: Load displacement curve for different percentage of glycidyl POSS reinforced

epoxy resin.
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composite degrade its properties, which may be due to formation of aggregates.

DGEB–A

The critical stress intensity factor as a function of POSS loading on DGEB–A is shown in

fig. 4.6. KIc value for POSS incorporated resin, first increases with loading then attains a

Figure 4.6: Fracture toughness comparison for DGEB–A resin.

maximum peak after which it starts decreasing. This pattern is same for both POSS, in case

of epoxy/glycidyl nano composite it shows maximum value of 1.4 times higher than that of

neat resin at 5 wt.% while epoxy/methacryl nano composite shows maximum value of 1.2

times higher than that of neat resin. Experimental scattering showed in terms of standard

deviations.

Same as DGEB–F resin, load–displacement curve is plotted for neat DGEB–A resin and

POSS incorporated resin having same crack length. Figure 4.7 shows that epoxy/glycidyl

composite bear higher load than epoxy/methacryl composite and neat resin. Neat resin and

epoxy/POSS composites show brittle mode of failure. In order to understand work done in

fracturing of specimen, work of fracture was computed using eq. 4.1, following the same
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Figure 4.7: Load displacement curve for neat resin, and epoxy/POSS nano composite.

procedure in case of DGEB–F resin. Figure 4.8 shows work done in failure of specimen,

we can observe from graph that work done for fracturing epoxy/glycidyl POSS is 1.5 times

higher than that of neat resin.

4.0.10 Flexural strength and modulus of elasticity

DGEB–F

The modulus of elasticity and flexural strength is obtained by three point bend test as shown

in fig. 4.9. We observe that, epoxy/methacryl and epoxy/trisilanol phenyl composites do

not exhibit much change in value of flexural strength and modulus as there is large scatter

in data while in case of epoxy/glycidyl flexural strength increases then decreases and mod-

ulus continuously decreases.

It has been noted from the values of fracture toughness, flexural strength, flexural modulus,

load–displacement curve for different percentage of loading of glycidyl POSS that below

1 wt. % of loading, epoxy/glycidyl nano composite shows brittle failure but on increasing
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Figure 4.8: Work of fracture for neat resin, and epoxy/POSS nano composite.

the amount of POSS content epoxy/glycidyl nano composite changes its failure mode from

brittle to ductile.

DGEB–A

Figure 4.10 shows that flexural strength of epoxy/POSS nano composites does not vary as

compared to neat resin as there is large scatter in data, except epoxy/glycidyl nano com-

posites. In order to understand mechanism and chemical interaction between POSS and

polymer resin fourier transformation infra red spectroscopy was performed.

4.0.11 FTIR analysis

DGEB–F

The Fourier transform infrared spectroscopy was used to examine the degree of curing af-

ter the POSS cages were introduced to the systems and also the interaction between the

POSS molecules and the epoxy systems. Shown in fig. 4.11 are the FTIR spectra of epoxy
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(a) Flexural strength

(b) Modulus of elasticity

Figure 4.9: (a) Flexural strength and (b) Modulus of elasticity for DGEB–F resin,

epoxy/POSS nano composite do not show much change in value considering large scat-

tering in data.
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(a) Flexural strength

(b) Modulus of elasticity

Figure 4.10: (a) Flexural strength and (b) Modulus of elasticity for DGEB–A resin.
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alone as the control and the nanocomposites containing 5 %wt. of POSS. The pure epoxy

is characterized by the stretching vibration band of epoxide groups at 915 cm−1.

(a) (b)

(c) (d)

Figure 4.11: Spectra of (a) Neat resin (b) Epoxy/trisilanol phenyl nanocomposite (c)

Epoxy/methacryl nanocomposite and (d) epoxy/glycidyl nanocomposite.

In case of epoxy/trisilanol nanocomposites, the peak at 901cm−1 indicates presence of

epoxy ring but it is slightly shifted during polymerization. It means trisilanol phenyl
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POSS only interact with the POSS without reacting with epoxy resin. While in case of

epoxy/methacryl nanocomposites epoxy ring at 915 cm−1 is vanished also broad peak of

alcohol around (3500–3200 cm−1) shows occurrence of polymerization. Epoxy/glycidyl

nanocomposites shows presence of epoxy ring around 912 cm−1 which may be due to un-

cured epoxy ring from POSS or polymer resin, it also shows Si-O-Si network peak around

1024 cm−1 which shows POSS consumed by epoxy resin.

(a) (b)

(c)

Figure 4.12: Spectra of (a) Neat resin (b) Epoxy/methacryl nanocomposite and (c)

Epoxy/glycidyl nanocomposite.
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From FTIR spectroscopy of DGEB–F resin and POSS incorporated resin, it can be con-

cluded that trisilanol phenyl POSS is not reacting completely with resin. Methacryl POSS

shows good reaction between POSS and epoxy resin as epoxy ring is vanished. Glycidyl

POSS shows uncured epoxy ring, which indicates glycidyl POSS reacting with epoxy resin

but not curing completely.

