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Abstract Alumina nanoparticles (60–70 nm) were pre-

pared by the sol–gel technique using citric acid and alu-

minum nitrate. Casting technique was used to make

nanocomposites of unsaturated polyester (UPR) and nano

alumina. Transmission Electron Microscopy (TEM) study

demonstrated that nano alumina particles were dispersed

uniformly in the UPR matrix and agglomeration of par-

ticles was found at higher filler loading ([5 wt%). The

nanocomposites show higher tensile, flexural and impact

strength than pristine UPR. Scanning Electron Micros-

copy (SEM) of the fractured surface of tensile test sam-

ples show that the ductile fracture of UPR was converted

to brittle fracture with the addition of nano alumina.

Dynamic Mechanical Analysis (DMA) studies showed the

storage modulus increased up to 5 wt% loading of nano

alumina. The impact strength and storage modulus results

agree well. The thermogravimetric studies revealed that

the nanocomposites were having higher thermal stability

than the pure UPR. As the concentration of the nano

alumina in the UP resin increased, the char yield was also

increased.

Introduction

Polymer nanocomposites comprise a new class of materials

in which nanoscale particulates (e.g., clay or other inor-

ganic minerals) are finely dispersed within the matrices and

intensive research efforts have been devoted to the devel-

opment of nanocomposites [1–11]. It is known that the

mechanical properties of the composites are, in general,

strongly related to the aspect ratio of the filler particles.

The mechanical properties of the composites filled with

micron sized filler particles are inferior to those filled with

nanoparticles of the same filler [12–14]. In addition, the

physical properties, such as surface smoothness and barrier

properties cannot be achieved by using conventional

micron sized particles. An important review article by

Kopczynska et al. [15, 16] concludes that properties of

composites are decided by the interfaces between matrices

and nano particulates. Layered silicates, such as montmo-

rillonite, which has a fairly large aspect ratio, have been

extensively studied [1–4]. In spite of many attractive

improvements in physical and mechanical properties of the

polymer/(intercalated or exfoliated) clay nanocomposites, a

dramatic decrease in toughness due to the addition of clay

has been reported.

Other nanoparticles, such as alumina, silica [5, 6, 17],

zinc oxide [18, 19], calcium carbonate [7–10], carbon black

[20], carbon nanotubes [21–23], gold [24], or other metals

[25] have been used to prepare nanocomposites. Among

them, alumina is the most cost effective and widely used

material in the family of engineering ceramics. But its use

as a nanomaterial for reinforcement is limited. Incorpora-

tion of nano alumina improves properties like hardness,

wear resistance, dielectric properties, resists strong acid,

and alkali attack at elevated temperatures, good thermal

conductivity, size and shape capability, high strength and
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stiffness, etc. With this reasonably good combination of

properties and an attractive price, nano alumina filled

composites has a very wide range of applications [26, 27].

Unsaturated polyester resins (UPRs) are one of the most

widely used thermosetting materials because they are rel-

atively inexpensive and offer advantage such as being light

in weight and possessing reasonably good mechanical

properties. Unsaturated polyester resin have a leading role

in the development of fibreglass reinforced products, hav-

ing tremendous versability and low cost. The use of UPRs

in bulk and sheet molding compounds results in composite

materials that have high strengh, dimension stability, and

very good surface qualities [28–34]. They have many

applications in automotive, aircraft, electrical, and appli-

ance components as substitutes for traditional materials.

The objective of the study is to enhance the performance

of polymer nanocomposites by using unsaturated polyester

(UPR) and nano alumina. The nano alumina particles were

synthesized by sol–gel process and characterized. Nano-

composites were fabricated by reinforcing alumina parti-

cles in UPR matrix and their mechanical, thermal as well as

failure mechanism as a function of nano alumina concen-

tration in the UPR matrix were evaluated and discussed.

Experimental

Materials

Analytical grade citric acid and aluminum nitrate, procured

from Merck Chemicals Limited, Mumbai, India were used

as raw materials to prepare the nanosized alumina. The

general purpose unsaturated polyester resin, cobalt naph-

thenate (accelerator), and methyl ethyl ketone peroxide

(catalyst) were procured from GVS Agencies, Madurai,

India.

Synthesis of nano alumina

The nano-sized alumina was synthesized by sol–gel tech-

nique. Aluminum nitrate (158 g) and citric acid (105 g) were

dissolved in 100 mL of water. The aluminum nitrate and citric

acid solution was digested for 4 h at 80 �C and stirred con-

stantly. Viscosity and color were changed as the solution

turned into a transparent gel. The gel was calcined at 1,000 �C

for 2 h in muffle furnace to get nano alumina powder.

Preparation of nanocomposites

Unsaturated polyester resin (400 mL) was taken in a con-

tainer. Nano alumina of definite quantity (1, 3, 5, 7, and

9 wt%) was added to produce nano alumina dispersed

polyester mix. It was stirred well using a mechanical stirrer

at 2,000 rpm for 45 min to produce nanocomposite gel coat

system. Methyl ethyl ketone peroxide catalyst (4 mL) and

cobalt napthanate accelerator (1 mL) were added to the

mixture to initiate the curing reaction. Sheets of size

350 9 350 9 3 mm3 were cast in a glass mold and

allowed to cure for 24 h at room temperature followed by

post curing at 70 �C for 3 h.

Characterization and testing

Transmission electron microscopy

Particle size of nano alumina and nano alumina dispersed

in UPR matrix were characterized using JEOL JEM

1200EX electron microscope.

FT-IR

The materials were characterized by FT-IR measurements

and were performed in a Shimadzu 8400S series FT-IR

spectrophotometer with 2 cm-1 resolution. The KBr pellet

technique was used to record the FT-IR spectrum.

Mechanical properties

Tensile test specimens were prepared according to ASTM

D 638 and the tests were performed at room temperature

using Instron 4301 Universal Testing Machine (UTM) with

crosshead speed of 5 mm min-1. Flexural properties were

evaluated using Instron 4301 UTM as per ASTM D 790

standard. Izod impact strength was determined using Frank

impact testing machine following ASTM D-256 standard.

Scanning electron microscopy

Mechanically fractured tensile samples were analyzed

using S-3400 scanning electron microscope (SEM).

Thermal properties

Dynamic mechanical analysis (DMA) [35] was performed

using Netzsch (DMA 242C) dynamic mechanical analyzer

in the three-point bending mode at a frequency of 10 Hz

and amplitude of 120 lm over the temperature range of

20–180�C at a heating rate of 2 �C min-1. Thermogravi-

metric analysis (TGA) was carried out using Netzsch STA

409PC thermogravimetric analyzer. Samples were ground

to fine powder and placed in alumina sample pan. All

samples were heated in nitrogen atmosphere at a heating

rate of 10 �C min-1 from ambient to 800 �C.
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Result and discussion

Transmission electron microscopy

A typical TEM micrograph of synthesized alumina parti-

cles is shown in Fig. 1a. Alumina particles are spherical

and most of them were dispersed in the primary particle

form with a diameter of about 60–70 nm. Figure 1b, c is

TEM micrographs of UPR/alumina nanocomposites with

nano alumina 5 and 7 wt%, respectively. For 5 wt% alu-

mina nanocomposite, a good dispersion is achieved. Most

of the alumina particles are uniformly distributed as

nanosized particles in the UPR matrix. The particles appear

to be agglomeration free and the individual particles can be

identified very clearly.

However, more aggregates are found in the UPR/alu-

mina nanocomposite with 7 wt% of alumina nanoparticles,

which suggests a poor dispersion. The poor dispersion may

be due to the interaction between particles leading to

agglomeration. This is reasonable, considering that at high

nano alumina concentration, the inter particle distance is

small, and hence, flocculation of these nanoparticles can

occur [36].