DGEBA–A

In case of DGEB–A based nanocomposites there is not much change in spectra between

neat resin and POSS reinforced nanocomposites as shown in fig.4.12, which may be due to

the steric hindrance due to two pendant methyl group present in it.

4.0.12 DSC thermogram analysis

DGEB–F

The DSC thermograms obtained for DGEB–F resin and 5 wt. % epoxy/POSS nanocom-

posites are shown in fig.4.13. A step corresponding to glass transition is visible in the

temperature range 35◦C to 50◦ C. It can be observed that with addition of nano filler the

position of Tg shifted either at higher or lower temperature. This phenomena of decreasing

value of Tg depends on the type and degree of interaction of POSS with polymer.

DGEB–A

The DSC thermograms obtained for DGEB–A resin and POSS reinforced epoxy are shown

in fig. 4.14. A step corresponding to glass transition is visible in the temperature range of

150 ◦C to 190 ◦C. It can be observed that with the increase in loading of nano filler, the

position of the Tg peak is shifted towards lower temperature. Such decrease in Tg, however,
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Figure 4.13: DSC thermogram for neat resin and 5 %wt. POSS incorporated resin.

was not fully linear, but being relatively greater importance for low POSS contents. With

respect to the neat resin the 3% methacryl and glycidyl samples showed a drop in temper-

ature by 18 ◦C and 30 ◦C, respectively whereas a drop of about 13 ◦C and 21◦ at 8 wt. %

for epoxy/methacryl and epoxy/glycidyl POSS respectively.

As described previously in introduction, POSS can interact with polymer in two ways. Ei-

ther functional group of POSS can react with polymer chain or due to the compatibility of

functional group of POSS and polymer chain. Hence POSS can react with polymer chain

followed by merging in polymer chain increasing polymer free volume and cause decrease

of Tg. Figure 4.15 shows mechanism of interaction of organic part of POSS with polymer

chain.

This decrease in Tg can be attributed plasticization effect. So depending on the POSS

nature (i.e organic substituent present) and degree of dispersion, POSS can acts as a plas-

ticizer (increasing free polymer volume). In case of epoxy/trisilanol phenyl composite,

phenyl part of trisilanol phenyl POSS shows compatibility with phenyl part of polymer

chain, so POSS restricts the mobility of chain and thus increases Tg ( in case of DGEB–F

resin).
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Figure 4.14: DSC thermogram for neat resin, 3 wt. %, and 5 wt. % POSS incorporated

resin.

Figure 4.15: Schematic nanostructure model of POSS in Epoxy molecular network.
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In case of epoxy/glycidyl and epoxy/methacryl, organic part of POSS group react with

polymer chain, so that POSS stitches to polymer chain merging with it, which increase the

free volume and decrease the glass transition. This continuous decrease in Tg signals plas-

ticization of specimen prominently in case of epoxy/glycidyl composite in which glycidyl

POSS react with polymer chain also shows compatibility due to similar glycidyl structure

in POSS and in resin. We saw effect of plasticization in case of glycidyl POSS reinforced

epoxy, as it shows decrease in flexural modulus [42, 56].

4.0.13 Fractography

To characterize the failure behavior in detail SEM was used. SEM micrographs of frac-

tured surface are shown in fig. 4.16 for DGEB–F resin and POSS reinforced resin. It has

been observed that for neat epoxy fractured surfaces are smooth except some scratches on

surface, whereas in case of POSS reinforced epoxy the surfaces are comparatively rough.

These rough surfaces dissipate high energy during crack propagation, which was calculated

as work of fracture. This indicated the lower fracture resistance of neat epoxy resin com-

pared to POSS reinforced resin system.

Epoxy/methacryl nanocomposites at higher magnification (fig. 4.17), shows the formation

of craters and size of these craters increases with POSS loading, these craters could be void

which formed due to debonding of POSS molecule from nanocomposite. As their size is

increases with increase in the amount of POSS which indicated which indicated the forma-

tion of agglomeration at higher percentage. While in case of epoxy/glycidyl nanocomposite

at higher magnification (fig 4.18) we can see the formation of microcracks, which increases

with increasing the amount of POSS. Epoxy/glycidyl shows toughening by microcracking

and also by crack pinning as we observe in jumping of crack.
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(a) (b)

(c) (d)

Figure 4.16: Electron microscopy of fractured image of (a) DGEB–F resin

(b) epoxy/trisilanol phenyl nanocomposite (c) epoxy/methacryl nanocomposite and

(d)epoxy/glycidyl nanocomposite.
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(a) (b)