FT-IR

The structure of nanocomposites was studied using FT-IR

spectroscopy and the results are shown in Fig. 2. Pure UPR

shows the characteristic peaks at 2,985 cm-1 (C–H stretch-

ing vibration), 1,720–1,730 cm-1 (C=O stretching vibra-

tions), 1,443 cm-1 (C=C stretching vibrations), 1,182 and

1,263 cm-1 (CH2 wagging and scissoring) and 750 and

705 cm-1 (out of plane ring bending vibrations). The nano

alumina shows the characteristic peak at 1411, 1635, 2385,

and 3348 cm-1 (shows the existence of water molecules that

were entrapped in the nano alumina) [37]. The composites

show a characteristic peaks at 2,940 cm-1 (C–H stretching

vibrations), 1,725 cm-1 (C=O stretching vibrations),

1,635 cm-1, 1,443 (C=C stretching vibrations), 1,182 and

1,263 cm-1 (CH2 wagging and scissoring), and 750 and

705 cm-1 (out of plane ring bending vibrations). The dif-

ferences noted in the regions 1,500–1,000 and 3,000 cm-1

among the spectra of pure UPR, pure nano alumina, and

UPR/nano alumina indicate polymer–alumina interactions.

Mechanical properties

The tensile strength of UPR/nano alumina with different

filler content is given in Fig. 3. Pure UPR shows tensile

strength of 58 MPa. Tensile strength of nano alumina-filled

UPR are 61, 64, 66, 62, and 60 MPa for 1, 3, 5, 7, and

9 wt% nano alumina-loaded UPR, respectively. Unsatu-

rated polyester with 5 wt% of nano alumina shows maxi-

mum increase in strength, and on further addition of nano

alumina ([5 wt%) the tensile strength decreases. Tensile

strength of nanocomposites is enhanced when the interfa-

cial adhesion is improved. This result can be ascribed to

better stress transfer at the interface between matrix and

nano alumina. The improvement of interfacial adhesion

can prevent dewetting at the UPR/nano alumina interface

during tensile deformation. Therefore, well adhering nano

alumina can bear part of the load applied to the matrix and

contribute to the tensile strength of the nanocomposites

[38–40]. For higher loading of nano alumina in the resin

matrix, nanosized-particle agglomeration is easier. Since

the agglomerated particles generate defects in the material,

stress concentration is likely to occur within the resin or

agglomerated particles will generate slippage within the

material due to external force, resulting in decreased tensile

properties [41].

The results of flexural strength of the composite system

as a function of nano alumina filler loading are presented in

Fig. 4. Flexural strength of pure UPR matrix is 98 MPa.

The graph shows an increasing trend as the filler loading

increases up to 5 wt% (109 MPa). However, slight decrease

in flexural strength is observed at 7 wt% alumina

Fig. 1 TEM image of a Alumina nanoparticles, b UPR/5 wt% nano alumina, and c UPR/7 wt% nano alumina
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(105 MPa). High aspect ratio provides high surface area,

hence results in more contact area between the filler and the

matrix. Therefore, by presumably good adhesion and

bonding existing between the filler and matrix, positive

reinforcement effect occurs in alumina-filled UPR which

might increase the strength of the composites. The effective

bonding between inorganic fillers and matrix components

typically improved the flexural strength of polymer com-

posites. The agglomerations of alumina results in inhomo-

geneous distribution and hence weaken the interaction

between the filler and matrix. This subsequently reduces the

flexural strength of alumina composite system [42].