(c) (d)

(e)

Figure 4.17: Scanning electron microscopy of fractured image of epoxy/methacryl

nanocomposite at (a)0.5%, (b) 1% (c) 3%, (d) 5% and (e) 8% loading.
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(a) (b)

(c) (d)

(e)

Figure 4.18: Scanning electron microscopy of fractured image of epoxy/glycidyl nanocom-

posite at (a)0.5%, (b) 1% (c) 3%, (d) 5% and (e) 8% loading.
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(a) (b)

(c)

Figure 4.19: Electron microscopy of fractured image of a) DGEB–A resin (b)

epoxy/methacryl nanocomposite and (c)epoxy/glycidyl nanocomposite.
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Fractured images of DGEB–A resin and their nanocomposites are shown in fig.4.19, that

for neat resin surface are smooth while in epoxy/POSS nanocomposite fractured surface

are rough, which indicated high dissipation of energy during formation of surface. In case

of epoxy/methacryl nanocomposite we can see crack propagation in steps, which indicates

arresting of cracks. In case of epoxy/glycidyl nanocomposite surfaces also shows jump

of cracks, which indicated toughening of epoxy/POSS nanocomposites by crack pinning

mechanism.

4.0.14 Density measurement

Table 4.1 and 4.2 show the density measured by three different ways. It can be observed

from values that there is not much variation in density, which is equivalent to the density of

neat resin. We can conclude from the tables that incorporation of POSS into resin will not

really effect the density of resin (i.e 1.1 g/cc).

Epoxy/trisilanol phenyl Epoxy/methacryl Epoxy/glycidyl

ρa ρb ρc ρa ρb ρc ρa ρb ρc

0% 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1

0.5% 1 1.1 1.1 1.1 1 1.1 1.1 1.1 1.1

1% 1.1 1.2 1.1 1 1.1 1.1 1.1 1 1.1

3% 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1 1.1

5% 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1 1.1

8% 1.1 1.1 1 1.1 1.1 1.1 1.1 1.1 1.1

Table 4.1: Density measurement of DGEB–F resin and POSS reinforced composites in

gm/cc
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Epoxy/methacryl Epoxy/glycidyl

ρa ρb ρc ρa ρb ρc

0% 1.1 1.1 1.1 1.1 1.1 1.1

0.5% 1 1.2 1.1 1.1 1 1.1

1% 1.1 1.2 1.1 1 1.1 1.1

3% 1.1 1.1 1.1 1.1 1 1.1

5% 1.1 1.1 1 1.1 1.1 1.1

8% 1 1.1 1 1.1 1.1 1.1

Table 4.2: Density measurement of DGEB-A resin and POSS reinforced composites in

gm/cc
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CHAPTER 5

CONCLUSIONS and FUTURE WORK

Epoxy/POSS nanocomposites were synthesized and developed by simple technique of me-

chanical mixing of POSS into epoxy resin. It was observed from the result that with

incorporation of POSS into either of the epoxy resins, mechanical and physical proper-

ties of nanocomposites vary. Especially in case of DGEB–F resin the effect of POSS is

more prominent compared to DGEB–A. With incorporation of POSS, fracture toughness

increases up to two times in case of DGEB–F resin and 1.4 times in case of DGEB–A resin,

load displacement graph and work of fracture for both resin and their respective nanocom-

posites also support the fracture toughness result. Glycidyl POSS reinforced nano com-

posites show different behavior compared to epoxy/methacryl and epoxy/trisilanol phenyl

nanocomposites in DGEB–F resin. By increasing the loading of glycidyl POSS in resin,

failure mode changes from brittle to ductile. This change in failure mode increases the

value in the work of fracture and fracture toughness because energy is dissipated in frac-

turing and plasticization of specimen. While in case of POSS reinforced in DGEB–A resin

there is no change in failure mode

While in case of flexural strength and modulus, there was a lot of scattering in data there

andmuch difference in the values for both resin. Epoxy/glycidyl nano composite show de-

crease in value of fracture modulus though.

In order to understand the mechanism going on between POSS and epoxy resins, differ-

ent characterization techniques like FTIR and DSC were carried out. DSC thermogram
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shows that with the addition of POSS in neat resin, glass transition varies depending on

the type of interaction between POSS and polymer resin. In case of epoxy/glycidyl and

epoxy/methacryl nanocomposites Tg decreases, as functional part of these POSS reacts

with polymer chain and increases the free volume. In case of trisilanol phenyl POSS, as

POSS only interact with polymer chain restricting the mobility, Tg increses with loading of

POSS. This effect of variation of Tg is more prominent in lower fraction of POSS as there

is large drop in temperature, while for higher fraction of POSS this decrease is less due to

the formation of agglomerates.
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