The relationship of nano alumina content and impact

strength of UPR/alumina nanocomposites is shown in

Fig. 5. Pure UPR shows impact strength of 20 Jm-1. When

the nano alumina content is 5 wt% the impact strength of

nanocomposites increases (32 Jm-1) to a maximum and

then decreases with further addition of nano alumina. UPR

with 7 wt% nano alumina shows impact strength of

29 Jm-1. This variation of impact strength can be attrib-

uted to two things. First when nano alumina content is

\5 wt% there is seldom agglomerated nano alumina in the

matrix. The presence of fine particles dispersed within the

matrix makes plastic deformation easier. Therefore, during

the fracture of a composite in which the nanoparticle is

well dispersed, the stress will have to be bigger to start the

micro crack in the UPR matrix, and the impact energy will

largely be absorbed by the exhibited plastic deformation,

which occurs more easily around the nanoparticles. Hence,

Fig. 3 Effect of alumina nanoparticle content on the tensile strength

of unsaturated polyester

Fig. 2 FTIR spectra of pure UPR, nano alumina and UPR/alumina

nanocomposites (a) Pure polyester (b) Nano alumina (c) UPR/1%

nano alumina (d) UPR/3% nano alumina (e) UPR/5% nano alumina

(f) UPR/7% nano alumina (g) UPR/ 9% nano alumina

Fig. 4 Effect of alumina nanoparticle content on the flexural strength

of unsaturated polyester
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the good nano alumina dispersion resulting in less

agglomeration leads to a better impact strength of the

nanocomposites [43]. The second reason for the variation

in the impact strength is that when nano alumina content is

[5 wt%, it easily agglomerates into large agglomerated

particles, which will become the site of stress concentration

and can act as a micro crack initiator. Therefore, a larger

aggregate is a weak point that lowers the stress required for

the composite to fracture and hence the impact strength of

the nanocomposites would be decreased [39, 44, 45].

Fracture analysis

The SEM pictures of tensile fractured surfaces of UPR/

alumina nanocomposites are given in Fig. 6. The possible

origins of crack initiation in a composite material are air

bubble or voids, resin-rich area, foreign matter such as dust

particles, particle size and poor particle matrix adhesion

[46]. The fractured surface of the unfilled resin (Fig. 6a)

shows a brittle failure. At low levels of nano alumina in

UPR, good adhesion between, the particle and polymer

matrix can be seen from the fact that there is not much

particle pull out and subsequent cavity formation (Fig. 6b).

Another possible mode of failure (Fig. 6c) is noted in

nanocomposites wherein agglomeration of the nano alu-

mina particles is seen. Since the nano alumina particles are

randomly oriented, large numbers of them are subjected to

tensile stresses acting perpendicular to the plane and crack

propagation occurs parallel to the plane. It is clearly seen in

UPR/7 wt% nano alumina sample (Fig. 6c) have experi-

enced a high level of debonding and particle pull out.

Dynamic mechanical analysis

The tan d for pristine polyester and alumina nanocom-

posites are measured as the function of temperature

(Fig. 7). On addition of nano alumina particle in the matrix

the tan d peak shifts to higher temperature, which suggests

that there is an increase in Tg. The Tg increased from 93 to
Fig. 5 Effect of alumina nanoparticle content on the impact strength

of unsaturated polyester

Fig. 6 SEM image of a pure polyester, b UPR/5 wt% nano alumina, and c UPR/7 wt% nano alumina

Fig. 7 Temperature dependence of tan d of UPR/alumina nanocom-

posites. (a) Pure polyester, (b) UPR/1% nano alumina, (c) UPR/3%

nano alumina, (d) UPR/5% nano alumina, (e) UPR/7% nano alumina,

(f) UPR/9% nano alumina. Data are offset for clarity but not otherwise

scaled
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120 �C after addition of 5 wt% nano alumina. On further

addition of nano alumina ([5 wt%) Tg decreases continu-

ously. It decreases to 117 and 111 �C for 7 and 9 wt% of

nano alumina, respectively. Since the glass transition pro-

cess is related to the molecular motion, the Tg is considered

to be affected by molecular packing, chain rigidity, and

linearity [47]. The increase in Tg may be attributed to

maximizing the adhesion between polymer and nano alu-

mina particles. Because of the nanometer size which

restricts segmental motion near the organic–inorganic

interface, which is a typical effect for the inclusion of nano

alumina in the polymer system [48, 49]. The existence of

agglomeration of particles in the matrix ([5 wt%) possibly

decreases the Tg at higher nano alumina content. The

agglomerated zone is a weak zone due to weak interface

bonding between matrix and particles, which causes low Tg

values.

The effect of nano alumina on storage modulus of

unsaturated polyester is shown in Fig. 8. The storage mod-

ulus of the UPR/alumina nanocomposites increases up to

5 wt% nano alumina content in unsaturated polyester matrix.

Pure polyester shows storage modulus of 6,787 MPa.

Unsaturated polyester with 5 wt% of nano alumina shows

maximum value of 10,233 MPa, which is 51% higher than

pure unsaturated polyester matrix. It confirms that well-

dispersed alumina nanoparticles stiffen the polyester matrix

[50]. However, when the nanoparticle content is increased

([5 wt%) the stiffening effect is progressively reduced with

increasing temperature most probably due to agglomeriza-

tion of alumina nanoparticles [51]. For unsaturated polyester

with 9 wt% nano alumina, storage modulus is 8,106 MPa.

However, the rate of decrease of storage modulus in nano

alumina-filled unsaturated polyester is low.

Since storage modulus is inversely proportional to brit-

tleness [52], this implies that brittleness goes down in the

same concentration interval and after a minimum at 5 wt%

alumina, it goes up again. It has been demonstrated that

high brittleness corresponds to low impact strength and

vice versa; an equation connecting these two parameters

has been derived [53]. Thus, impact strength results dis-

played in Fig. 5 (maximum at 5 wt% alumina) agree with

the storage modulus results (Fig. 8).

Thermogravimetric analysis

The TGA curves of pure UPR and its nanocomposites with

different compositions of nano alumina are shown in

Fig. 9. The onset temperature, end temperature, and deg-

radation temperatures at 10% weight loss values obtained

from the TGA data of pure UPR and UPR/alumina

Fig. 8 Temperature

dependence of storage modulus

of UPR/alumina

nanocomposites. (a) Pure

polyester, (b) UPR/1% nano

alumina, (c) UPR/3% nano

alumina, (d) UPR/5% nano

alumina, (e) UPR/7% nano

alumina, (f) UPR/9% nano

alumina. Data are offset for

clarity but not otherwise scaled

Fig. 9 TGA thermo grams of UPR/alumina nanocomposites. (a) Pure

polyester, (b) UPR/1% nano alumina, (c) UPR/3% nano alumina,

(d) UPR/5% nano alumina, (e) UPR/7% nano alumina, (f) UPR/9%

nano alumina. Data are offset for clarity but not otherwise scaled
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nanocomposites are given in Table 1, which indicates that

the thermal stability of the pure UPR was enhanced by

the incorporation of alumina particles. For pure UPR, the

maximum degradation temperature is 344 �C, while for the

composites it increases to 376, 379, 381, 383, and 385 �C

for 1, 3, 5, 7, and 9 wt% of nano alumina in UPR/alumina

nanocomposites, respectively. In all cases, a single step

degradation occurs. Therefore, the incorporation of the

nano alumina resulted in pronounced improvement in

thermal stability. This can be attributed to the homoge-

neous distribution of nano alumina particles as well as the

tortuous path in the composites that hinders diffusion of the

volatile decomposition products in the composites com-

pared to that in pure UPR [54].

Conclusions

The nanosized alumina was prepared through sol–gel

technique using citric acid and aluminum nitrate. TEM

study showed that the synthesized alumina was of nanosize

and nanoparticles were distributed in the UPR matrix

uniformly and particle agglomeration was found at above

5 wt% nano alumina. The nanocomposites show slightly

higher tensile, flexural, and impact strength than pristine

UPR. The fracture surface of tensile test samples were also

examined through SEM and show that ductile fracture of

UPR is converted into brittle fracture with addition of

alumina. The dynamic mechanical measurements showed

that glass transition temperature and storage modulus of the

pristine UPR increased upon addition of nano alumina

particles up to a level of 5 wt%. The presence of nano

alumina in UPR improves the thermal stability of the

system as evidenced by thermogravimetric analysis.
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